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Clinical Technique/Case Report

Mini Fiberglass Post
for Ankylosed Tooth

Reconstruction:
A Clinical Technique

AV Martins � RC Albuquerque � LFSA Morgan � NRFA Silva
AF Drummond � RR Silveira � CS Magalhães � AN Moreira

Clinical Relevance

Ankylosed posterior teeth impede tooth stability in the arch. The literature does not offer
evidence regarding the predictability of ankylosed tooth restorations. Additional retention
through mini fiberglass posts for composites may be indicated to improve the long-term
prognosis.

SUMMARY

It was possible to restore the shape and func-

tion of a severely ankylosed tooth by fabricat-

ing a ceramic crown for placement on a resin

reconstruction supported by mini fiberglass

posts. By increasing the retention of the mor-

phological reconstruction for the future sup-

port of indirect restorations, cementable intra-

dentinal fiberglass posts enhance the

longevity of these restorations. Ultimately, all

proposals that seek to improve the long-term

prognosis of restorations on ankylosed teeth,

especially severely impacted ones, are of ex-

treme clinical relevance.
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INTRODUCTION

Dental ankylosis is caused by intimate contact
between the root cementum and the alveolar bone
as a result of the absence of the periodontal ligament
between these tissues. This anomaly prevents the
affected tooth from erupting and thus serving its
functional role within the mouth.1-4

The restorative planning relative to ankylosed
teeth is determined mainly by the patient’s age, the
remnant’s degree of infraocclusion, and the relation-
ship between the remnant and the alveolar ridge.3,4

Full crown reconstruction with direct composite
resin is commonly used to restore the shape and
consequently the function of ankylosed deciduous
teeth. For permanent teeth, core build-up with
composite resin aims to assist the retention of
indirect restorations.5,6 However, the literature does
not offer evidence regarding the predictability of
ankylosed tooth restorations.7 Thus, it is prudent to
consider the requirements of each case, which will
influence the choice of restorative technique and
indicate additional means of retention.8

The objective of this work was to review the
clinical technique regarding the predictability of
ankylosed tooth restorations and to describe the core
build-up technique retained by mini fiberglass posts
(MFPs) for composites in posterior teeth.

CLINICAL TECHNIQUE

Patient LKBL was an 18-year-old male in good
general health. His first mandibular right molar
(tooth 30) was affected by severe dental ankylosis.
The diagnosis of severe ankylosis was determined
through clinical and radiographic examinations. The
patient also had a cross-bite and a posterior open
bite on the same side as the ankylosed tooth (Figure
1A). The patient was under orthodontic treatment,
which was partially interrupted to enable the
reconstruction of tooth 30 through restorative tech-
niques because it could not be reestablished through
orthodontic treatment. A provisional restoration was
initially requested so that the orthodontic treatment
could be completed, after which a ceramic crown
would be placed. The occlusal surface of the tooth
was flush with the gingival tissue (Figure 1B).
Periapical radiographic examination showed that
the mesial uppermost portion of the crown was below
the bone crest. The right mandibular premolar (tooth
29) was slightly distalized (Figure 1C).

The treatment plan comprised surgical crown
lengthening, transsurgical morphological restora-
tion with composite resin supported by MFPs, and

provisional crown fabrication using the direct tech-

nique.

Once the occlusal level of the remnant relative to

the bone crest was assessed, a partial periodontal

flap was raised, and 3 mm of the mesial bone crest

Figure 1. (A) Initial condition: Side view of the first right lower molar
flush with the upper margin of the gingival sulcus. (B) Initial condition:
Occlusal view of ankylosed right mandibular first molar (severe
ankylosis). (C) X-ray image of the right mandibular first molar flush
with the mesial bone crest.
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D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



was removed to restore the biological widths and to
favor the absolute isolation of the operative field.
After absolute isolation, a spiral bur that was
included in the fiberglass post kit (Figure 2A) was
used to make five perforations spaced at least 1 mm
apart in the central portion of tooth 30, correspond-
ing to its cusps (Figure 2B). A 0.65-mm–diameter
and 2.0-mm–deep pin-hole parallel to the outer
surface of the tooth was placed in the dentin 0.5
mm from the enamel/dentin junction with a twist
drill (Angelus) in a slow-speed handpiece. An MFP
was placed into the pin hole to evaluate adequate
inclination and occlusal clearance. The portion of the
MFP inserted into the dental substrate was 0.63 mm
in diameter and 2.0 mm in length, and the coronal
aspect had a conical shape of 1.3 mm in diameter at
the base of the cone and 0.65 mm in diameter at the
tip of the cone and was 2.5 mm in length. Taking into
account the active length of the intradentinal portion
of the pin, one can expect a practically limited
preparation to the enamel substrate, thereby ensur-
ing a safe distance from the pulp chamber.

The posts had been previously etched for one
minute with 37% phosphoric acid (FGM, Joinville,
SC, Brazil), washed abundantly with a water/air jet,
and dried vigorously. Subsequently, a silane agent
(Silano-Angelus, Londrina, PR, Brazil) was applied.

After silanization, a hot air jet was used to fully dry
the silane and to apply an adhesive layer (Adpere

Single Bond 2, 3M ESPE, St Paul, MN, USA). The
enamel of the entire tooth was etched with 37%
phosphoric acid (FGM) for 30 seconds and then
washed and dried vigorously. As a result of the
difficulty of hybridizing the prepared hole for post
insertion, self-adhesive resin cement (Rely-X Uni-
cem, 3M ESPE) was used. This cement was mechan-
ically activated in a suitable device (Ultramat, SDI,
Victoria, Australia), as recommended by the manu-
facturer. Then the cementing agent was introduced
into the holes using an exploratory probe, and the
intradentinal portion of the MFPs was simulta-
neously embedded in the cementing agent. One by
one, the MFPs were placed into the holes using
forceps specially designed for this task. Excess
cement was removed using a microbrush (Cavibrush
Fine, FGM), and photoactivation (Demetron Optilux
500; Kerr GmbH, Karlsruhe, Germany) was per-
formed by focusing the light perpendicular to the
long axis of the tooth (Figure 2C). After the chemical
setting time had passed, the adhesive procedures
were started in the enamel and in the extradental
portion of the post.

Two adhesive layers (Adper Single Bond 2, 3M
ESPE) were applied to the entire occlusal surface,
and the last layer was light-cured for 20 seconds.
Soon after, small increments of light-curing compos-
ite resin (Z350 XT, 3M ESPE) were inserted between
the posts and into the occlusal portion until fine
anatomy was obtained. Additional light-curing was
performed for 60 seconds on all sides of the
composite resin crown (Figure 2D). The rubber
dam was removed, and the flap was repositioned
and sutured (Figure 3). After 10 postoperative days,
the sutures were removed.

At 120 days after surgery, the tooth was prepared
to receive a full crown (diamond burs 3216 and 4138,
KG Sorensen). A 2-mm–thick bevel was performed
throughout the cervical extension at the gingival
level, and the bevel was on the tooth structure. The
occlusal reduction considered the crown height of
adjacent teeth due to the open bite on this side. All
internal angles were rounded. Finishing procedures
were performed with a multilaminated bur (9642
Jet, Labordental, São Paulo, SP, Brazil), and the
margins were finished with manual cutting instru-
ments (Figure 4). The characteristics of the cavity
preparation were in accordance with the prerequi-
sites for preparation for CAD/CAM restoration.

Next, the color of the acrylic resin was chosen.
Using the casting technique, an immediate provi-

Figure 2. (A) Mini fiberglass posts for composites and spiral bur for
preparation. (B) Preparations performed in correspondence with each
of the five cusps. (C) Cemented mini posts. (D) Reconstructed clinical
crown using composite resin.
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sional restoration was fabricated. The restoration
was used to keep the gingival margins in position, to
protect the exposed dentin in the preparation
margins, to maintain the position of the adjacent
teeth, and to restore dental function. Accommoda-
tion for tooth wear was checked by measuring the
thickness of the provisional restoration using a
thickness gauge. Subsequently, the provisional res-
toration was cemented.

The patient resumed orthodontic therapy and, as
the uprighting of the tooth 29 occurred, relapse
measures of the temporary restoration were per-
formed in order to prevent food impaction and to
favor local hygiene.

After 12 months, when the fixed orthodontic
appliance was removed, the patient returned so that
the ceramic restoration could be fabricated. The
provisional restoration was removed, and the cavity
was cleaned and scanned using a Trios 3 scanner
(3Shape; Copenhague, Denmark). At this time, the
adjacent and opposing teeth were also digitized, and
the upper and lower virtual models were related in
maximal habitual intercuspation (Figure 5A). Based
on the virtual models, the preparation margins were
outlined, and the restoration was designed (Figure 5B)
using Dental System software (3Shape). After the
design was completed, color analysis and mapping
were performed (Figure 5C,D). The information was
sent as an STL file for the fabrication of the crown. A
DWX-4W milling unit (Roland; Japan) was used. The
material of choice for this patient was the Emax A3HT
block (Ivoclar Vivadent, Schaan, Liechtenstein).

Once the crown was available in its pre-crystalized
stage (Figure 6), its margins and proximal and
occlusal contacts were checked. A small refinement
of the occlusal contacts was necessary, and then the

crown was crystalized and painted to produce a
finely detailed restoration (Figure 7).

Subsequently, the intaglio portion of the lithium
disilicate ceramic restoration was etched using
hydrofluoric acid for 20 seconds and then washed
and dried vigorously. A layer of universal primer
(Monobond Plus, Ivoclar Vivadent) was applied, air
jet-dried, and light-cured for solvent volatilization,
and a layer of adhesive (Adpere Single Bond 2, 3M
ESPE) was applied. The prepared cavity was cleaned
using pumice paste and a polishing brush and then
washed thoroughly and dried. The enamel margins
were etched for 30 seconds with 37% phosphoric acid
(FGM) and then washed and dried vigorously.
Relative isolation of the operative field was per-
formed, aided by high-power suction. The self-
etching resin cement was activated according to the
manufacturer’s instructions (U-200, 3M ESPE) and
placed inside the crown, and the crown was then
positioned. Excess cement was removed using a
brush, and the margins were light-cured for 60
seconds on each side. The restoration was then left
alone for six minutes to allow the cement to
chemically set. At the end of the cementation
process, the minimum excess cement was removed
using a no. 12 scalpel blade (Lamedid Solidor,
Barueri, Sao Paulo, Brazil). A periapical long cone
paralleling technique radiograph was taken to
ensure that excess cement was completely removed
and to visualize the final adaptation of the restora-
tion (Figure 8). Finally, the patient was referred
back to orthodontics to be fit with a retainer.

The restoration was completed, and the proper
shape and esthetics were reestablished in terms of
the periodontal tissues and occlusal principles. This
ensured that dental function would be correct after

Figure 3. Completed transsurgical
reconstruction.
Figure 4. Occlusal view of the prep-
aration for full crown.
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the patient completed his orthodontic treatment.

Longitudinal follow-up will be conducted to evaluate

the advantages of using MFP, a novel additional

retention, in posterior teeth.

DISCUSSION

Ankylosed posterior teeth impede tooth stability in

the arch, which may manifest as the extrusion of the

opposing tooth and the migration of adjacent

teeth.1,2,5-7 As a consequence, dental ankylosis leads

to the rupture of the binomial, through which the

form is responsible for the preservation of function

and the function maintains the form.9 Thus, it is
necessary to propose a restorative therapy that can
restore the crown anatomy and consequently the
dental function. The earlier the patient is diagnosed
and undergoes appropriate treatment, the greater
the chances of reducing the complications associated
with ankylosed teeth.2-7,10

Ideally, the restorative plan should be reconciled
with orthodontic treatment and should consider the
degree of infraocclusion of the tooth and the patient’s
age.3,4 In addition, it should meet the main require-
ments for successful restorative therapy, such as
periodontal health, function, and longevity of the
restoration.

However, there are no studies offering long-term,
predictable results for the longevity of restorations
for ankylosed teeth. Thus, there is no guidance
regarding the most effective form of restorative
therapy. This fact was shown in 2010, when a
Cochrane search confirmed that there were no
randomized clinical trial data supporting a thera-

Figure 5. (A) Sagittal view of the scanned preparation and occlusion
relation. (B) Sagittal view of the crown design in position. (C) Sagittal
view of the color mapping obtained after scanning and designing
steps were completed. (D) Occlusal view of the final three-
dimensional designed crown.

Figure 6. Pre-crystalized crown after milling process.
Figure 7. Completed and cemented restoration
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peutic approach for ankylosed teeth.7 This gap in the

literature can be verified to continue through the

present.

Regarding proposals for the treatment of anky-

losed permanent teeth, the literature advocates both

conservative and extremely invasive procedures.

The conservative proposals involve completely filling

the crown portion with direct composite resins and

the use of a direct composite resin core build-up to

support a subsequent indirect ceramic restoration.

The invasive proposals include exodontia and im-

plants, surgical repositioning with previous luxation,

and osteogenic distraction.1-3,5-7,11

The advantages of ceramic crowns supported by

composite resin reconstructions are mainly related

to the possibility of maintaining the natural tooth as

a pillar, thereby transmitting physiological loads to

the periodontal support and allowing the tooth’s

dimensions to be preserved. Ceramic crowns also

offer the benefits of surface smoothness, color

stability, high wear resistance, and biocompatibili-

ty.12 However, in the case of ankylosed teeth, a

support must be constructed under the crown.

From the biomechanical point of view, the dental
lever system developed by lateral loads is more
beneficial when the resistance arm is at least twice
as large as the power arm.13 Considering this fact,
the restoration of ankylosed permanent teeth is
quite favorable because it has a lever system in
which the resistance arm contains the root and part
of the anatomical crown. The power arm, however,
needs to contain material that provides the long-
term retention of the filler material. In addition,
restorations of posterior teeth are subjected to a
tensile load.14 Thus, improving the retention of
restorations in posterior teeth is essential for
successful therapy. According to Binus and others,8

the needs presented will influence the selection of
the restorative technique. Additional retention may
be indicated to improve the long-term prognosis of
the selected therapy.8,15-18

Restorative proposals that aim to improve the
quality and longevity of ankylosed tooth restorations
are relevant given the lack of scientific evidence.
Thus, morphological reconstructions supported by
additional retention, such as intradentinal posts,
especially for ankylosed posterior teeth, can be
planned with the aim of improving the longevity of
the restoration. MFPs have recently been introduced
as an alternative to threaded intradentinal metal
pins.15,16 Their greatest advantages include their
low cost, their use of a simplified technique, their
noninfluence on the final esthetics of the restoration
for anterior teeth, for example, and the minimization
of the tension imposed on dentin that they offer
compared with the use of threaded intradentinal
posts.15

To improve the retention of an intradentinal post,
sufficient interocclusal and vestibular-lingual space
to accommodate it inside the reconstruction material
must be present. Because the present clinical case
was a morphological reconstruction that was subject
to occlusal wear, it was necessary to maintain the
thickness of the composite resin to enable the
preparation of the all-ceramic crown; this was
possible because of the short height of the MFPs.
In the case of direct composite resin restorations that
will not require future work, which are very common
in cases of ankylosis of deciduous teeth, threaded
intradentinal metal pins may also be indicated.
These pins have a long clinical history of success
and are still used today.18 Additional retention can
be created using pins and grooves;17,18 however, they
incur greater wear of the healthy dental structure
compared with the technique described herein.

Figure 8. Interproximal X-ray of the restoration immediately after
cementing.
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Clinical Research

Accuracy of Buccal Scan
Procedures for the Registration of

Habitual Intercuspation

M Zimmermann � A Ender � T Attin � A Mehl

Clinical Relevance

Accurate reproduction of the jaw relationship is important in many fields of dentistry.
Maximum intercuspation can be registered with digital buccal scan procedures
implemented in the workflow of many intraoral scanning systems.

SUMMARY

Clinical Relevance: Accurate reproduction of
the jaw relationship is important in many
fields of dentistry. Maximum intercuspation
can be registered with digital buccal scan
procedures implemented in the workflow of
many intraoral scanning systems.

Objective: The aim of this study was to inves-
tigate the accuracy of buccal scan procedures
with intraoral scanning devices for the regis-
tration of habitual intercuspation in vivo. The
hypothesis was that there is no statistically

significant difference for buccal scan proce-
dures compared to registration methods with
poured model casts.

Methods and Materials: Ten individuals (full
dentition, no dental rehabilitations) were sub-
jects for five different habitual intercuspation
registration methods: (CI) poured model casts,
manual hand registration, buccal scan with
inEOS X5; (BC) intraoral scan, buccal scan
with CEREC Bluecam; (OC4.2) intraoral scan,
buccal scan with CEREC Omnicam software
version 4.2; (OC4.5b) intraoral scan, buccal
scan with CEREC Omnicam version 4.5b; and
(TR) intraoral scan, buccal scan with Trios 3.
Buccal scan was repeated three times. Analysis
of rotation (Rot) and translation (Trans) pa-
rameters was performed with difference anal-
ysis software (OraCheck). Statistical analysis
was performed with one-way analysis of vari-
ance and the post hoc Scheffé test (p,0.05).

Results: Statistical analysis showed no signif-
icant (p.0.05) differences in terms of transla-
tion between groups CI_Trans (98.746112.01
lm), BC_Trans (84.12664.95 lm), OC4.2_Trans
(60.70635.08 lm), OC4.5b_Trans (68.36636.67
lm), and TR_Trans (66.60664.39 lm). For rota-
tion, there were no significant differences
(p.0.05) for groups CI_Rot (0.2360.258),
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BC_Rot (0.7360.528), OC4.2_Rot (0.4560.318),
OC4.5b_Rot (0 .50 60 .36 8) , and TR_Rot
(0.4760.658).

Conclusions: Intraoral scanning devices allow
the reproduction of the static relationship of
the maxillary and mandibular teeth with the
same accuracy as registration methods with
poured model casts.

INTRODUCTION

Accurate reproduction of the jaw relationship is
important in many fields of dentistry. Jaw relations
can be determined either by means of occlusal
morphology (ie, maximum intercuspation) or by
means of locating the mandibular position (eg, with
respect to the position of the centric condyles).1

Habitual intercuspation or occlusion describes the
jaw position that the patient acquires when asked to
close the mouth without any deflection caused by
external factors, such as tooth contacts. Maximum
intercuspation describes the jaw position that the
patient acquires when asked to close the mouth with
a focus on maximum tooth contact of teeth of the
upper and lower jaws. Habitual intercuspation and
maximum intercuspation normally describe identi-
cal jaw positions as far as there are no premature
tooth contacts or relieving postures that the patient
is forced to acquire (eg, in the case of craniomandib-
ular dysfunction). Maximum intercuspation can be
registered with digital procedures, such as the
buccal scan procedure implemented in the workflow
of many intraoral scanning systems.2

For the registration of habitual intercuspation and
its transfer to poured model casts, first impressions
of the upper and lower arches are taken and model
casts poured. Maximum intercuspation position is
taken individually by the patient or can be achieved
per hand guidance of the operator.1 The habitual
intercuspation position can be additionally encoded
by the use of interocclusal recording materials.3

Poured model casts are finally mounted into the
articulator with respect to the maximum intercus-
pation taken by the patient in vivo. In the literature,
several aspects of this in vitro registration process
for the registration of habitual intercuspation have
been described that might be the reason for an
inaccurate registration of the jaw relationship.4,5

The exact determination of the patient’s arbitrary
hinge axis has been described to be the reason for
difficulties.6 Interocclusal recording materials might
result in inaccurate encoding of the maximum
intercuspation as a result of specific material
characteristics, such as material shrinkage.7 Hand-

guided procedures may be distinctly influenced by
the operator’s clinical skills and experiences and
could be an additional factor for inaccuracies in the
registration process.8

Maximum intercuspation can be registered with
digital buccal scan procedures with intraoral scan-
ning devices with no need for poured plaster
models.2 Buccal scans are defined as intraoral digital
scans capturing the buccal surface of approximately
three teeth of both upper and lower arches while the
patient’s jaws rest in maximum intercuspation.2 By
a subsequent software matching process of both
buccal scan and intraoral scan of the upper and
lower arches, both jaws are automatically aligned,
thus representing the exact jaw relationship in the
form of the in vivo maximum intercuspation.9,10

To date, there is no clinical study referring to the
accuracy of the buccal scan registration method with
intraoral scanning devices in comparison to regis-
tration procedures with poured model casts. The aim
of this study was to investigate the accuracy of
habitual intercuspation registration with intraoral
scanning devices on the hypothesis that there is no
statistically significant difference compared to con-
ventional registration methods with poured model
casts.

METHODS AND MATERIALS

Ten individuals were randomly selected from the
clinical staff personnel of the Center of Dental
Medicine of the University of Zurich. All participants
had full dentition without dental rehabilitation and
a good general health status (ASA criteria 1).
Individuals suffered from neither periodontitis nor
temporomandibular joint dysfunctions. All proce-
dures performed in this study involving human
participants were in accordance with the ethical
standards of the institutional and/or national re-
search committee and with the 1964 Helsinki
Declaration and its later amendments or comparable
ethical standards. The study was conducted as part
of an established ethical protocol accepted by the
ethical committee of the University of Zurich.
Estimation of total sample size for the respective
study setup with five test groups, each with 10
individuals, based on a significance level of a = 0.05
was performed by means of a power analysis with
the statistical power analysis program G*Power
version 3.1 (open source; Heinrich-Heine-Universi-
tät, Düsseldorf, Germany) with respect to an
estimated effect size of 0.3 and an observed power
of 0.85.
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Habitual Intercuspation Registration With
Poured Model Casts

Full-arch impressions of the upper and lower arches
were taken with vinylsiloxanether material (Identi-
um, Kettenbach, Eschenbach, Germany) for each
patient. Standard metal stock trays (ASA Perma-
Lock, ASA Dental, Bozzano, Italy) were used.
Impressions were poured after eight hours with
scanable Type IV gypsum dental stone (Fujirock EP,
GC, Tokyo, Japan). Poured stone models were stored
at room temperature for 48 hours and left unmod-
ified. In vivo habitual intercuspation for each patient
was reproduced on the poured model casts via hand
guidance by seating lower and upper arch models
into maximum intercuspation. The accuracy of this
registration method of maximum intercuspation
with poured model casts was analyzed digitally with
special software tools and a lab scanner (inEOS X5,
Dentsply Sirona, York, PA USA). Scanning accuracy
for the inEOS X5 scanner is reported to be less than
5 lm according to the DIN EN ISO 12836 standard.
First, poured upper and lower arch models were
digitized with the lab scanner (inEOS X5). Second,
habitual intercuspation registration was performed
by manually seating the poured models into maxi-
mum intercuspation with no further manipulation.
Third, three teeth of the lower and upper arches
were scanned by means of a buccal scan with the lab
scanner in the region of the second premolar (inEOS
X5). This procedure was repeated three times for
each patient.

Habitual Intercuspation Registration With
Intraoral Scanning Devices

Registration of habitual intercuspation was per-
formed using the principle of buccal scan with three
different intraoral scanning devices: CEREC Blue-
cam (Dentsply Sirona), CEREC Omnicam (Dentsply
Sirona), and Trios3 (3Shape, Copenhagen, Den-
mark). Four different groups were established:
CEREC Bluecam, software version 4.2 (BC); CEREC
Omnicam, software version 4.2 (OC4.2); CEREC
Omnicam, software version 4.5b (OC4.5b) (beta
version); and Trios3 (TR). The buccal scan procedure
was identical in each group. First, patients were
seated in a comfortable upright position. Second,
quadrant scans of the upper and lower arches were
taken with respect to actual principles of scanning
strategy.11 Third, patients were asked to individual-
ly take their habitual, maximum intercuspation
without any further manipulation. Fourth, a buccal
scan involving three teeth of the upper and lower
arches, ranging from the first molar to the first

premolar, was performed. Dusting of tooth surfaces
with scan spray was performed prior to scans for
group BC with scan spray (VITA Scan Spray, VITA,
Bad Säckingen, Germany). Three buccal bite regis-
trations were taken for each patient.

Analysis of Accuracy of Habitual
Intercuspation Registration

In this study, the accuracy of the registration of
habitual intercuspation was analyzed by means of
the relative jaw displacement of the lower jaw. The
analysis was performed by determining the relative
position of the lower jaw in reference to the upper
jaw described by the two parameters, rotation (Rot)
and translation (Trans), with special software tools.

First, digital data sets for the upper arch had to be
aligned and be transferred to an identical coordinate
system. This procedure comprised several steps, all
executed with Geomagic Qualify software (version
24, 3D Systems, Rock Hill, USA). First, superimpo-
sition of two upper arch data sets was performed via
a best-fit algorithm. Second, the transformation
matrix generated by this superimposition was
applied to the respective lower arch data set. By
these means, the two upper arch data sets were
positioned within the identical coordinate system,
whereas the position of the lower arch data sets
differed as a result of the jaw displacement caused by
different habitual intercuspation registration proce-
dures. Third, STL data files were exported from
Geomagic Qualify software to the 3D difference
analysis software OraCheck (Cyfex AG, Zurich,
Switzerland) to allow quantitative difference analy-
sis of 3D data sets.

The principle of the OraCheck software tool has
recently been described in the literature.12 First, the
origin of the coordinate system was determined by
moving the center of gravity of the coordinate system
to the lower first molar of the baseline data set
(OraCheck software tool ‘‘eBIT_ToolOrigin’’). Second,
baseline and follow-up data sets of the lower arch
were superimposed. The relative jaw displacements
between baseline and follow-up data sets of the lower
jaw represented a quantitative measure for the
accuracy of the registration of habitual intercuspa-
tion. Quantitative analysis in terms of parameters
translation (Trans) and rotation (Rot) was performed
by using well-known mathematical procedures.

First, a CSV data file comprising a 4 3 4 transfor-
mation matrix was exported from OraCheck software.
On the basis of this transformation matrix, the
rotation angle and the all-total translation as the
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square root of the squared sum of the x-, y-, and z-

shifts were extracted by well-known linear algebra

formulas.12,13 Three analyses were performed for each

patient in each test group and pooled (data set 1 - data

set 2, data set 1 - data set 3, data set 2 - data set 3). The

whole procedure is illustrated in Figure 1A-D.

Descriptive statistical analysis of translation
(Trans) and rotation (Rot) was performed with SPSS
Statistics 22 (IBM Statistics, Armonk, NY, USA),
and one-way analysis of variance and the post hoc
Scheffé test were used for statistical significance
analysis (p,0.05) after pooling the data for one
participant (calculation of the mean).

Figure 1. Step-by-step procedure for the determination of translation and rotation parameters with Geomagic and OraCheck software; example
shown for group OC4.2. (1A): Situation after import of STL data files (quadrant scans upper and lower arches) into Geomagic software, displacements
of upper arch as a result of nonidentical coordinate system, and displacements of lower arch as a result of different buccal scan registrations in
reference to upper arch scans. Three buccal scans were performed in each individual after scanning upper and lower arch quadrants. (1B): Situation
after best-fit matching of upper arch quadrant scans. All three quadrants are in the same coordinate system, and respective lower arch quadrant
scans were transformed using the transform matrix function of Geomagic software. (1C): Import of STL data files into OraCheck software and
selection of the lower first molar in the baseline scan as center of origin for rotation and translation analysis. Three difference analyses were performed
in each individual as baseline follow-up difference analysis (data set 1 - data set 2, data set 1 - data set 3, data set 2 - data set 3). (1D): Qualitative
analysis of the displacement of the lower jaw as a result of different buccal scan registrations. Differences are color coded with respect to an
adjustable scale with green showing the least differences. Quantitative analysis was performed by export of a 4 3 4 matrix and by well-known linear
algebra formulas.

Table 1: Values for Parameter Translation (Trans; in lm). Groups: Conventional Impression (CI), CEREC Bluecam (BC), CEREC
Omnicam Version 4.2 (OC4.2), CEREC Omnicam Version 4.5b (OC4.5b), and Trios3 (TR). Three Scans per Individual
Were Performed (n=30). No Statistically Significant Difference (One-Way Analysis of Variance and Post Hoc Scheffé
Test, p.0.05)

n Mean SD Min Max 95% Confidence Interval

Lower Upper

CI_Trans 30 98.74 112.01 5.28 365.33 56.91 140.57

BC_Trans 30 84.12 64.95 20.53 162.61 59.87 108.37

OC4.2_Trans 30 60.70 35.08 16.77 104.15 47.60 73.80

OC4.5b_Trans 30 68.36 36.67 32.83 117.76 54.67 82.06

TR_Trans 30 66.60 64.39 35.22 203.07 42.56 90.64
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RESULTS

Translation of the lower jaw was found to be 98.74 6

112.01 lm for the conventional habitual intercuspa-
tion registration method with poured model casts
(CI_Trans). For digital buccal scan registration
methods with intraoral scanning devices, the values
for translation varied, depending on the intraoral
scanning device used. Translation was found to be
84.12 6 64.95 lm for CEREC Bluecam (BC_Trans),
60.70 6 35.08 lm for CEREC Omnicam with
software version 4.2 (OC4.2_Trans), 68.36 6 36.67
lm for CEREC Omnicam with software version 4.5b
(OC4.5b_Trans), and 66.60 6 64.39 lm for Trios3
(TR_Trans). Statistical analysis with one-way anal-
ysis of variance and the post hoc Scheffé test showed
no significant differences (p.0.05) between all the
test groups. Results for translation mean, minimum,
and maximum values are shown in Table 1.

Rotation analysis showed no statistically signifi-
cant different results between different test groups.
Rotation was found to be 0.23 6 0.258 for the
conventional habitual intercuspation registration
method with poured model casts (CI_Rot). Results
for rotation differed, depending on the intraoral
scanning device used for the intraoral buccal scan.
Rotation was 0.73 6 0.528 for CEREC Bluecam
(BC_Rot), 0.45 6 0.318 for CEREC Omnicam with
software version 4.2 (OC4.2_Rot), 0.50 6 0.368 for
CEREC Omnicam with software version 4.5b
(OC4.5b_Rot), and 0.47 6 0.658 for Trios3 (TR_Rot).
Results for rotation mean, minimum, and maximum
values are shown in Table 2.

DISCUSSION

The aim of this study was to investigate the accuracy
of habitual intercuspation registration with intra-
oral scanning devices in comparison to conventional
methods with poured model casts. The hypothesis
was that there is no statistical significant difference

between different methods applied for habitual
intercuspation registration. Displacements of the
relative position of the mandibular arch in reference
to the maxillary arch were determined in terms of
rotation (Rot) and translation (Trans) parameters
with special 3D difference analysis software.

No significant differences were found in terms of
translation for all test groups (p.0.05). The
parameter translation is defined as the position
shift of a certain object in the x-, y-, and z-axes,
whereas the parameter rotation is defined as the
tilt within a defined origin center. In terms of
rotation, there were also no statistically significant
differences between different test groups (p.0.05).
Mean values for digital test groups ranged from
best 0.508 (OC4.5b_Rot) to worst 0.738 (BC_Rot).
The mean value for the conventional method was
0.238 (CI_Rot). Thus, both powder-based and pow-
der-free scanning systems might be able to repro-
duce habitual intercuspation registration with the
same accuracy as conventional habitual registra-
tion methods with poured model casts.

Several aspects need to be discussed. First,
powder-based intraoral scanning systems require
the dusting of buccal tooth surfaces. In order to
perform intraoral buccal scans for the registration of
habitual intercuspation, at least three single images
are needed. If the intraoral scanner is not handled
properly, the dust layer is likely to get altered during
this procedure. This might lead to inaccuracies in the
procedure of habitual intercuspation registration.
Second, the data capturing mode and the size of the
scanning tip might influence the precision of intra-
oral habitual intercuspation registration. During the
process of habitual intercuspation registration with
buccal scans, it is crucial that there are no jaw
movements and that single images are matched
correctly. If there is any movement of the patient,
single images are matched poorly, and the registra-
tion process will be inaccurate. This effect might be

Table 2: Values for Parameter Rotation (Rot; in 8); Groups: Conventional Impression (CI), CEREC Bluecam (BC), CEREC
Omnicam Version 4.2 (OC4.2), CEREC Omnicam Version 4.5b (OC4.5b), and Trios3 (TR). Three Scans per Individual
Were Performed (n=30). No Statistically Significant Difference (One-Way Analysis of Variance and Post Hoc Scheffé
Test, p.0.05)

n Mean SD Min Max 95% Confidence Interval

Lower Upper

CI_Rot 30 0.23 0.25 0.07 0.84 0.14 0.32

BC_Rot 30 0.73 0.52 0.13 1.29 0.53 0.92

OC4.2_Rot 30 0.45 0.31 0.08 0.75 0.34 0.57

OC4.5b_Rot 30 0.50 0.36 0.17 1.00 0.37 0.64

TR_Rot 30 0.47 0.65 0.09 1.94 0.22 0.71
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more crucial if only a few images, such as for the
powder-based intraoral scanning system used in this
study, are matched. Additionally, if the tip of the
intraoral scanner is placed too far distally, artificial
involuntary jaw movements of the patient might be
more likely to occur. The tip of the CEREC Bluecam
powder system is slightly larger than those of the
other intraoral scanning systems used in this study.
These aspects might explain why the worst results
both for parameter rotation (Rot) and for translation
(Trans) were found for the powder-based scanning
device used in this study (CEREC Bluecam).

In this study, the worst results for the parameter
translation were found for group CI with mean 98.74
6 112.01 lm. The standard deviation was also to be
found twice as high for group CI_Trans than for the
other test groups. There might be several reasons for
this observation. Conventional methods of habitual
intercuspation registration may be inaccurate be-
cause of alterations in the plaster model, such as
bubbles that might occur during the process of model
fabrication. In contrast, intraoral buccal scans are
directly taken from the patient. Provided that the
proper scanning strategy is used, digital models are
thus less susceptible to model defects, and buccal
scans might lead to a more accurate habitual
intercuspation registration of the digital models.

Within the limitations of this study, several
aspects need to be discussed. First, there might be
the question about the accuracy of intraoral scan-
ning devices. Several published studies show that
the intraoral scanning systems used in this study
perform with high accuracy. For full-arch digital
impressions, our group found an in vitro trueness of
56.4 6 15.3 lm for CEREC Bluecam and 46.1 6 10.4
lm for CEREC Omnicam.14 In this study, quadrant
scans for the upper and lower arches comprising four
to five teeth were performed prior to the buccal scan
so that accuracy values for all three scanning
systems might in fact be superior. However, scan-
ning artifacts would result in inaccurate model data
and thus in a poor buccal bite registration. Scanning
artifacts should be cut prior to buccal scan registra-
tion with intraoral scanning devices.

In this study, the laboratory benchtop scanner
inEOS X5 was used to digitize the plaster models.
Scanning accuracy for the inEOS X5 scanner is
reported to be less than 5 lm according to the DIN
EN ISO 12836 standard. It is important to mention
that for ISO standard procedures, standardized
geometrical objects and no tooth geometries are
used. In terms of optical digitalization processes,
however, surface morphology, textural information,

and angulation of surface imaging are important.
This is why there might be the assumption that
scanning accuracy for tooth geometries might be
inferior to the ISO standard values. There are no
actual studies available addressing the accuracy of
the inEOS X5 scanner for tooth geometries. Internal
data (not yet published) and pilot tests performed
previous to this study revealed the precision of the
inEOS X5 scanner to be within a 5- to 10-lm range
for full-arch plaster models. It is important to
understand that the technical configuration of lab
scanners includes an optical imaging from specific,
predefined camera positions and model angulations.
This is the main reason why the matching process of
single images to obtain the final digital model
performs better for lab scanners than for intraoral
scanners, resulting in a higher accuracy.

There are studies reporting difficulties using
digital buccal scan registration procedures.15,16 One
study reports digital model contacts and real model
contacts of a full-arch model cast having an accor-
dance for contact distribution of only 30% to 40%.
Inaccuracies of the registration occurred mainly at
the contralateral side of where the buccal scan
registration was performed.16 This observation
might derive from the fact that no ideal scanning
strategy had been used and that model deformations
might have occurred, resulting in habitual intercus-
pation inaccuracies. The importance of scanning
strategy for the accuracy of digital full-arch impres-
sions has recently been described,11 although intra-
oral buccal scans on both sides of the jaw might be
beneficial in order to improve the accuracy of
habitual intercuspation registration for full-arch
scans. In this study, the focus was on the registration
of quadrant scan models. A further study might
investigate the registration accuracy of full-arch
scans.

The disadvantage for conventional habitual inter-
cuspation registration methods might be the manual
seating of poured model casts with maximum
intercuspation into the articulator. This procedure
is reported to be highly dependent on the experience
of the dental technician.17 Boyarksy and others17

reported that the occlusal refinement of mounted
casts before the fabrication of indirect restorations
significantly decreased the time needed to adjust the
occlusion of the seated restoration. Digital methods
such as intraoral buccal scan registrations might be
consequently less technique sensitive and more
reliable for both the clinician and the dental
technician.
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In this study, procedures for buccal scans were
repeated three times for each patient. For groups BC,
OC4.2, OC4.5b, and TR, patients were asked to
individually take their habitual, maximum intercus-
pation three times. For group CI, manual seating of
the poured models was repeated three times. For all
groups, there might thus be the possibility of some
sort of reproducible error. Previous studies that we
conducted using a different protocol demonstrated
that the mean 6 SD value for the location of the
habitual intercuspation was 42 6 34 lm, ranging
from 22 6 9 lm to 77 6 58 lm for single individuals.10

In this study, we tried to minimize the reproducible
error as much as possible and below the threshold
previously observed by systematically standardizing
the procedure of determining the maximum inter-
cuspation for patients, such as by defining a specific
seating position and exact procedure of intraoral
scanning but also by performing the manual seating
of plaster models by only a single operator.

Digital procedures for the intraoral habitual
intercuspation registration are highly promising, as
they might not be limited to reproducing only the
static occlusion. In the future, it might be possible to
extend the application of the buccal scan registration
and simultaneously capture, for example, dynamic
movements of the jaw. First attempts to integrate
dynamic occlusion into the digital workflow have
recently been described.18,19

CONCLUSIONS

Intraoral scanning systems with buccal scan proce-
dures allow practitioners to reproduce the static
relationship of the maxillary and mandibular teeth
with the same accuracy as conventional registration
methods with poured model casts. Intraoral scan-
ning devices with different imaging technologies did
not show any statistically significant differences for
the reproduction of the static relationship. Com-
pared to conventional methods, digital buccal scan
registration methods might be less susceptible to
errors and be performed more easily and reliably for
the determination of habitual intercuspation.
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Clinical Effectiveness of a Resin-
modified Glass Ionomer Cement and
a Mild One-step Self-etch Adhesive
Applied Actively and Passively in

Noncarious Cervical Lesions:
An 18-Month Clinical Trial

M Jassal � S Mittal � S Tewari

Clinical Relevance

Mild one-step self-etch adhesive can be an alternative to resin-modified glass ionomer
cement with similar retention and improved esthetics in noncarious cervical lesions.

SUMMARY

Objectives: To evaluate the clinical effective-

ness of two methods of application of a mild

one-step self-etch adhesive and composite res-

in as compared with a resin-modified glass

ionomer cement (RMGIC) control restoration

in noncarious cervical lesions (NCCLs).

Methods: A total of 294 restorations were
placed in 56 patients, 98 in each one of the
following groups: 1) G-Bond active application
combined with Solare-X composite resin (A-
1SEA), 2) G-Bond passive application com-
bined with Solare-X composite resin (P-1SEA),
and 3) GC II LC RMGIC. The restorations were
evaluated at baseline and after six, 12, and 18
months according to the FDI criteria for frac-
tures/retention, marginal adaptation, margin-
al staining, postoperative sensitivity, and sec-
ondary caries. Cumulative failure rates were
calculated for each criterion at each recall
period. The effect of adhesive, method of
application, and recall period were assessed.
The Kruskal-Wallis test for intergroup com-
parison and Friedman and Wilcoxon signed
ranks tests for intragroup comparison were
used for each criterion (a=0.05).

Results: The retention rates at 18 months were
93.26% for the A-1SEA group, 86.21% for the P-
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1SEA group, and 90.91% for the RMGIC group.
The active application improved the retention
rates compared with the passive application
of mild one-step self-etch adhesive; however,
no statistically significant difference was ob-
served between the groups. Marginal staining
was observed in 13 restorations (1 in A-1SEA, 4
in P-1SEA, and 8 in RMGIC) with no signifi-
cant difference between the groups. The
RMGIC group showed a significant increase
in marginal staining at 12 and 18 months from
the baseline. There was no significant differ-
ence between the groups for marginal adap-
tation, secondary caries, or postoperative
sensitivity.

Conclusion: Within the limitations of the study,
we can conclude that mild one-step self-etch
adhesive followed by a resin composite resto-
ration can be an alternative to RMGIC with
similar retention and improved esthetics in
restoration of NCCLs. Agitation could possibly
benefit the clinical performance of mild one-
step self-etch adhesives, but this study did not
confirm that the observed benefit was statisti-
cally significant.

INTRODUCTION

Noncarious cervical lesions (NCCLs) have become a
well-known clinical entity presenting as noncarious
loss of tooth substance with multifactorial etiology.1

Restoration of such lesions becomes necessary in
cases of sensitivity, esthetics, and plaque retention
and where the tooth has to serve as an abutment for
a removable partial denture. A variety of tooth-
colored adhesives have been used in the past for
restoration of NCCLs, such as glass ionomer cements
(GICs), resin-based composite systems, and
compomers.2 With the development of resin-based
adhesives, a number of materials have been tried
from the conventional three-step etch-and-rinse to
the most recent self-etch systems. The self-etch
approach involves either a one-step or a two-step
application procedure and can be further divided
into ‘‘strong’’ with pH about 1 or below and ‘‘mild’’
with pH about 2 or greater.3

One-step self-etch adhesive systems have evolved
as simplified adhesive systems with less technique
sensitivity and shorter application time.3,4 However,
some studies have reported poor bond strength
values, hydrolytic instability with time, and inferior
marginal adaptation of one-step self-etch adhesives
to enamel and dentin when compared with the two-
step self-etch or etch-and-rinse systems.4-9 On the

other hand, some recent studies showed their
satisfactory clinical performance.10-16 This may be
because of the development of new versions of one-
step self-etch systems, especially the milder ones,
which show bonding performance, almost compara-
ble to the multistep gold standard approaches.17

In the past decade, some in vitro studies reported
that by active application (agitation) of primer/
adhesive, the bond strength of self-etch adhesives
to enamel18-20 and dentin20-26 can be improved. This
might be because of the active primer application
that improves the smear layer dissolution, micro-
mechanical interlocking, and chemical interaction
with the dentin.7,26,27

In an in vivo study, Tewari and Goel28 evaluated
the effect of agitation and drying time of a mild two-
step self-etch system on dentin bond strength.
Agitation of primer along with adequate drying
time improved the shear bond strength of adhesive
to the dentin. However, clinical trials are necessary
to verify the effectiveness of adhesive application
methods in the oral environment over a period of
time.

To our knowledge, there are only two studies that
have evaluated the effect of active application of
adhesive systems in a clinical scenario. Loguercio
and others,29 in a two-year clinical study showed
that the application of a two-step etch-and-rinse
system in a vigorously rubbing motion improved the
retention of restorations in NCCLs. Similarly, in a
recent clinical trial by Zander-Grande and others,30

active application of two strong one-step self-etch
adhesives improved the retention rates of cervical
restorations compared with the passive application
at a two year recall. However, no study has yet
clinically evaluated the effect of agitation using
mild one-step self-etch adhesives in restoration of
NCCLs.

In a recent literature review of contemporary
adhesives,17 GICs showed the best clinical results
in terms of retention in restoration of NCCLs when
compared with the other adhesive categories. De-
spite this, glass ionomers commonly present with
lower esthetic features (higher surface roughness,
lower color stability, and lower wear resistance) and
inferior mechanical properties when compared with
the resin-based restorative materials.31

Besides micromechanical interlocking through
hybridization, the chemical interaction between
functional monomer and tooth substrate has an
added advantage in improving the bonding potential
of the adhesives.32 The functional monomers in mild
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self-etch systems result in superficial demineraliza-
tion, keeping residual hydroxyapatite still attached
to the collagen, and they have the potential to
chemically interact with the hydroxyapatite.3,17,27

Although the chemical bonding mechanism and one-
step procedure of RMGIC is similar to mild one-step
self-etch adhesives, there is a void in the literature
as to the clinical comparison of these two materials.
We could speculate that the new versions of mild
one-step self-etch adhesives with a resin composite
restoration would provide bonding performance
comparable with GIC and with the esthetics of resin
composites.

Thus, the aim of this randomized clinical study
was to evaluate the influence of the application
method of a mild one-step self-etch adhesive in
restoration of NCCLs and also to compare it with a
resin-modified GIC. The null hypothesis was that
the clinical performance of both the materials is
similar after 18 months of clinical service regardless
of the method of application.

METHODS AND MATERIALS

Study Design and Participant Selection

The experimental design of our study followed the
CONSORT statement. This randomized double-blind
clinical trial was approved by the institutional
ethical committee (PGIDS/IEC/2015/62). Written
and informed consent was obtained from each
patient after explaining the study procedure in his
or her own language.

Inclusion and Exclusion Criteria

The study population included patients referred for
the treatment of noncarious cervical lesions. These
patients were screened by an experienced and
calibrated examiner for noncarious cervical lesions
to be included in the study as per specified
inclusion and exclusion criteria. Healthy patients
with an acceptable oral hygiene and age greater
than 18 years who were willing to participate in the
study and had at least 20 teeth in occlusion were
included. Each patient had at least three non-
carious cervical lesions to be restored in three
different teeth. Lesions had to be noncarious,
nonretentive, and �1 mm in depth and have a
cavosurface margin not involving .50% of enamel.
Lesions had to involve both enamel and dentin of
vital teeth without mobility. Patients with ex-
tremely poor oral hygiene, severe periodontal
disease, rampant caries, or a heavy bruxism habit
were excluded.

Sample Size Calculation

The retention rate of a mild one-step self-etch
adhesive, G-Bond, was reported to be 98%13 after 1
year of clinical service. With an a of 0.05, a power of
80%, and a two-sided test, the minimal sample size of
98 restorations per group was calculated to detect a
difference of 10% among the tested groups.33

Randomization

Randomization was carried out to balance the
distribution of restorative treatment among the
groups. The lesions were randomly, but consecutive-
ly, restored with each of the materials until 294
restorations were placed. When a patient presented,
the teeth were restored starting from the upper right
quadrant followed by upper left, lower left, and
finally lower right quadrant using FDI notation for
tooth identification. For a new patient, the material
used to restore the first tooth was taken from the list
for the next restoration. Each patient received at
least three restorations, one from each of the three
study groups. In some cases, more lesions were
restored but not always in equal numbers.34

Restorative Procedure

All patients were given oral hygiene instructions
before starting the operative treatment. Preopera-
tive photograph of the lesions were taken. Before
starting the treatment, some features of NCCLs
were recorded as described in Table 1. The cavity
dimensions in millimeters (cervicoincisal height
and buccolingual depth), the geometry of the cavity
(evaluated by adapting a wire along the inner walls
of the cavity and then measuring the angle as ,908,
90-1358, and .1358) and presence of antagonist
were recorded. The preoperative sensitivity was
also evaluated by applying air from a dental syringe
placed 2 cm from the tooth surface. Degree of
sclerotic dentin of the lesions was measured
according to the criteria described by Swift and
others.34 Lesions were then cleaned with a slurry of
pumice and water on a slow rotating rubber cup in a
slow-speed hand piece, rinsed, and dried. The
appropriate shade of the resin composite was
determined. Isolation was performed with cotton
rolls and gingival retraction cord. No additional
retention or bevel was given as per the guidelines
recommended by the American Dental Association
(ADA).36 A mild one-step self-etch adhesive (G
Bond, GC, Tokyo, Japan) with a resin composite
(Solare-X, GC, Tokyo, Japan) or a resin-modified
GIC (GC II LC Gold Label, GC, Tokyo, Japan) was
used for restoration of the lesions. Teeth were then
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randomly allocated to any of the three groups,
namely, resin-modified GIC (RMGIC), mild one-
step self-etch adhesive passive application (P-
1SEA), and mild one-step self-etch adhesive active

application (A-1SEA). The procedure for restoration
placement was as per the manufacturer’s instruc-
tions as follows (Table 2):

1. RMGIC group: A dentin conditioner (GC) was
applied to the bonding surface for 10 seconds with
a cotton pellet, washed, and dried. The RMGIC
was then applied and light cured for 40 seconds.
The cured restoration was then coated with a
bonding agent (Tetric N-bond, Ivoclar Vivadent
AG, Schaan, Liechtenstein) and light cured before
and after polishing to prevent desiccation.

2. P-1SEA group: The adhesive was spread over the
entire lesion surface and left undisturbed for 5-10
seconds, air dried for five seconds, and then light
cured for 10 seconds.

3. A-1SEA group: The adhesive was applied rigor-
ously for five seconds using a microbrush and left
undisturbed for 5-10 seconds, air dried for five
seconds, and light cured for 10 seconds.

After adhesive application in groups 2 and 3, the
lesions were incrementally restored with appropri-
ate shade of the resin composite and cured using
light-emitting diode (LUX V curing light, Guilin
Woodpecker Medical Instruments Co Ltd, China).

All restorations were finished and polished using
abrasive discs (Super-Snap, SHOFU Inc, Kyoto,
Japan) a week after placing the restorations. At this
visit, baseline records of the restorations were also
recorded. Clinical examination records and photo-
graphs at 1:1 magnification were taken at baseline
and at every follow-up visit.34

Restoration Evaluation

Clinical evaluation was done by two experienced
examiners who were familiar with the evaluation
criteria and who were not involved in the placement
of the restorations and thus were blinded to the
group assignment. For training purposes, the exam-
iners observed 10 photographs that were represen-
tative of each score for each criterion. They evaluat-
ed 10 to 15 teeth in two different clinical
appointments. The intraexaminer and interexamin-
er agreement of at least 85% was necessary before
beginning the evaluation. The restorations were
evaluated at baseline and after 6, 12, and 18 months
of clinical service. At each recall visit, the restora-
tions were assessed using a dental operating micro-
scope at 13 magnification (OPMI Pico, Carl Zeiss
Surgical GmbH, Germany) according to the FDI
World Dental Federation criteria described by Hickel
and others.37 The primary outcome variable evalu-
ated was fractures/retention of the restoration. The

Table 1: Demographic Characteristics of Research
Subjects and Characteristics and Distribution of
Noncarious Cervical Lesions

Characteristic No. of Patients

Gender distribution

Male 44

Female 12

Age distribution, y

30-39 4

40-49 12

50-59 14

60-69 21

70-79 5

Characteristics and Distribution of
Noncarious Cervical Lesions

Group 1
(A-1SEA)

Group 2
(P-1SEA)

Group 3
(RMGIC)

Tooth distribution

Incisors 15 13 14

Canines 20 10 10

Premolars 48 58 60

Molars 15 17 14

Shape/degree of angle

,90 87 92 93

90-135 11 6 5

.135 0 0 0

Cervicoincisal height

,1.5 10 11 7

1.5-2.5 51 47 47

.2.5 37 40 44

Degree of sclerotic dentin

1 35 30 32

2 47 46 41

3 12 21 21

4 4 1 4

Buccolingual depth, mm

1-2 86 89 95

2.1-3 12 9 3

Preoperative sensitivity

Yes 7 5 6

No 91 93 92

Arch distribution

Maxillary 64 57 57

Mandibular 34 41 41

Presence of antagonist

Yes 95 96 94

No 3 2 4
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secondary outcome variables such as marginal
staining, marginal adaptation, postoperative sensi-
tivity, and secondary caries were also evaluated. For
each evaluated criteria, scoring ranges from 1 (very
good), 2 (good, after correction very good), 3
(sufficient/satisfactory, minor shortcomings), 4 (un-
satisfactory, but repairable) to 5 (poor, replacement
necessary). Restorations with scores 1 to 3 in each
evaluated criteria were considered acceptable (suc-
cess). Restorations rated 4 or 5 were classified as
clinically unacceptable (failure), excluded from fur-
ther assessment, and were repaired or replaced.

Statistical Analysis

Statistical analysis was performed for each criterion
in IBM SPSS Statistics version 20 software. Descrip-
tive statistics were used to describe the distributions
of the evaluated criteria. The statistical analysis
followed the intention-to-treat protocol, which in-
cluded all teeth in their originally randomized
groups, even those that were not able to be analyzed
during the scheduled recall visits. In this case, the
missing data are filled by carrying the last observed
value of such teeth.38 This approach is more
conservative and less open to bias.

The Kruskal Wallis test was used for intergroup
comparison among the three groups for each
criterion, and the p-value ,0.05 was considered to
be statistically significant. The difference in the
performance of each group at baseline and after
each recall visit (6, 12, and 18 months) was assessed
by Friedman and Wilcoxon signed ranks tests
(a=0.05). To determine the strength of patient
factors such as tooth type, location, size and shape
of the lesion, and dentinal sclerosis, the logistic
regression was applied on success and failure of
each evaluated criteria.

The restoration failure rates were calculated for
each criterion at each recall period as follows:

Failure percentage ¼ FðpreviousÞ þ FðcurrentÞ
FðpreviousÞ þNðcurrentÞ3 100

whereby F (previous) represents the previous fail-
ures before the current recall examination, F
(current) represents the number of failures seen in
current recall, and N (current) represents the total
number of restorations seen in the current recall.36

RESULTS

Initially, 80 patients were screened for the study, of
which 24 were excluded (14 did not meet the
inclusion criteria and 10 refused to participate).
Thus, 56 patients (44 men and 12 women) with a
mean age of 54 years were enrolled in the study. A
total of 294 restorations were placed, 98 in each of
the three groups involved in the study (Figure 1).
The characteristics and distribution of NCCLs in
each group are presented in Table 1. At baseline, all
restorations were 100% successful with regard to the
criteria evaluated (fractures/retention, marginal
adaptation, marginal staining, secondary caries,
and postoperative sensitivity).

The overall recall rate at 18 months was 90.81%
(267 restorations out of 294). A total of nine
restorations in the A-1SEA group, eight restorations
in the P-1SEA group, and 10 restorations in the
RMGIC group could not be evaluated as the patients
moved and did not return for follow-up evaluation.

Functional Criteria

From the cumulative failure rates, the retention
rates calculated for each group at 6, 12, and 18

Table 2: Materials, Manufacturers, Lot Number, and Application Techniques

Material Category Mode of Application

G-Bond (GC, Tokyo, Japan), Lot no.
1411121

One-step self-etch adhesive with pH=2 Passive application: Apply adhesive gently over
bonding surface and leave undisturbed for 5-10 s, air
dry for 5 s, and light cure for 10 s

Active application: Apply adhesive rigorously for 5 s
using microbrush and leave undisturbed for 5-10 s,
air dry for 5 s, and light cure for 10 s

Solare-X (GC, Tokyo, Japan), Lot no.
1309041

Light-cured resin composite After adhesive application, resin composite was
placed in 1-mm increments and cured for 20 s

GC Dentin Conditioner (GC, Tokyo,
Japan), Lot no. 1401161

Polyacrylic acid conditioner Apply to bonding surface for 10 s with a cotton pellet,
wash/dry but do not desiccate, then apply light-cured
GIC

GC 2 LC Gold Label Light-Cured Glass
Ionomer Universal Restorative (GC,
Tokyo, Japan), Lot no. 1405201

Light-cured GIC Place dentin conditioner for 10 s, wash/dry, place
RMGIC, light cure for 40 s
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months were 97.92%, 94.57%, and 93.26% for the A-

1SEA group; 94.80%, 89.02%, and 86.21% for the P-

1SEA group; and 96.87%, 91.31%, and 90.91% for the

RMGIC group, respectively.

A total of six restorations from the A-1SEA group,

12 restorations from the P-1SEA group, and eight

restorations from the RMGIC group were rated as

clinically unacceptable during the 18-month follow-

up period (Table 3). There was no statistically

significant difference among the three groups with

regard to the fractures/retention scores (p.0.05).

However, when analyzing within the group, the

factor recall period was statistically significant in all

the groups at 12 and 18 months when compared with

the baseline, except for the P-1SEA group, where it
was significant at six months also (p,0.05).

With regard to the marginal adaptation, only one
restoration in the P-1SEA group had clinically
unacceptable results at six months, which needed
to be replaced; however, the results were not
statistically significant between the groups and
within the groups (p.0.05).

Esthetic Criteria

Marginal staining was noted in one restoration of
the A-1SEA group, four restorations of the P-1SEA
group, and eight restorations of the RMGIC group
during the 18-month follow-up period. Of these, 12
restorations were rated as clinically acceptable;

Figure 1. Consort flow diagram of
participants throughout the trial.
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however, severe marginal staining was reported in
one restoration of the P-1SEA group that was
replaced. There was no statistically significant
difference for marginal staining among the three
groups tested (p.0.05). However, the factor recall
period was statistically significant in the RMGIC
group at 12 and 18 months compared with the
baseline and at six months (p,0.05), as shown in
Figure 2.

Biological Criteria

No postoperative sensitivity or secondary caries was
present in any group over the period of 18 months.

Overall Analysis

Overall clinical success was not significantly differ-
ent among the groups. It was 93.26% for the A-1SEA
group, 84.27% for the P-1SEA group, and 90.91% for
the RMGIC group (Table 4). A total of 28 restora-
tions failed over the 18-month period (26 due to
retention loss, one due to deficient margins, and one

due to severe staining). Lack of retention was the
main factor for overall failure of the restorations.

No correlation was found between the clinical
performance of the restorations and the tooth type,
location, size and shape of the lesion, and dentinal
sclerosis.

DISCUSSION

NCCLs are a frequent clinical presentation with
multifactorial etiology and increased prevalence
with age.39,40 In these class V cavities, the lack of
macromechanical retention and small C-factor min-
imizes the role of material properties such as
polymerization shrinkage, and thus, restoration
success mainly relies on the actual bonding potential
of the material. GICs are the most preferred
material because of their high retention rates and
ease of use.2 However, their major shortcomings are
poor surface qualities, marginal staining, and bulk
discoloration.31,41 So there is always a quest for
finding a simpler, less technique sensitive material

Table 3: Number of Restorations Evaluated in Each Group at Each Recall Period According to the FDI Criteria37

FDI Criteria Score Baseline 6 mo 12 mo 18 mo

A-1SEA P-1SEA RMGIC A-1SEA P-1SEA RMGIC A-1SEA P-1SEA RMGIC A-1SEA P-1SEA RMGIC

Marginal Staining VG 98 98 98 96 92 92 93 87 84 91 82 82

GO — — — — — — — — — — — —

SS — — — — — 3 — — 6 1 3 8

UN — — — — 1 — — 1 — — 1 —

PO — — — — — — — — — — — —

Fractures and retention VG 98 98 98 96 92 95 93 87 90 92 85 90

GO — — — — — — — — — — — —

SS — — — — 1 — — 1 — — 1 —

UN — — — — — — — — — — — —

PO — — — 2 5 3 5 10 8 6 12 8

Marginal adaptation VG 98 98 98 96 92 95 93 87 90 92 85 90

GO — — — — — — — — — — — —

SS — — — — — — — — — — — —

UN — — — — 1 — — 1 — — 1 —

PO — — — — — — — — — — — —

Postoperative sensitivity VG 98 98 98 96 93 95 93 88 90 92 86 90

GO — — — — — — — — — — — —

SS — — — — — — — — — — — —

UN — — — — — — — — — — — —

PO — — — — — — — — — — — —

Secondary caries VG 98 98 98 96 93 95 93 88 90 92 86 90

GO — — — — — — — — — — — —

SS — — — — — — — — — — — —

UN — — — — — — — — — — — —

PO — — — — — — — — — — — —

Abbreviations: VG, clinically very good; GO, clinically good; SS, clinically sufficient/satisfactory; UN, clinically unsatisfactory; PO, clinically poor.
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with durable bonding and esthetics for restoration of
NCCLs.

A mild one-step self-etch adhesive was selected in
the present study because in addition to its single-
step procedure, better laboratory and clinical perfor-
mance was observed compared with the more acidic
versions.5,42-48 G- Bond contains 4-META (4-meth-
acryloxyethyl trimellitic acid) and a phosphate ester

as functional monomers,49,50 which are able to form
a chemical bond with the hydroxyapatite of the
tooth.32 Long-term durability of adhesive-dentin
bonds also depends on the chemical bonding poten-
tial of the functional monomer.51 An RMGIC was
used as a control because of its high long-term
retention rates in NCCLs, as observed in a recent
literature review by Peumans and others.17

In our study, the retention rates at 18 months for
the A-1SEA, P-1SEA, and RMGIC groups were
93.26%, 86.21%, and 90.91%, respectively. The
fractures/retention scores showed no statistically
significant difference between the three groups
tested (p.0.05) during the 18-month period. This
may be because of the similar bonding mechanisms
of both the materials to the tooth structure.3,27,32 In
addition to their micromechanical retention, both
have the chemical bonding potential to the tooth.3

Both interact superficially with dentin and do not
completely dissolve hydroxyapatite crystals around
the collagen, leaving them for chemical bonding.
Previous clinical trials found inferior performance of
one-step self-etch adhesives in terms of retention
compared with the RMGICs.52-57 These studies,
however, used strong self-etch adhesives, which
were observed to have low bond strength values,
especially to dentin.5,42-45 With strong self-etch
adhesives, all the hydroxyapatite nearly dissolves
around the collagen, and bonding primarily is
diffusion based.3

The retention rates for G-Bond in our study were
reported to be lower than in the previous stud-
ies.12,13,58-61 Those studies placed restorations either

Figure 2. (A): Preoperative view of NCCLs. (B) Postoperative view at
baseline. At 6 months (C), at 12 months (D), and at 18 months (E),
marginal staining was observed in the RMGIC group. Arrows points to
regions of marginal discoloration.

Table 4: Clinical Quality of the Restorations in Percentage From Baseline to 18 Months According to FDI Criteria37

Recall Period At Baseline At 6 mo At 12 mo At 18 mo

Group A-1SEA P-1SEA GIC A-1SEA P-1SEA GIC A-1SEA P-1SEA GIC A-1SEA P-1SEA GIC

Number of restorations, n 98 98 98 96 96 96 90 86 89 84 77 80

Recall rate, % 100 100 100 97.96 97.96 97.96 93.88 94.89 93.88 90.82 91.84 89.80

Esthetic score (cumulative)

Acceptable, % 100 100 100 100 98.96 100 100 98.85 100 100 98.72 100

Nonacceptable, % 0.0 0.0 0.0 0.0 1.04 0.0 0.0 1.15 0.0 0.0 1.28 0.0

Functional score (cumulative)

Acceptable, % 100 100 100 97.92 93.75 96.87 94.57 88.05 91.31 93.26 85.23 90.91

Nonacceptable, % 0.0 0.0 0.0 2.08 6.25 3.13 5.43 11.95 8.69 6.74 14.77 9.09

Biological score (cumulative)

Acceptable, % 100 100 100 100 100 100 100 100 100 100 100 100

Nonacceptable, % 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Overall score (cumulative)

Acceptable, % 100 100 100 97.92 92.71 96.87 94.57 87.1 91.31 93.26 84.27 90.91

Nonacceptable, % 0.0 0.0 0.0 2.08 7.29 3.13 5.43 12.90 8.69 6.74 15.73 9.09
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after roughening the cavity surface and placing an
enamel bevel or after enamel etching with phospho-
ric acid, which could be a factor influencing the
increased retention of the mild one-step self-etch
adhesive.62 However, as per recent ADA guide-
lines,36 any surface treatment in the form of
roughening or enamel beveling was not done in our
study.

Laboratory studies on enamel18-20 and dentin20-24,26

using simplified self-etch adhesives found increased
bond strength values with active application of
adhesive. The authors concluded that active applica-
tion may improve the bonding performance by smear
layer dissolution, increased solvent evaporation, and
carrying fresh monomer to the basal parts of etched
dentin. This was also confirmed by two recent clinical
trials employing a two-step etch-and-rinse system29

and strong one-step self-etch systems.30 However, a
laboratory study by Zhang and Wang25 did not find a
significant effect of agitation on the degree of
demineralization or degree of conversion of monomer
for a mild self-etch adhesive. Instead, they attributed
it to the adhesive’s favorable pH value and composi-
tion, as monomer acidity has a negative influence on
initiating efficacy of co-initiator in self-etch adhesive
systems. When applied actively, we found increased
retention rates for the mild one-step self-etch adhe-
sive compared with the passive application, although
not to a statistically significant level.

With regard to the marginal adaptation, all groups
showed excellent results over the 18-month period.
Only one restoration of the P-1SEA group displayed
a severe marginal gap of .250 lm at six months,
which may be because of technical error during
placement of the restoration. These clinical results
suggest that both materials are strong enough to
withstand intraoral chewing stresses as well as
expansion and contraction stresses by thermal
changes to preserve the marginal integrity.12

Staining at restoration margins may result either
due to deficiency or excess of the restorative
material. Incomplete degree of conversion of mono-
mer is another reason observed in self-etch adhe-
sives because of their high water and hydrophilic
monomer content.63,64 Furthermore, marginal stain-
ing is also related to patient factors such as oral
microflora and dietary habits.49,65 Marginal staining
was observed in one restoration of the A-1SEA
group, four restorations of the P-1SEA group, and
eight restorations of the RMGIC group. Most
restorations displayed esthetically acceptable results
during the 18-month period, with no significant
difference between the groups tested. The active

application group displayed less marginal staining
compared with the passive application. The active
application of adhesive with a microbrush might
have resulted in better smear layer removal and
enhanced demineralization of the surface layer. It
might have allowed better penetration of the
monomer with resultant improved marginal charac-
teristics.

The RMGIC group showed significantly progres-
sive yet acceptable marginal staining at 18 months
when compared with baseline. Our results were
similar to the studies that observed an increase in
marginal staining in RMGICs over the same period
of time.55,65-69 Despite the excellent retention in
NCCLs, RMGICs were commonly observed to show
more water sorption and lower esthetic results
compared with resin-based restorative materi-
als.62,66 In contrast, G-Bond showed no significant
increase in marginal staining over the period of 18
months. Being HEMA free, it is reported to have the
advantage of decreased water sorption and hydro-
lytic degradation with time.70,71

We found no postoperative sensitivity or secondary
caries in any of the groups tested. This is believed to
be a result of the ability of the adhesives to seal the
dentinal tubules and reduce microleakage. Other
studies also reported similar results.12,13,31 Our
study found no correlation between the performance
of NCCL restorations and tooth type, location, or size
and shape of the lesion. Also, the degree of dentin
sclerosis was not found to affect the restorations in
NCCLs.

The strength of the present study was that the
comparison was done between the groups within the
same patient, which ruled out inter-individual
variance affecting the clinical performance of the
adhesives. We used the FDI criteria introduced by
Hickel and others,37 which was found to be more
sensitive than the USPHS criteria for short-term
clinical evaluation of restorations, as proved by
recent clinical trials by Mena-Serrano and others72

and Lopes and others.73 However, the limitation of
our study was the short evaluation period of 18
months, so further long-term studies are required to
evaluate the effectiveness of different application
techniques on clinical performance of mild self-etch
adhesives.

CONCLUSION

Within the limitations of the study, we can conclude
that a mild one-step self-etch adhesive followed by a
resin composite restoration can be an alternative to
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RMGIC with similar retention and improved esthet-
ics in restoration of NCCLs. Agitation could possibly
benefit the clinical performance of mild one-step self-
etch adhesives, but this study did not confirm that
the observed benefit was statistically significant.
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Laboratory Research

Effects of Manufacturing and
Finishing Techniques of Feldspathic
Ceramics on Surface Topography,

Biofilm Formation, and Cell Viability
for Human Gingival Fibroblasts

LPC Contreras � AMO Dal Piva � FC Ribeiro
LC Anami � SEA Camargo � AOC Jorge � MA Bottino

Clinical Relevance

For both stratified and machined porcelains, polishing as a finishing technique promotes
smoother surfaces with higher surface free energy and decreasing microorganism adhesion.

SUMMARY

Purpose: Feldspathic ceramic restorations can
be obtained by different techniques (stratifi-
cation or computer-aided design/computer-
aided manufacturing [CAD/CAM] blocks) and

finishing procedures (polishing or glaze appli-
cation). This study evaluated the effects of
techniques and finishing procedures on sur-
face properties, biofilm formation, and viabil-
ity of human gingival fibroblasts (FMM-1) in
contact with these materials.

Methods and Materials: Ceramic specimens
were obtained through a stratification tech-
nique (Vita VM9) and from CAD/CAM blocks
(Vita Blocs Mark II; both Vita Zahnfabrik) and
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their surfaces were finished by polishing (ce-
ramisté diamond rubbers + polishing paste; ‘‘p’’
subgroups) or glaze spray application + sinter-
ing (‘‘g’’ subgroups). Roughness (Ra and RSm
parameters) and surface free energy (SFE)
were measured. Early biofilm formation of
Streptococcus mutans, Streptococcus sangui-
nis, and Candida albicans was evaluated by
counting colony-forming units (CFU). MTT (3-
[4.5-dimethyl-thiazol-2-yl-]-2.5-diphenyl tetra-
zolium bromide) cytotoxicity test evaluated
cellular viability for the growth of FMM-1 after
24 hours and seven days of contact. Scanning
electron microscopy (SEM) and three-dimen-
sional optical profilometry were performed to
qualitatively analyze the surface. Data were
analyzed by analysis of variance, Tukey test,
and t-test (all a=0.05).

Results: Polished samples presented lower
roughness (Ra, p=0.015; RSm, p=0.049) and
higher SFE (p=0.00). Streptococci had higher
CFU in all groups, but the CFU of C albicans
was lower for polished samples. Biofilm forma-
tion was influenced by the interaction of all
factors (p=0.018), and the materials showed no
cytotoxicity to FMM-1 growth.

Conclusions: Polishing resulted in the lowest
values for surface roughness and higher SFE
values.PolishedceramicsshowedlessCalbicans
adherence while the adherence of Streptococci
was greater than C albicans in all conditions.

INTRODUCTION

Feldspathic ceramics can be used to obtain partial or
full restorations and for veneering metal or ceramic
substructures. These restorations can be prepared by
various techniques, such as conventional stratification
or the computer-aided design/computer-aided manu-
facturing (CAD/CAM) technique, in which restorations
are obtained from milling ceramic blocks. The final
product may have different properties, such as poros-
ity1 and residual stressandgrainsize,2 which influence
the physical characteristics of the restorations.

Different particle sizes, porosity, and impurities
present in the material can influence the surface
characteristics that are in intimate contact with the
periodontal tissues. For the success of rehabilitation
treatment, it is essential to know the behavior of the
restorative materials in relation to the microbiology
of the oral environment.3

There is no consensus about the best surface
treatment to obtain smooth feldspathic surfaces.

Many ceramists advocate polishing rather than
glazing, to better control the surface gloss of ceramic
restorations.4-7 There is little information about
CAD/CAM ceramics.8 Some authors have found that
the initial softness of a glazed surface was superior
than a polished surface.9,10 Roughness and surface
free energy (SFE) have important roles in bacterial
adhesion8-13 and consequent early biofilm forma-
tion.14-16 Interactions between bacteria and the
surfaces of the prosthetic device are thought to be
based on a variety of forces, including the Lifshitz–
van der Waals, electrostatic, and hydrophobic forces
and various specific receptor-ligand interactions.17

However, other studies have reported greater ad-
herence of microorganisms on hydrophobic surfac-
es18,19 and divergent results in which no significant
relationship was observed between SFE and micro-
bial adhesion are also described in the literature.20,21

The bacterial community in the oral environment is
very broad, and in vitro studies have revealed that
interaction of Streptococcus mutans and Candida
albicans may favor the formation of heterotypic
biofilm.12

The biocompatibility of feldspathic ceramics is well
accepted by dentists.23 However, there are not
enough studies on how CAD/CAM ceramics can
influence fibroblast cells. These cells are responsible
for creating soft tissues that can affect the esthetic
result. In studies, the CAD block feldspathic ceram-
ics demonstrated a significant decrease in cell
viability in this type of cells.24

The good relation between feldspathic ceramic and
fibroblast cells is due to Alþ3 and Kþ ions released
upon degradation of feldspathic ceramics, which
leads to lower cytotoxicity.23 However, information
on surface characteristics and formation of biofilms
on materials is scarce, particularly with regard to
the impact of intraoral polishing and the new spray
glaze with respect to bacterial adherence and
cellular viability.8 Therefore, this study aimed to
evaluate the oral biofilm formation and human
gingival fibroblasts (FMM-1) viability on the surface
of two feldspathic ceramics manufactured and
finished by different techniques.

METHODS AND MATERIALS

Preparation of the Specimens

Vita Mark II blocks (Vita Zahnfabrik, Bad Säck-
ingen, Germany, batch 34700) were cut into smaller
blocks (4.5 3 4.5 3 1.5 mm) with a diamond disk
under constant water cooling using a cutting
machine. Vita VM9 stratified ceramic powder and
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modeling liquid (Vita Zahnfabrik, batch 41810) were
mixed following the manufacturer’s recommenda-
tions and applied into a matrix. The excess liquid
was removed, and the blocks were sintered in
Vacumat 6000 MP (Vita Zahnfabrik). All samples
were polished until reaching standardized dimen-
sions (4.5 3 4.5 3 1.5 mm) in an automatic polisher
(EcoMet/Auto Met 250, Buehler, IL, USA) with
granulated sandpaper decreasing up to No. 1200
(30 seconds per sandpaper) and under water cooling.
The samples were cleaned in an ultrasonic bath with
isopropyl alcohol. Half of the samples received a
layer of Vita AKZENT Plus–Glaze LT Spray (‘‘g’’
subgroups; Vita Zahnfabrik, batch 36300). The other
half was polished with Ceramisté PM (‘‘p’’ subgroups;
Standard, Ultra and Ultra II, Shofu Kyoto, Japan,
batches 0511125, 0113203, 0113203) in three steps
(standard for finishing, ultra for polishing, and ultra
II for superpolishing) and then followed by diamond
paste (Diamond Excel, FGM, Joinville, Brazil, batch
130616) on a felt disc (Diamond, FGM, batch 231115)
using a handpiece at slow speed, for 20 seconds each.
Next, the specimens were randomly divided into four
groups according to the ‘‘manufacture technique’’
(stratification technique [ST] or CC [CAD/CAM]) and
‘‘surface finishing treatment’’ (p=polished or
g=glazed).

Surface Roughness

For an effective evaluation of the roughness, mea-
surement of more than one roughness parameter is
recommended.25 Ra (average roughness) and RSm
(mean width of the roughness profile elements)
parameters were evaluated by a surface roughness
tester (SJ 400, Mitutoyo, Tokyo, Japan). A mean
value was obtained for each sample (n=20) from three
readings performed at the center of the samples at 0.2
mm/s speed, following ISO 4287-1997, with a Gauss-
ian filter and a cutoff value of 0.8 mm.

Surface Free Energy

For SFE, larger samples (14 3 12 3 1.5 mm) of each
group were obtained as previously described. A
tensiometer (TL 1000, One Attension, Lichfield,
Staffordshire, UK) was used to measure the mean
contact angle in five distinct areas of each sample
with the sessile drop technique, using two different
liquids: water (polar liquid) and diiodomethane
(dispersive liquid). The SFE was calculated using
the method proposed by Owens and Wendt26 along
with the harmonic average equation (1). With the
cosine of the contact angle for each liquid, we can
calculate the components of surface energy of a

solid surface. Replacing the known values of the
liquids, starting with diiodomethane values
(cL=50,811, cL

P=0, cL
d=50) then, water values

(cL=72.8, cL
P=51, cL

d=21.8)27 to obtain the cSd
and cSp values. The SFE of the solid can be
calculated by equation 2.

cL � ½cosðhÞ þ 1� ¼ 4cS
d � cL

d

cS
d þ cL

d

þ
4cS

p � cL
p

cS
p þ cL

p

ð1Þ

cT ¼ cS
d þ cS

p ð2Þ

where cT corresponds to the SFE and cp and cd

correspond to the polar and dispersive components,
respectively.

Colony-Forming Units

Specimens were sterilized in a flow chamber under
ultraviolet light (15 minutes each side). The
biofilms were composed of standard strains of
Streptococcus mutans (ATCC 35688), Streptococcus
sanguinis (ATCC 10556), and Candida albicans
(ATCC 18804). Standard suspensions were sus-
pended in sterile physiological solution (0.9% NaCl),
and the number of cells was calculated through a
spectrophotometer (B582, Micronal, Sao Paulo,
Brazil). Each sample was individually distributed
on each plate from a 96-well sterile plate (Costar
Corning, Corning, NY, USA) containing 150 lL of
sterile BHI broth supplemented with 1% sucrose
and 16.5 lL standardized suspension of each
microorganism: S mutans, S sanguinis, and C
albicans. Then, the plates were incubated at 378C
in a CO2 chamber for 48 hours. Each specimen was
washed by replacing 200 lL of the broth from each
well with sterile physiological solution, and the
plates were shaken for 5 minutes (Orbital Shaker,
Solab, Piracicaba, Brazil). Samples of each group
were individually transferred to falcon tubes with
10 mL of sterile saline solution (NaCl 0.9%) and
were sonicated (Sonoplus HD 2200, 50 W, Bandelin
Eletronic, Berlin, Germany) for 30 seconds to
remove loose bacteria from the surface. Aliquots
with dilutions of 10�1 to 10�4 were performed until
C albicans was seeded at 10�3 and Streptococcus at
10�4. Next, the suspensions were seeded in dupli-
cate in Petri plates with a selective medium for each
microorganism and then were incubated at 378C for
16 hours. The plates containing colonies were
counted, and the number of colony-forming units
per milliliter (CFU/mL) was determined and trans-
formed to log10.
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Cytotoxicity Assay

Human gingival fibroblasts (FMM-1) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM high
glucose, GlutaMAXTMSupplement, pyruvate, Gibco,
Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin strep-
tomycin (LGC, Cotia, Brazil). Two sterilized samples
per well (24-well plate) were placed with 1 mL of the
suspensions containing 2 3 104 cells. The plates were
incubated at 378C in a humid atmosphere containing
5% CO2 for 24 hours or seven days. After these
periods, cell viability was measured by MTT assay
(3-[4.5-dimethyl-thiazol-2-yl-]-2.5-diphenyl tetrazoli-
um bromide; Sigma, St Louis, MO, USA). The
supernatant from each well was discarded, and the
ceramics were removed from the wells. The cell
monolayers at the bottom of the wells were washed
with 500 lL of phosphate-buffered saline (PBS) and
500 lL of MTT (0.5 mg/mL PBS) solution was
applied to each well. The plates were incubated for
one hour at 378C in a completely dark environment.
Then, the supernatant was discarded, and the wells
were washed with 500 lL PBS. Next, 500 lL of
DMSO was added, and the plates were incubated for
10 minutes and shook on an orbital table for 10
minutes. Then, 100 lL of the supernatant from each
well was removed for further optical density reading
in a spectrophotometer using 570-nm wavelength
(EL808IU, Biotek, Winooski, VT, USA). Cell viability
was expressed as a percentage of the control
(=100%) that remained on plates without ceramic
material, according to the International Organiza-
tion of Standardization 10993-5:1999.28

Qualitative Analysis

Sample topography was evaluated by scanning
electron microscopy (SEM) and optical profilometry.

SEM (Inspect S50, FEI Company, Brno, Czech
Republic) was performed on sterile and contaminat-
ed samples and on samples with FMM-1 cells after
each evaluation period. Specimens with oral biofilm
or cells were fixed in 2.5% glutaraldehyde solution
for one hour and dehydrated in increasing series of
ethyl alcohol baths for 30 minutes (10%, 25%, 50%,
75%, 80%, 90%, and 100%). Then, specimens were
metallized with gold alloy (Emitech SC 7620, Sputter
Coater, Laughton, UK) and evaluated at a magni-
tude of 20003 to 30003. Profilometry was evaluated
on two sterile samples from each group in the area of
301.3 3 229.2 lm (Wyko, NT 1100, Veeco, Tucson,
AZ, USA).

Statistical Analysis

Surface roughness (Ra and RSm parameters) and
SFE data were analyzed by two-way analysis of
variance (ANOVA) followed by Tukey test. CFU and
MTT assay data were analyzed by three-way
ANOVA followed by Tukey test. MTT assay was also
evaluated by t-test. All tests were performed with a
= 0.05.

RESULTS

Surface Roughness

The interaction between ‘‘Manufacture Technique 3

Finishing Treatment’’ significantly influenced both
roughness parameters (Ra, p=0.015; RSm, p=0.049).
Tukey test presented glazed groups showing higher
mean values of Ra and RSm parameters. In
summary, polished surfaces presented decreased
roughness values, suggesting lower but more fre-
quent defects (Table 1).

Surface Free Energy

Surface finishing treatment also influenced SFE
(p=0.00), and Tukey test demonstrated that the
polished groups showed higher SFE (cT). The polar
component was higher than the dispersive compo-
nent for all tested groups (Table 2).

Colony-Forming Units

The interaction among ‘‘Manufacture Technique 3

Finishing Treatment 3 Microorganisms’’ statistically
influenced the adherence of microorganisms on the
materials’ surfaces (p=0.018). The adherence of S
mutans and S sanguinis ranged from 6.38A to 7.29A

CFU/mL(log10), and it was statistically similar
among all tested groups and superior than Candida.
Glazed samples presented higher adherence of C
albicans than polished groups, with mean CFU

Table 1: Mean 6 Standard Deviation (SD), Coefficient of
Variance (CV), and Homogeneous Groups
From Tukey Test of the Roughness Data
According to the Ra and RSm Parametersa

Groups Ra RSm

Mean 6 SD,
lm

CV,
%

Mean 6 SD,
lm

CV,
%

CCp 0.3 6 0.1C 43.3 108.9 6 38.9B 35.7

CCg 1.6 6 0.7B 19.2 168.6 6 44.0A 26.1

STp 0.3 6 0.2C 59.7 123.3 6 64.5B 52.3

STg 2.0 6 0.7A 35.6 135.8 6 59.3AB 43.7

Abbreviations: CCp, CAD/CAM and polished surface; CCg, CAD/CAM and
glazed surface; STp, stratification technique and polished surface; STg,
stratification technique and polished surface.
a Different uppercase letters represent statistically significant difference
within the same parameter (column).
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adherence of 0D CFU/mL(log10) for CAD/CAM and

polished surface (CCp), 4.78B CFU/mL(log10) for

CAD/CAM and polished surface (CCg), 1.55C CFU/

mL(log10) for stratification technique and glazed

surface (STp), and 4.67B CFU/mL(log10) for CAD/

CAM and polished surface (STg).

Cytotoxicity Assay

The absorbance means resulting from the MTT test

in relation to the control (considered 100%) is shown

in Table 3. Student t-test showed that polished

groups for seven days were not statistically differ-

ent from the control. All groups were noncytotoxic

(with viability higher than 50%). Three-way AN-

OVA showed that the interaction of ‘‘Time 3

Finishing Treatment’’ statistically influenced via-

bility (p=0.00), and Tukey test identified that the

highest viability values occurred at 24 hours for

glazed samples. Viability decreased after seven

days.

Qualitative Analysis

Representative three-dimensional (3D) images of
profilometry (left column) and micrographs of sterile
(central column) and contaminated surfaces (right
column) are presented in Figure 1. In SEM micro-
graphs ofbiofilm, C albicans is more prevalent than the
bacteria, and it is possible to identify its hyphae (Figure
1I). Figure 2 shows SEM micrographs of cell viability.
FMM-1 fibroblasts grew independent of porosities. The
24-hour period (Figure 2, left column) shows the
presence of fibroblasts. In the seven-day period (Figure
2, right column), there are cells adhered to the glazed
surfaces arranged in multilayers and with higher
extracellular matrix production (Figures 2D,H).

DISCUSSION

To improve their material properties, ceramics are
subjected to treatments for smooth surfaces, as lower
surface roughness is associated with improved
patient comfort as well as esthetic and biological
aspects.29,30 With the Ra parameter, commonly used
in the scientific literature, it is observed that
different profiles can result in the same measure of
average profile amplitude, that is, in the same Ra
value. This parameter (or any parameter of ampli-
tude) does not faithfully characterize a surface, and
therefore, the relation with other parameters is
necessary, for example, the parameter of spacing
(RSm).25 The roughness of the evaluated feldspathic
ceramics was influenced by the interaction of surface
finishing treatment and manufacturing techniques.
Our findings are similar to those of Han and
others,18 who evaluated only the Ra parameter and
observed the lowest roughness values for polished
samples. For Sarikaya and Guler,19 the roughness of
polished samples varied according to the manufac-
turing technique (stratification and CAD/CAM). The
authors evaluated porcelains obtained by different
techniques (VMK 95 and Vitablocs Mark II, Vita
Zahnfabrik, Bad Säckingen, Germany; Ceramco III,

Table 2: Mean Contact Angle Values 6 Standard Deviation (SD) for Water and Diiodomethane, Dispersive (cd) and Polar (cp)
Components and Respective SFE (cT)a

Group Mean Contact Angle Components

Water Dioodomethane
Mean 6 SD, 8 Mean 6 SD, 8 cd, mN/m cp, mN/m cT, mN/m

CCp 60.8 6 6 43.1 6 7 18.5 6 1 46.6 6 3 65.1 6 6A

CCg 41.5 6 6 37.5 6 5 17.7 6 3 38.6 6 3 56.3 6 4B

STp 66.0 6 5 46.9 6 5 26.8 6 3 41.1 6 2 67.9 6 4A

STg 33.8 6 6 36.4 6 3 15.6 6 3 36.8 6 3 52.4 6 2B

Abbreviations: CCp, CAD/CAM and polished surface; CCg, CAD/CAM and glazed surface; STp, stratification technique and polished surface; STg, stratification
technique and polished surface.
a Different uppercase letters represent statistically significant difference among experimental groups.

Table 3: Cell Viability Percentage in Relation to the
Control, Considered 100%, and Absorbance
Means 6 Standard Deviation (SD), in Optical
Density, and Homogeneous Groups From Tukey
Test of the Interaction Between Time 3 Surface
Effectsa

Group Cell Viability, % Absorbance

24 h 7 d 24 h 7 d

Polished

CCp 85.91 86.11
0.083 6 0.01B 0.069 6 0.00C

STp 95.26 71.77

Glazed

CCg 152.00 69.11
0.143 6 0.02A 0.064 6 0.00C

STg 160.75 75.69

Abbreviations: CCp, CAD/CAM and polished surface; CCg, CAD/CAM and
glazed surface; STp, stratification technique and polished surface; STg,
stratification technique and polished surface.
a Different uppercase letters indicate statistical difference of absorbance
among groups.
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Degudent GmbH, York, PA, USA; Matchmaker MC,

Schottlander, Letchworth, UK) and used glaze as a

paste. They also verified an increase of mean

roughness by applying glaze on VMII compared with

some polishing techniques for this material and

concluded that the evaluated polishing techniques

were similar to each other because of the hardness of

the ceramic blocks.19 In the present study, the glaze

spray application resulted in a higher average

amplitude profile for the stratified ceramic (VM9,

ST group) when compared with CAD/CAM blocks

(VMII, CC group).

Glazing is not a requirement of manufacturers but

rather an alternative to polishing. It is performed by

applying a thin layer of ceramic paste with low

melting temperature on the ceramic surface, fol-

lowed by sintering at a temperature lower than the

firing of ceramics.20,21 The glaze used in this study

was sprayed and thus deposited ceramic powder

particles on the ceramic surface, but the distribution

of material depends on the distance, pressure, and

duration of the application. In theory, the glaze

application should fill the surface irregularities, as it

is initially a liquid material.

Figure 1. Representative micrographs. Left column, three-dimensional images of optical profilometry. Central column, micrographs of sterile
samples. Right column, samples contaminated with heterotypic biofilm. (A–C): CCp. (D–F): CCg. (G–I): STp. (J–L): STg.
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However, glazing does not always result in flat

and smooth surfaces but in waved surfaces with

numerous irregularities due to the nonhomogeneity

of the application and to gaps in the ceramic’s

surface. In this study, topographic analysis per-

formed by SEM and profilometry showed that

polished surfaces presented fine scratches resulting

from the polishing and glazed surfaces presented

greater irregularities due to glaze distribution,

which accumulated in ‘‘islands’’ on the materials.

There are few studies on the glaze spraying

technique applied to feldspathic ceramics or on the

interaction between different glazes and materials

and their subsequent performance in the oral cavity.

A previous study found that glaze spraying resulted

in greater roughness than the paste version but with

similar final brightness.8

Despite the manufacturing technique not influ-
encing SFE, surface finishing treatment was signif-
icant, and polished ceramics resulted in greater SFE.

According to the literature, the average values of
SFE for S mutans, S sanguinis, and C albicans are,
respectively, 48.4, 47.7, and 40.1 mNm; however,
these values vary among different strains.31 Ac-
cording to Minagi and others,32 the closer the SFE
of the material and microorganism, the greater the
likelihood of adhesion. The gram-negative bacterial
cells have predominantly higher SFE (35 to 65
mNm,) whereas some gram-positive bacterial cells
have high (35 to 65 mNm) or low (0 to 25 mNm)
values.31 Evidence suggests that the presence of
polysaccharides on the cell’s surface of gram-
positive bacteria, such as S mutans and S sangui-
nis, tends to make the bacterial cell more hydro-
philic. Other studies have demonstrated that SFE
has an important role in the early adhesion stages
of C albicans, and substrates with greater SFE
induce greater adherence by C albicans.

33 In our
study, the surface energy in all groups was higher
than 52.0 mN/m and was not as relevant as
roughness.

Studies have found a positive relation between the
roughness of the material and the amount of
adhered bacteria.15,34 Surface energy values depend
primarily on the chemical composition of the inter-
actors at each interface, and an SFE analysis can be
performed on smooth or rough surfaces. The rough-
ness tends to accentuate the wettability character-
istic of the surface. It is known that roughness
values less than 0.2 lm have less relation to
bacterial colonization than superficial properties.
On the other hand, rough surfaces provide physical
protection to the bacteria, as well as increased
contact area for bacterial adhesion.11,35,36 In this
study, the average roughness of polished ceramic
was 0.3 lm, which probably hindered the adherence
of C. albicans, which measured from 2 to 6 lm.37

This might have contributed to the lower CFU
number of C albicans on polished samples, as they
probably shed from the surface of the specimens
during the wash, since the presence of C albicans
can be checked by SEM.

MTT analysis showed that all groups had no
cytotoxicity. The surface finishing treatment and
evaluation period had an influence on the cell
viability of fibroblasts. In the 24-hour period, glazed
ceramics had higher cell viability compared with the
polished groups. The cell viability of glazed samples
was higher than the control group in the 24-hour
period, representing a good initial relationship

Figure 2. Representative micrographs. Left column, 24 hours of cell
growth. Right column, seven days. (A, B): CCp. (C, D): CCg. (E, F):
STp. (G, H): STg.
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between material and cells.38,39 Cell viability was
reduced after seven days, but it was similar,
regardless of the surface finishing treatment. The
micrographics show greater cell growth on glazed
samples after seven days (Figure 2D,H) when
compared with polished ones (Figure 2B,F). This
can be justified by the fact that fibroblasts have good
affinity for rough surfaces (glazed samples, higher
Ra, higher RSm), as they anchor better and
proliferate more. However, this excessive prolifera-
tion represented by the provision of these cells in
multilayers can culminate in cell death, and SEM
fibroblast images can generate some confusion in
interpretation since the MTT test showed quantifi-
cation of viable cells present in the supernatant
liquid where the sample had been in contact with
fibroblasts, while SEM features cells (viable or
nonviable) on the material’s surface. The integrity
of the fibroblastic cells is important for the health of
the tissues and around prosthetic restorations, since
these cells are responsible for tissue maintenance
and offer a buffer that serves as a protective
barrier.40,41

CONCLUSION

Based on the results of the present study, it can be
concluded that polishing compared with glaze spray
treatment resulted in the lowest values for surface
roughness and higher SFE values. The adherence of
Streptococcus was superior in all conditions to C
albicans, and polished ceramics adhered even less C
albicans. More studies are necessary to understand
which properties interact with the formation of
biofilm and other tests for cellular viability of human
gingival fibroblasts after seven days.
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High Bond Durability of Universal
Adhesives on Glass Ceramics

Facilitated by Silane Pretreatment

C Yao � H Yang � J Yu � L Zhang � Y Zhu � C Huang

Clinical Relevance

Additional silane treatment prior to the application of universal adhesive is necessary to
improve the bonding longevity to lithium disilicate glass ceramic.

SUMMARY

Objective: This study aimed to investigate the
long-term effectiveness of ceramic–resin bond-
ing with universal adhesives in non–silane-
pretreated and silane-pretreated modes after
10,000 cycles of thermal aging.

Methods and Materials: All Bond Universal,
Adhese Universal, Clearfil Universal Bond,
and Single Bond Universal were selected.
Etched lithium disilicate glass ceramics were
prepared, randomly assigned to groups, and
pretreated with or without ceramic primer
containing silane coupling agent prior to the
application of universal adhesive (ie, silane-
pretreated or non–silane-pretreated mode).

The shear bond strength (SBS), microleakage,
and field-emission scanning electron micros-
copy images of the ceramic–resin interfaces
were examined after 24 hours of water storage
or 10,000 thermal cycles. Light microscopy and
confocal laser scanning microscopy (CLSM)
were performed to analyze marginal sealing
ability.

Results: SBS and microleakage percentage
were significantly affected by bonding proce-
dure (non–silane-pretreated or silane-pretreat-
ed mode) and aging (24 hours or 10,000 thermal
cycles). After the universal adhesives in the
non–silane-pretreated mode were aged, SBS
significantly decreased and microleakage per-
centage increased. By contrast, the SBS of
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Adhese Universal, Clearfil Universal Bond,
and Single Bond Universal decreased, and the
microleakage percentage of all of the adhe-
sives increased in the silane-pretreated mode.
However, after aging, the SBS of the silane-
pretreated groups were higher and their mi-
croleakage percentages lower than those of the
non–pretreated groups. In the non–silane-pre-
treated mode, adhesive failure was dominant
and gaps between composite resin and the
adhesive layer were significant when observed
with CLSM.

Conclusions: The simplified procedure re-
duced the ceramic–resin bonding effectiveness
of universal adhesives after aging, and addi-
tional silane pretreatment helped improve the
long-term durability.

INTRODUCTION

Dental glass ceramic has gained considerable inter-
est from both dentists and patients because of
outstanding esthetics and biocompatibility. Lithium
disilicate glass ceramic, which is a third-generation
ceramic system, was introduced in 1998 for single-
and multiple-unit frameworks1 and is a widely used
dental restorative material.2 A glass ceramic restor-
ative material is generally bonded to tooth sub-
strates by using an adhesive system. Although the
properties of current adhesives have been remark-
ably enhanced,3-5 glass ceramic–resin bonding is
limited by factors such as bulk fractures and
marginal deficiencies.6 Therefore, effective and sta-
ble bonding are key elements in the application of
ceramic restorations and have been intensively
explored in clinical practice.

Etching with hydrofluoric acid and application of a
ceramic primer containing a silane coupling agent is
an effective approach for glass ceramic bonding
because of the silica base of glass ceramics.7 The
glass matrix is dissolved by the hydrofluoric acid and
a porous structure for micromechanical retention is
produced. Silane is an effective adhesion promoter8

that reacts and couples with inorganic and organic
materials.9 However, the clinical application of glass
ceramic treatment is impeded by time-consuming
and complex steps. Thus, an efficient and simplified
method must be established in the adhesive protocol,
not only to maintain stable bonding, but also to
reduce clinical operation time.

Universal adhesive has emerged as a promising
bonding candidate because it can be applied to
various substrates, such as enamel, dentin,10,11

zirconia ceramics,12 and glass ceramics.13 For a
simplified glass ceramic bonding procedure, some
universal adhesive manufacturers claim that addi-
tional silane pretreatment is unnecessary because a
silane coupling agent is incorporated in their
products. Although universal adhesives have the
advantage of convenient use, this material cannot
guarantee the long-term clinical success of adhesive
bonding for restorations. Furthermore, the durabil-
ity and efficiency traits of adhesive bonding have yet
to be enhanced. Therefore, in-depth in vitro and in
vivo studies and clinical trials must be conducted to
verify the longevity of glass ceramic–resin bonds
produced by universal adhesives.

Thermal cycling with simulated intraoral temper-
ature is commonly used to evaluate the bond
durability and degradation of an adhesive sys-
tem.14,15 In particular, a widely accepted criterion
is that 10,000 cycles are equivalent to the clinical
physiological aging of one year.16 To the extent of our
knowledge, although numerous studies have inves-
tigated the longevity of dentin-resin bonding pro-
duced by universal adhesives,17-19 few studies have
explored the ceramic–resin bonding durability with
universal adhesives. Limited reports have verified
whether silane incorporated in universal adhesives
is a sufficient substitute for additional silane
pretreatment in long-term applications.

Therefore, this study aimed to evaluate the effect
of additional silane pretreatment on the durability of
ceramic–resin bonding with universal adhesives
after 10,000 thermal cycles of aging. Two silane-
containing and two silane-free universal adhesives
were used in the present study. Our tested null
hypotheses were as follows: 1) there is no significant
difference in the bonding performance of universal
adhesive on lithium disilicate glass ceramics be-
tween non–silane-pretreated and silane-pretreated
modes and 2) there is no significant difference in
ceramic–resin bonding with universal adhesive after
24 hours of water storage and after 10,000 thermal
cycles.

METHODS AND MATERIALS

Specimen Preparation and Experimental
Design

Two hundred forty-two lithium disilicate glass
ceramic specimens (e.max CAD, Ivoclar Vivadent,
Schaan, Liechtenstein) with dimensions of 8 mm 3 7
mm 3 2 mm were prepared by using a low-speed
cutting device (Isomet, Buehler, Evanston, IL, USA).
The specimens were sintered in accordance with the
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manufacturer’s instructions. The ceramic specimens
were ground flat using silicon carbide (SiC) paper
through 3000-grit and polished with a soft cloth and
0.5-lm-grit diamond paste in distilled water. The
ceramics were etched with 9% hydrofluoric acid
(Ultradent Products, Inc, South Jordan, UT, USA)
for 90 seconds and thoroughly rinsed with water for
15 seconds.

A total of 240 etched ceramic blocks were random-
ly divided into four universal adhesives groups: All
Bond Universal (ABU; Bisco, Schaumburg, IL, USA),
Adhese Universal (ADU; Ivoclar Vivadent), Clearfil
Universal Bond (CUB; Kuraray Noritake Dental,
Tokyo, Japan), and Single Bond Universal (SBU; 3M
ESPE, St. Paul, MN, USA). The compositions of the
adhesives are listed in Table 1. The etched blocks
were directly treated with adhesive (ie, non–silane-
pretreated mode, eg, ABU, n=30) or pretreated with
ceramic primer containing silane (RelyX ceramic
primer; 3M ESPE) for 20 seconds, followed by
adhesive treatment (ie, silane-pretreated mode, eg,
S-ABU, n=30). The bonding procedure of adhesive
systems (Table 1) was conducted strictly in accor-
dance with the manufacturer’s instruction. The
adhesive was light polymerized with a high-intensity
light-emitting diode curing light (1100 mW/cm2;
Ivoclar Vivadent).

Shear Bond Strength

After light polymerizing each adhesive, a Tygon tube
(inner diameter: 3 mm; height: 4 mm) was placed on
the ceramic surface. Then, the composite resin
(Charisma, Heraeus Kulzer, Hanau, Germany) was
placed into the tube with 2 layers up to a height of 4
mm. Each resin increment of 2 mm was light-
polymerized for 20 seconds using a light-emitting
diode curing light (1100 mW/cm2; Ivoclar Vivadent).
Prior to shear bond strength (SBS) testing, the tubes
were removed to reveal the composite cylinders.
Eighty etched ceramic specimens were randomly
selected from each adhesive in the non–silane-
pretreated (eg, ABU, n=10) and silane-pretreated
modes (eg, S-ABU, n=10), and these specimens were
used for SBS evaluation with storage in distilled
water (378C) for 24 hours. Another 80 specimens
were randomly selected from each adhesive in the
non–silane-pretreated (eg, ABU, n=10) and silane-
pretreated modes (eg, S-ABU, n=10), and these
specimens were treated with 10,000 thermocycles
between two water baths at 58C and 558C, with a
dwell time of 60 seconds for each temperature and an
exchange time of 10 seconds between the baths

(Thermo-cycler, Thermo Fisher Scientific, Waltham,
MA, USA).

All specimens were placed in a steel fixture in a
universal testing machine (ZY-100K, Yangzhou,
Jiangsu, China) and subjected to shear stress at a
constant crosshead speed of 1 mm/min.20,21 The peak
load that created a fracture was recorded. SBS
(MPa) was calculated by dividing the peak load
during interface failure by the adhesive bonding
area.

Failure Mode Analysis

After debonding, the fractured samples were sputter
coated with Au–Pd alloy (JFC-1600, JEOL, Tokyo,
Japan) and analyzed by field-emission scanning
electron microscopy (FESEM; Zeiss, Sigma, Ger-
many) at 243, 50003, and 20,0003 magnifications.
The failure modes of the fractured interfaces were
classified as adhesive failures on the ceramic surface
or cohesive failures in the adhesive or composite
resin.22,23 Image J analysis software (National
Institutes of Health Frederick, MD, USA) was used
to calculate the adhesive and cohesive failure
percentages of the fracture surfaces.

Microleakage Evaluation

Forty etched ceramic specimens were randomly
selected from each adhesive in the non–silane-
pretreated (eg, ABU, n=5) and silane-pretreated
modes (eg, S-ABU, n=5), and these specimens were
used for microleakage evaluation with storage in
distilled water (378C) for 24 hours. Another 40
specimens were randomly selected from each adhe-
sive in the non–silane-pretreated (eg, ABU, n=5)
and silane-pretreated modes (eg, S-ABU, n=5), and
these specimens were treated with 10,000 thermo-
cycles. After the adhesive was light polymerized, 2-
mm-thick composite resin was placed onto the
ceramic and polymerized for 40 seconds using a
light-emitting diode curing light (1100 mW/cm2;
Ivoclar Vivadent).

The bonded specimens were sectioned longitudi-
nally across the interface, obtaining slabs with
dimensions of 7 mm 3 4 mm 3 1 mm. Peripheral
slabs with excessive or insufficient resin amount at
the interface were abandoned. Finally, 80 slabs
were collected, stored in distilled water (378C) for 24
hours or subjected to 10,000 thermocycles, coated
with two consecutive nail varnish layers (except for
an area of approximately 0.5 mm away from the
interface), and immersed in 0.5% basic fuchsin
solution24 at 378C for 24 hours. Afterward, the
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specimens were fixed on glass slides,25 subsequent-
ly polished with SiC paper and distilled water
through 5000-grit, and cleaned ultrasonically. The
ceramic–resin interface was examined with light
microscopy (LM; DP72, Olympus, Tokyo, Japan).
Ten images with 1003 magnification were randomly
captured for each subgroup (eg, ABU-24h). For
quantitative analysis, Image J analysis software
was employed to determine the microleakage
percentage at the adhesive interface.

Confocal Laser Scanning Microscopy

CUB (silane-containing universal adhesive) was
evaluated. One etched ceramic block directly re-
ceived CUB, whereas another block was pretreated
with additional silane and then the CUB applied.
Rhodamine B was added to the adhesive for confocal
microscopy evaluation.26 After application of 2-mm
of composite resin, the specimens were sectioned into
7-mm 3 4-mm 3 1-mm slabs with a low-speed
diamond saw. The peripheral slabs were discarded,
and a middle slab was collected from each group.
After being stored in distilled water at 378C for 24
hours and subjected to 5000 and 10,000 thermo-
cycles, the slabs were observed using a Fluoview
Ver.4.2 confocal laser scanning microscope (CLSM;
FV1000, Olympus). The same observation place was
strictly implemented for each slab under the above
three conditions. Emission fluorescence was con-
ducted at 559 nm. Topographic single projection was
established from the serial images obtained at a
depth of 20 lm.27 The captured images were
analyzed with Imaris 7.2.3 software (v.7.2.3, Bit-
plane, Zurich, Switzerland). The configuration was
standardized at the same level for the entire
investigation.

Statistical Analysis

SBS and microleakage percentage were presented as
mean and standard deviation values. SBS and
microleakage percentage were separately analyzed
for each universal adhesive by conducting two-way
analysis of variance (ANOVA), with ‘‘bonding proce-
dure’’ and ‘‘aging’’ as independent variables. Tukey
post hoc test was applied for multiple comparisons.
The significance level was set at a = 0.05. Statistical
analysis was calculated using SPSS version 23.0
(SPSS, Chicago, IL, USA).

RESULTS

SBS

Figure 1A shows the SBS results for the four
different universal adhesives bonded to lithium
disilicate glass ceramics. For each adhesive, two-
way ANOVA revealed that the SBS was significantly
affected by additional silane pretreatment and
thermocycling aging (p,0.001). The interaction
between the two factors was significant (for ABU,
CUB, and SBU, p,0.001; for ADU, p=0.018). For
pairwise comparisons within the factor silane pre-
treatment strategy, after 24 hours of water storage,
the SBS of each universal adhesive in the silane-
pretreated mode significantly differed from those in
the non–silane-pretreated mode (p,0.05). After
aging, the SBS of the four adhesives under silane-
pretreated mode was significantly higher than those
of the non–pretreated ones (p,0.001). For pairwise
comparisons within the factor aging, the SBS of all
four adhesives in the non–silane-pretreated mode
significantly decreased (p,0.001). No significant
differences were observed in S-ABU between the
24-hour soaked samples and those subjected to
10,000 thermocycling aging (p=0.84); by contrast,

Table 1: Composition and Application Procedures of the Universal Adhesive Systems Used in This Study

Universal Adhesive (Batch No.) PH Composition Application Procedures

All-Bond Universal-ABU (1200006111) 3.2 Bis-GMA, HEMA, MDP, initiators, ethanol,
water

Apply for 10-15 seconds, mild air dry for at
least 10 seconds, light cure for 10 seconds

Adhese Universal-ADU (SS4248) 2.5-3.0 Bis-GMA, HEMA, MDP, CQ, D3MA, MCAP,
highly dispersed silicon dioxide, ethanol, water

Apply for 20 seconds, mild air dry for five
seconds, light cure for 10 seconds

Clearfil Universal Bond-CUB (01416) 2.3 Bis-GMA, HEMA, MDP, CQ, colloidal silica,
silane coupling agent, ethanol, water,
hydrophilic aliphatic dimethacrylate

Apply for 10 seconds, mild air dry for five
seconds, light cure for 10 seconds

Single Bond Universal-SBU (D-82229) 2.7 HEMA, MDP, silane, filler, dimethacrylate
resins, initiators, Vitrebond copolymer, ethanol,
water

Mix Single Bond Universal dual cure activator
with Single Bond universal in a ratio of 1-to-1,
apply adhesive mixture for 20 seconds, dry
gently for five seconds, light cure for 10
seconds

Abbreviations: Bis-GMA, bisphenol A diglycidylmethacrylate; CQ, camphorquinone; D3MA, decandiol dimethadrylate; HEMA, 2-hydroxyethyl methacrylate; MCAP,
methacrylated carboxylic acid polymer; MDP, 10-methacryloyloxydecyl dihydrogen phosphate.
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the performance of S-ADU, S-CUB, and S-SBU
declined in SBS (p,0.05).

Failure Mode Analysis of Debonded Specimens

Figure 1B shows the failure percentage of the
different groups in various modes after SBS testing.
For immediate groups, the predominant failure
mode of the specimens was cohesive failure, regard-
less of whether an additional silane pretreatment
was performed or not. Nevertheless, for aging
groups, adhesive failure increased for all groups in
the non–silane-pretreated mode, whereas cohesive
failure was the predominant mode for groups in the
silane-pretreated mode.

Figure 2 provides representative FESEM images
of debonded specimens in ABU, S-ABU, SBU, and S-
SBU groups after 24 hours of SBS testing. An
insignificant difference in morphological appearance
was observed between silane-pretreated and non-
pretreated groups. The debonded specimens dis-
played predominant cohesive failure at low magni-
fication, and the adhesives and the composites resins
were visible at high magnification.

Representative FESEM images of debonded spec-
imens in ADU, S-ADU, CUB, and S-CUB groups
after SBS testing of 10,000 runs with thermocycling
are shown in Figure 3. The debonded specimens of
the groups in the non–silane-pretreated mode ex-
hibited predominant adhesive failure at low magni-

fication. The fracture mainly exposed the ceramic
crystals. Particularly, at high magnification, the
crystal structures displayed a round pattern that
differed from the etched ceramic surface. For groups
in the silane-pretreated mode, FESEM images
showed dominant cohesive failure. The bond ap-
peared to fracture underneath the adhesives and the
resins. In addition, cleavages and small voids were
observed in the debonded interface of the S-CUB
group at high magnification.

Microleakage

The results of microleakage percentage for the four
different universal adhesives bonded to lithium
disilicate glass ceramics are presented separately
in Figure 4A. For each adhesive, two-way ANOVA
showed that the microleakage percentage was
considerably affected by silane pretreatment strate-
gy and thermocycling aging (p,0.001). Neverthe-
less, the interaction between the two factors was
insignificant (p.0.05). Then, experiments for main
effects were conducted. During a 24-hour evaluation,
the microleakage percentages of the CUB and SBU
groups in the silane-pretreated mode significantly
differed from those in non–silane-pretreated mode
(p,0.05). After aging, the microleakage percentages
of all universal adhesives in the silane-pretreated
mode were significantly lower than those of the non–
silane-pretreated ones (p,0.05). In addition, the
percentage of all adhesives significantly increased

Figure 1. Effectiveness of bonding
strategy and aging on SBS of lithium
disilicate glass ceramic with four
universal adhesives. (A): SBS was
analyzed separately for each adhe-
sive using two-factor ANOVA. For
each adhesive, columns labeled with
the same lowercase letters or upper-
case letters are not significantly dif-
ferent in pairwise comparisons within
‘‘bonding strategy’’ (p.0.05), and col-
umns distinguished with asterisks are
not significantly different in pairwise
comparisons within ‘‘aging’’ (p.0.05).
(B): Failure mode distribution in the
study groups. Failure within the ce-
ramic was classified as adhesive
failure mode, whereas failure within
the resin or the adhesive was regard-
ed as cohesive failure mode.
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after aging compared with 24-hour immediate
bonding (p,0.05), regardless of whether silane
pretreatment was implemented. For each adhesive,
the subgroup in the non–silane-pretreated mode
after aging (eg, ABU-10,000 thermal cycles) had
the highest microleakage percentage.

Figure 4B shows the representative LM images of
the ABU and S-ABU groups after 10,000 thermal
cycles. Compared with the nonpretreatment group,
the pretreatment group exhibited lower degrees of
basic fuchsin along the ceramic–resin interface, and
the ratio between the stained layer and the bond
interface was less than 50%.

CLSM Images

Strong red fluorescence signals were observed in the
interface between the composite resin and the
lithium disilicate glass ceramic, indicating the
presence of adhesive. Figure 4C shows representa-
tive CLSM images after 24 hours of soaking and
5000 or 10,000 runs of thermocycling. For the CUB
group, the middle area of the adhesive layer
significantly thinned after 10,000 cycles of aging
compared with that after 24 hours of water storage,
possibly implying a weak zone for interfacial frac-
ture. For the S-CUB group, the adhesive layer

showed only a few small cracks, cleavages, and voids
after aging.

DISCUSSION

In this study, the SBS of all universal adhesives in
the silane-pretreated mode was higher than that in
the non–silane-pretreated mode regardless of the
occurrence of immediate or durable bonding. Fur-
thermore, the durable marginal sealing performance
of these universal adhesives in the silane-pretreated
mode was better than that in the nonpretreated
mode. Thus, the first null hypothesis was rejected.
These results suggested that additional silane
pretreatment was necessary to improve the durable
bonding effectiveness of universal adhesives to
lithium disilicate glass ceramics. The SBS of these
adhesives after aging was lower and their marginal
sealing capability was less stable than those in the
immediate condition regardless of the non–silane-
pretreated or silane-pretreated mode, except that
the SBS of S-ABU after aging was similar to that
after 24 hours of water storage. Accordingly, the
second null hypothesis was also rejected.

In the oral environment, chemical, thermal, and
mechanical factors including saliva, temperature
change, biting force, and other habits7,28 may

Figure 2. Representative FESEM
images of fracture surface after 24
hours of water storage. (A1): Over-
view (243) in All Bond Universal
(ABU in non–silane-pretreated mode).
(A2-A3): High magnification (50003
and 20,0003) of the cohesive failure
part. (B1): Overview in S-ABU (All
Bond Universal in silane-pretreated
mode). (B2-B3): High magnification of
the cohesive failure part. (C1): Over-
view in SBU. (C2-C3): High magnifi-
cation of the failure part. (D1): Over-
view in S-SBU. (D2-D3): High
magnification of the cohesive failure
part. AF, adhesive failure; CF, cohe-
sive failure.
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influence ceramic–resin bonding stability.29 We
adopted 10,000 thermal cycles in this study to
imitate 1-year clinical physiological aging16 and to
evaluate bond degradation. Our results showed
that the SBS of the universal adhesives in the
silane-pretreated or non–silane-pretreated mode
declined after aging, indicating that thermal
cycling aging negatively affected the bonding
performance of universal adhesives on lithium
disilicate glass ceramic. This deterioration can be
explained as follows: (1) thermal cycling could
produce hoop stress30 as a result of the different
thermal expansion rates of substrates in bonded
interfaces17 and consequently induce volumetric
changes in adhesive layers; thus, the local ingress
of water is further enhanced, thereby decreasing
the physical/mechanical properties by weakening
the frictional forces between polymer chains,31 (2)
the effects of aging may be exacerbated by the
chemical hydrolysis of the interfacial compo-
nents,32,33 including hydrolytically susceptible
groups within methacrylate adhesives, such as
hydroxyl, carboxyl, ester, and urethane,34 thus,
adversely affecting durable bonding performance
because of these vulnerable areas in the vicinity of
the ceramic–resin interface.

However, the extent of SBS decline for adhesives

in the non–silane-pretreated mode was significantly

higher than that in the silane-pretreated mode,

indicating that additional silane may be an efficient

material to improve the long-term durability of

adhesive interface bonding. This finding corroborat-

ed the results obtained by Kim and others,13 who

studied the bonding performance of universal adhe-

sives on leucite-reinforced ceramics. A previous work

also reported that optimal bonds are achieved by

applying silane to etched lithium disilicate glass

ceramics before Scotchbond Universal is used.35

Notably, the higher SBS in the silane-pretreated

mode than in the non–silane-pretreated mode was

possibly related to the predominant cohesive failure.

The present study demonstrated that cohesive

failure was dominate for all of the universal

adhesives in the silane-pretreated mode after

10,000 cycles of thermal aging. Cohesive failure

was recognized to increase bond strength values

because a fracture propagates through the bulk of a

bonded material.29 Consistent with our findings,

previous research also indicated that the bond

between glass ceramic and composite resin is

stronger if there is cohesive failure within composite

Figure 3. Representative FESEM
images of fracture surface after aging.
(A1-A3): ADU group. (B1-B3): S-ADU
group. (C1-C3): CUB group. (D1-D3):
S-CUB group. Adhesive failure dom-
inated in the ADU and CUB groups.
Cohesive failure dominated in the S-
ADU and S-CUB groups. AF, adhe-
sive failure; CF, cohesive failure.
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in debonded specimens, and this strong bond is
attained by applying silane.36

Ensuring stable adhesion and tight sealing is key
to evaluating the durability of adhesive systems. The
mean SBS of the mechanical analysis cannot be
considered the sole indicator of bond quality. Thus,
an interfacial morphological evaluation may provide
additional information. In this work, basic fuchsin
stains were observed in the adhesive layer by using
light microscopy to reveal the microleakage areas at
the interface. The microleakage percentages of all of
the adhesives were significantly higher after aging
than those with immediate bonding regardless of the
silane application mode. However, the percentages of
the groups in the silane-pretreated mode (eg, S-
ABU) were significantly lower than those in the
non–silane-pretreated ones (eg, ABU) after aging.

Similarly, the microleakage results validated that
the additional silane enhanced the durability and
stability of the adhesive interface.

Although aging inevitably occurred, based on the
above SBS and microleakage results after aging in
the silane-pretreated mode, our findings provided
direct evidence that the additional silane was
conducive for maintaining long-term ceramic–resin
stability. Two reasons may contribute to this effect.
On one hand, although the adhesive interface
behaves as a permeable membrane,37 the silanols
of silane coupling agents form a direct siloxane
bridge with the hydroxyls of the ceramic surface
after silane pretreatment is applied. Thus, a cross-
linked siloxane polymolecular layer is produced,
thereby forming an interpenetrating polymer net-
work with the composite resin.38 In brief, a hydro-

Figure 4. Effectiveness of bonding strategy and aging on the marginal sealing ability of lithium disilicate glass ceramic with four universal adhesives.
(A): Microleakage percentage was analyzed separately for each adhesive using two-factor ANOVA with the main effects. For each adhesive, columns
labeled with the same lowercase letters are not significantly different in pairwise comparisons (p.0.05). (B): Representative LM images after aging. a,
ABU group. b, S-ABU group. The sign indicates the area with existing microleakage. (C): Representative CLSM images after aging. The sign indicates
cleavages and voids existing in the adhesive layer. AL, adhesive layer; CR, composite resin; GC, lithium disilicate glass ceramic.
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phobic and branched three-dimensional siloxane film
is produced through silanization.39 Therefore, using
a separate silane before applying an adhesive may
increase the hydrophobicity of a layer and likely
inhibit water uptake. Previous studies also found
that degradation occurs less frequently when a more
hydrophobic adhesive coating is used.40,41 Conse-
quently, silane pretreatment could help decrease the
possibility of hydrolytic degradation of ceramic–resin
bonding and increase the durable bonding quality of
the adhesive interface.

On the other hand, additional silane pretreatment
may increase the thickness and uniformity of the
whole adhesive bonding layer because silane can
form an additional layer of chemical bonds between
adhesive resin and glass ceramic. In particular,
methacrylate groups within adhesive resin can
copolymerize with silane molecules,36 and silanol
groups produced by the corresponding methoxy
groups can react with the glass ceramic surface.25

Thus, CLSM images were observed to validate the
morphological changes between the non–silane-pre-
treated and silane-pretreated modes after aging. In a
previous study,42 CLSM revealed that fluid moved at
the junction of the adhesive resin and a hybrid layer
during the flexure of a tooth and a restoration. In our
study, CLSM images demonstrated that the rhoda-
mine dye diffused through the adhesive interface.
The gaps among composite resins, adhesives, and
glass ceramics may be responsible for the unstable
bonding. After the S-CUB was subjected to 10,000
cycles of thermal aging, the adhesive layer showed
some small cracks, cleavages, and voids. By compar-
ison, greater dimensional alterations were observed
in CUB. The alterations at the interfaces were
considered flaws that might expand and contract.
Water would infiltrate into the flaw zones, thereby
impairing the mechanical properties of the adhesive
layer and accelerating deterioration. This phenome-
non suggested that the relative integrity of the
ceramic–resin adhesive layer created by applying
additional silane was essential to bond durability.

Another notable observation was that the silane-
containing universal adhesives (CUB and SBU) did
not perform better than the silane-free ones (ABU
and ADU) as we had expected. After aging occurred,
the SBS of the silane-containing universal adhesives
in the non–silane-pretreated mode significantly
decreased and their microleakage percentage in-
creased. This result shed light on the fact that the
silane incorporated in universal adhesives was
incapable of slowing down the aging of the ceram-
ic–resin bonding interface, possibly because of the

finite quantities and proportions of silane in univer-
sal adhesives, along with numerous other compo-
nents, such as bisphenol A diglycidylmethacrylate,
camphorquinone, 10-methacryloyloxydecyl dihydro-
gen phosphate, and solvent.34 The efficiency and
chemical stability of silane existing in universal
adhesives should be further examined.

CONCLUSIONS

Four universal adhesives (two silane-containing and
two silane-free) in the silane-pretreated mode exhib-
ited an improvement in bond strengths and a
reduction in microleakage percentages compared
with those in the non–silane-pretreated mode after
10,000 cycles of thermal aging. Despite the enhanced
ease of use of universal adhesive, the simplified
bonding approach decreased the bonding quality
after aging. Therefore, treatment with additional
silane prior to the application of the universal
adhesives (for either silane-containing or silane-free)
should be clinically promoted to improve the effec-
tiveness and longevity of ceramic–resin bonding.
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Effect of Various Bleaching Agents
on the Surface Composition and

Bond Strength of a Calcium
Silicate-based Cement

S Kucukkaya Eren � H Aksel � O Uyanık � E Nagas

Clinical Relevance

We recommend the use of calcium silicate-based cement as a cervical barrier when
performing intracoronal bleaching using a mixture of sodium perborate with water or 3%
hydrogen peroxide.

ABSTRACT

This study aimed to evaluate the morphologi-

cal and elemental changes that occur on the

surface of calcium silicate–based cement (CSC)

and to analyze the bond strength of composite

resin to CSC after application of various

bleaching agents. One hundred twenty-five

CSC blocks (Biodentine) were prepared and

randomly divided into five groups according to

the bleaching agent applied over the material

surface (n=25): SP-DW (sodium perborate–dis-

tilled water mixture), SP-HP (sodium perbo-

rate–3% hydrogen peroxide [H2O2] mixture),
CP (37% carbamide peroxide gel), HP (35%
H2O2 gel), and a control group (no bleaching
agent). After 1 week, scanning electron micros-
copy provided an analysis of the surface mor-
phology and elemental composition for 10
specimens from each group. Composite resin
was placed at the center of each cement
surface in the remaining specimens (n=15). A
universal testing machine determined shear
bond strength (SBS) and fracture patterns
were identified with a dental operating micro-
scope. Data were analyzed using one-way anal-
ysis of variance and Tukey HSD tests. The
cement surface in the CP and HP groups
presented changes in structure and elemental
distribution compared with the remaining
groups. The former groups exhibited a de-
crease in the calcium level and an increase in
the silicon level and presented significantly
fewer SBS values than the remaining groups
(p,0.05). Most failures were adhesive in the CP
and HP groups, while they were predominant-
ly cohesive in the remaining groups. The
bleaching agents with higher concentration
induced deterioration of the cement surface

*Selen Kucukkaya Eren, DDS, PhD, Hacettepe University,
Department of Endodontics, Faculty of Dentistry, Sıhhiye,
Ankara, Turkey

Hacer Aksel, DDS, PhD, Hacettepe University, Department of
Endodontics, Faculty of Dentistry, Ankara, Turkey

Ozgur Uyanık, DDS, PhD, Hacettepe University, Department
of Endodontics, Faculty of Dentistry, Ankara, Turkey

Emre Nagas, DDS, PhD, Hacettepe University, Endodontics,
Faculty of Dentistry, Sıhhiye, Ankara, Turkey

*Corresponding author: Hacettepe University, Sıhhiye,
Ankara, 06100, Turkey; e-mail: selenkkkaya@yahoo.com

DOI: 10.2341/17-188-L

�Operative Dentistry, 2018, 43-6, 613-618

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



and negatively affected the bond strength of
the composite resin to CSC. The use of CSC is
recommended as a cervical barrier when in-
tracoronal bleaching is performed with a mix-
ture of sodium perborate with water or 3%
H2O2.

INTRODUCTION

Intracoronal bleaching is a conservative and cost-
effective procedure to improve the esthetics of
discolored endodontically treated teeth.1 It involves
insertion of a bleaching agent into the pulp chamber,
which is then sealed using a temporary restoration
between visits.1

Several bleaching agents are used for intracoronal
bleaching, including a mixture of sodium perborate
and water, carbamide peroxide, hydrogen peroxide
(H2O2), or a combination of sodium perborate and
H2O2.1 These agents typically accomplish bleaching
through the release of H2O2 and diffusion of reactive
oxygen through dentinal tubules, which then oxidiz-
es the pigments and reverses the chromatic alter-
ation of dental tissues.2 However, H2O2 has the
capacity to denature dentin, which leads to a slightly
acidic environment that may induce osteoclastic
activity and invasive cervical resorption.1 To prevent
such occurrences, the placement of a cervical barrier
before intracoronal bleaching is recommended.1

The cervical barrier should be impermeable in
order to prevent intraradicular and extraradicular
diffusion of the peroxides.1 Recently, mineral triox-
ide aggregate (MTA), a calcium silicate–based
cement (CSC), has been evaluated as a cervical
barrier during intracoronal bleaching procedures.3

Despite possessing several desirable properties such
as superior sealing ability, good mechanical proper-
ties, and biocompatibility, MTA presents certain
notable shortcomings such as a long setting time
and tooth discoloration.4 In recent years, another
CSC, Biodentine, has drawn attention because of its
good mechanical properties, high biocompatibility
and bioactivity.5,6 And owing to its color stability,
this cement is recommended for use as a dentin
substitute under composite resin restorations7,8 and
in esthetically sensitive areas.9

There is no available data on the use of Biodentine
as a cervical barrier during intracoronal bleaching.
The effects of bleaching agents on the Biodentine
surface and adhesion between Biodentine and a
composite resin restoration warrant further investi-
gation. Therefore, the aim of this study was to
evaluate the morphological and elemental changes

that occur on the Biodentine surface and to analyze
the bond strength of composite resin to Biodentine
after application of various bleaching agents.

METHODS AND MATERIALS

Specimen Preparation

One hundred twenty-five acrylic blocks were pre-
pared in silicone having an internal diameter of 5
mm and height of 7 mm. To obtain the blocks,
autopolymerizing acrylic resin (Meliodent, Heraeus
Kulzer, Armonk, NY, USA) was mixed according to
the manufacturer’s instructions and placed in the
silicone tubes. After polymerization, a cavity with a
diameter of 3 mm and height of 1.5 mm was
prepared with a fissure bur (Dentsply Maillefer,
Ballaigues, Switzerland) at the center of each acrylic
block. Biodentine (Septodont, St-Maur-des-Fossés,
France) was mixed according to the manufacturer’s
instructions and placed in the cavities using a
spatula.

The specimens were stored for 72 hours at 378C
and 100% humidity. All prepared surfaces were
polished with a 400-grit silicone carbide abrasive
disc (Buehler, Lake Bluff, IL, USA) using a polishing
device (Mecapol P230, Presi, France) for 60 seconds
to create a standard layer. The specimens were
randomly divided into five groups (n=25) according
to the bleaching agent, applied to the surface of the
cement as follows (from lower to higher H2O2

release):

Control group—No treatment

SP-DW group—Sodium perborate powder mixed
with distilled water in a ratio of 2:1 g/mL

SP-HP group—Sodium perborate powder mixed
with 3% H2O2 solution in a ratio of 2:1 g/mL

CP group—37% carbamide peroxide gel (White-
ness Super-Endo, FGM Products, Joinville, SC,
Brazil).

HP Group—35% H2O2 gel (Opalescence Endo,
Ultradent Products, South Jordan, UT, USA)

Following the preparation, the bleaching agents
were placed in silicone tubes with an internal
diameter of 5 mm and height of 2 mm. Then, the
tubes with the bleaching agents were placed on the
cement surfaces. The top surface of each bleaching
agent was covered with a cotton pellet and a
temporary filling material (Cavit-W, 3M ESPE,
Seefeld, Germany). Each tube with the bleaching
agent and block with CSC were taped together to
prevent separation during storage. All specimens
were stored for 1 week at 378C and 100% humidity.
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Thereafter, each tube with the bleaching agent was
removed and the cement surface was cleaned with
distilled water for 1 minute and air-dried.

Scanning Electron Microscopy Analysis

Ten specimens from each group were coated with
gold using a vacuum evaporator (JEE-400; JEOL
Ltd, Tokyo, Japan) and examined with a scanning
electron microscope (SEM) (JEOL 6400, JEOL Corp,
Tokyo, Japan) fitted with an energy dispersive
spectroscopy (EDS) system (EMAX-7000 Type S;
Horiba Ltd, Kyoto, Japan) to characterize the
microstructural surface morphology and to calculate
the weight percentages of the elements Ca, Si, Mg,
Na, K, Al, Zr, and P. To standardize the examined
area of each sample, the central beam of the SEM
was directed to the center of the specimen under 103

magnification, which was gradually increased to
10003.

Placement of Restorative Material

A composite resin system (Ice, SDI, Bayswater,
Victoria, Australia) was applied over the remaining
samples (n=15) according to the manufacturer’s
instructions. Initially, each cement surface was
etched with 37% phosphoric acid (Super Etch, SDI)
for 20 seconds and washed with water for 15 seconds.
Then, the surfaces were dried with an oil-free air
spray to remove excess water. The bonding agent
(Stae, SDI) was applied with a microbrush to the
surfaces, which were then air-dried for 5 seconds.
The bonding agent was cured using a light-emitting
diode light-curing unit (Mini LED, Acteon, Mount
Laurel, NJ, USA) with an output of 1000 mW/cm2 for
10 seconds. Cylindrically shaped plastic tubes, with
a 2-mm internal diameter and 2-mm height, were
placed at the center of the cement surface, and
composite resin was condensed into each tube and
polymerized for 40 seconds with the light-curing
unit. After the polymerization process, the tubes
were cut with a scalpel and carefully removed. The
specimens were stored at 378C in 100% humidity for
24 hours.

In this study, a single operator performed the
preparation and placement of the CSC and bleaching
agents; a second operator, who was blinded to the
groups, placed the restorative material.

Shear Bond Strength Test

The shear bond strength (SBS) test was performed
using a knife-edge blade in a universal testing
machine (Instron, Model 1334, Instron, Canton,

MA, USA) with a crosshead speed of 1 mm/min.
The load at failure was recorded in newtons, and the
bond strength was calculated in megapascals (MPa)
by dividing the load at failure by the adhesive
surface area. Failure modes were evaluated under a
dental operating microscope at 203 magnification
and categorized into one of three failure types:
adhesive failure at the CSC and composite resin
interface, cohesive failure within the CSC or com-
posite resin, or mixed failure composed of adhesive
and cohesive failure of the materials (Figure 1a-c).

Statistical Analysis

Data were analyzed using one-way analysis of
variance and Tukey HSD tests. The level of signif-
icance was set at a=0.05.

RESULTS

In the SEM examination, platelike, globular, and
rodlike structures were observed on the surface of
the control group (Figure 2a). The SP-DW group
showed clusters of globular and cubic crystals with
air bubbles in some places (Figure 2b). In the SP-HP
group, globular and rodlike structures were observed
with air bubbles throughout the surface (Figure 2c).
There were numerous crack lines and ‘‘woodpecker
holes’’ on the cement surface in the CP (Figure 2d)
and HP groups (Figure 2e).

Table 1 shows the results of element analysis
detected in each group. The Ca and Si values of the
SP-DW and SP-HP groups were similar to those of
the control group (p.0.05). The Ca values of the CP
and HP groups were significantly lower, while the Si
values were higher than were the remaining groups
(p,0.05).

The mean (6SDs) of the SBS values of the groups
and the modes of failure of the specimens after the
SBS test are presented in Table 2. There was no
statistically significant difference between the CP
and HP groups (p.0.05), while they showed signif-
icantly lower SBS values than did the remaining
groups (p,0.05). The SP-DW, SP-HP, and control
groups presented similar SBS values (p.0.05).
Inspection of the samples revealed the bond failure
to be predominantly cohesive for the SP-DW, SP-HP,
and control groups and adhesive for the CP and HP
groups.

DISCUSSION

Numerous clinical reports using several bleaching
agents have revealed that there is no ideal protocol
for intracoronal bleaching of endodontically treated
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teeth.10-12 However, it is clear that the aim should be
to maximize bleaching efficacy while minimizing
damage to adjacent tissues.13 Sodium perborate with
water has been reported as the safest bleaching
agent owing to its low hydroxyl radical diffusion.13

However, in case of severe discoloration, the use of
bleaching agents that generate greater hydroxyl
radical penetration may be indicated.1,13 In this
regard, a balance might be achieved by decreasing
the change frequency or application time of the
bleaching agent while increasing the concentra-
tion.13 Considering that the use of each agent may
have a clinical indication, bleaching agents that
release H2O2 at varying concentrations were tested
in the present study.

SEM images obtained in the present study
indicate that the effects of a bleaching agent on the
surface morphology of CSC were concentration
dependent. The cement surface presented various
defects such as cracks and holes after application of
37% carbamide peroxide and 35% H2O2. On the
other hand, the cement surface in the SP-DW and
SP-HP groups presented mainly platelike, globular,

cubic, and rodlike structures as in the control group.
These findings are consistent with those of a
previous study wherein MTA was used as a cervical
barrier.3 H2O2 may produce bubbling when in
contact with the surface of CSC; this oxygen
bubbling could be the reason for the more porous
surface in the SP-HP group compared with the
control and SP-DW groups. When in contact with
moisture, carbamide peroxide decomposes into one-
third H2O2 and two-thirds urea.2 Accordingly,
approximately 10%-15% H2O2 was released in the
CP group. With the increase in H2O2 release, the
cement surface seemed to be disturbed more because
larger defects were evident on the surfaces of the CP
and HP groups. Of note, cracks and holes on the
disturbed surface may interfere with the mechanical
and adhesive properties of the material.3

Reportedly, the pH of 35% H2O2 gel and 35%
carbamide peroxide gel is 3.7 and 6.5, respectively,14

while mixtures of sodium perborate with water or
H2O2 have a pH of .7.4 when prepared in a 2-g/mL
ratio.15 According to the EDS analysis conducted in
the present study, the Ca/Si ratio of the cement
surface decreased in the CP and HP groups com-
pared with the control group, while it remained
stable in the SP-DW and SP-HP groups. The acidic
condition of the bleaching agents in the CP and HP
groups may induce the release of Ca ions and lead to
an increase in the relative concentration of Si. In line
with the present findings, Tsujimoto and others3

reported that the acidic conditions induced by
bleaching agents resulted in deterioration of the
MTA surface and caused a marked decrease in the
Ca/Si ratio. It is worth mentioning that the pH of
bleaching agents increases with time, probably
because of the decomposing of acidic H2O2 radicals
into oxygen and water.15,16 However, the initial pH
levels of the bleaching agents seem to affect the

Table 1: Quantitative SEM/EDS Analysis of the Element Proportion of CSC Surface in Groups (Weight %)a

Element Control Groups

SP-DW SP-HP CP HP

Ca 86.59 6 7.12 82.11 6 5.33 85.29 6 7.91 60.75 6 7.97 65.77 6 9.61

Si 13.09 6 7.07 12.94 6 7.01 11.37 6 5.69 33.71 6 3.92 23.88 6 7.48

Mg 0.32 6 0.12 1.32 6 0.82 0.44 6 0.25

Na 2.58 6 1.92 2.12 6 1.55 0.25 6 0.06 0.97 6 0.64

K 1.05 6 0.39 0.78 6 0.29 0.97 6 0.41 0.49 6 0.21

Al 2.08 6 1.01

Zr 2.24 6 1.79

P 8.89 6 3.99
a Data are expressed as mean 6 SD.

Table 2: Shear Bond Strength Values (MPa) of Composite
Resin to CSC and Distribution of Failure Modes
in Groups (n=15)a

Groups SBS Values
(Mean 6 SD)

Failure Mode (%)
(A/C/M)

Control 6.99 6 2.66a 13.3/66.7/20

SP-DW 6.66 6 1.61a 6.7/73.3/20

SP-HP 6.44 6 1.94a 6.7/66.7/26.6

CP 2.66 6 1.47b 60/0/40

HP 2.41 6 1.28b 66.7/0/33.3

Abbreviations: A, adhesive failure along the cement-resin interface; C,
cohesive failure within the materials; M, mixed failure.
a Different superscript letters indicate statistically significant differences
between the groups (p,0.05).
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micromorphology and elemental distribution of the
cement surface. Other elements detected by the EDS
analysis could be from residue of the bleaching
agents or the material itself after exposure to the
agents.

The bond strength between restorative and
underlying materials is important for optimal
quality of the filling as well as the success of
restorations. Several studies have evaluated the
bond strength between Biodentine and composite
resin materials.17-19 However, the bond strength
between Biodentine and composite resin after
application of various bleaching agents remains
unclear. In the present study, the application of a
mixture of sodium perborate with either water or
3% H2O2 had no significant effect on the bond
strength of composite resin to Biodentine. However,
adhesion between the two materials was negatively
affected after the placement of either 37% carbam-
ide peroxide or 35% H2O2 gel over the cement
surface. One might speculate that the bond
strength between CSC and composite resin is
affected by morphological changes in the surface
after application of bleaching agents at high
concentrations. The deteriorated surface observed

in the CP and HP groups could interfere with
micromechanical attachment, thereby resulting in
decreased bond strength to composite resin. Fur-
thermore, breakdown of the chemical union could
be another reason for the poor bond strength
results. Although it is unknown whether chemical
adhesion exists between CSC and composite resin,
it is possible that resin monomers bind chemically
to Ca in CSC.17 Therefore, the distinctly lower Ca
levels in the CP and HP groups could be another
explanation for the negative impact on the bond
strength.

Bond failures observed in the CP and HP groups
were predominantly adhesive, while these were
predominantly cohesive in the remaining groups.
Interestingly, in a recent study, no adhesive failure
was observed at the CSC or composite resin
interface.19 Based on the present findings, the
application of bleaching agents at high concentra-
tions may affect the bond strength between CSC and
composite resin as well as the failure type. Clinically,
this finding should be viewed with caution as the
bond could be more acceptable when fracture occurs
inside each material rather than in the bonded
interface.20

Figure 1. Representative images of
the failure modes. (a): Adhesive
failure at CSC and composite resin
interface. (b): Cohesive failure within
CSC. (c): Mixed failure.

Figure 2. Photomicrographs ob-
tained by SEM of the representative
specimens of the groups (1000x). (a):
Platelike (yellow arrows), globular
(white arrows), and rodlike (red ar-
rows) structures with air bubbles
(purple arrows) on the cement surface
in the control group. (b): Globular
(white arrows) and cubic (yellow
arrows) structures on the cement
surface in the SP-DW group. (c):
Globular (white arrows), plate-like
(yellow arrows), and rod-like (red
arrows) structures with air bubbles
(purple arrows) on the cement surface
in the SP-HP group. (d and e): Crack
lines (yellow arrows) and woodpecker
holes (white arrows) on the cement
surface in the CP and HP groups,
respectively.
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CONCLUSIONS

Bleaching agents applied at higher concentrations
negatively affected the micromorphology of the CSC
surface and the bond strength between CSC and
composite resin. Nevertheless, the use of CSC can be
recommended as a cervical barrier when intracoro-
nal bleaching is performed with a mixture of sodium
perborate with water or 3% H2O2.
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Influence of Ambient Temperature
and Light-curing Moment on

Polymerization Shrinkage
and Strength of Resin
Composite Cements

N Rohr � JA Müller � J Fischer

Clinical Relevance

Polymerization shrinkage at 378C with light application 5 minutes after mixing ranges
from 4.0% to 5.8%. Light application performed as soon as possible after placing a
restoration minimizes cement shrinkage.

ABSTRACT

Objective: The purpose of this study was to
establish a clinically appropriate light-curing
moment for resin composite cements while
achieving the highest indirect tensile strength
and lowest polymerization shrinkage.

Methods and Materials: Polymerization
shrinkage of seven resin composite cements

(Multilink Automix, Multilink Speed Cem, Re-
lyX Ultimate, RelyX Unicem 2 Automix, Pana-
via V5, Panavia SA plus, VITA Adiva F-Cem)
was measured at ambient temperatures of 238C
and 378C. Testing was done for autopolymer-
ized and light-cured specimens after light
application at either 1, 5, or 10 minutes after
mixing. Indirect tensile strength of all cements
was measured after 24 hours of storage at
temperatures of 238C and 378C, for autopoly-
merized and light-cured specimens after light
application 1, 5, or 10 minutes after mixing. To
illustrate filler size and microstructures, SEM
images of all cements were captured. Statisti-
cal analysis was performed with one-way AN-
OVA followed by post hoc Fisher LSD test
(a=0.05).

Results: Final polymerization shrinkage of the
resin composite cements ranged from 3.2% to
7.0%. An increase in temperature from 238C to
378C as well as the light-curing moment result-
ed in material dependent effects on the poly-
merization shrinkage and indirect tensile
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strength of the cements. Polymerization
shrinkage of the cements did not correlate
with the indirect tensile strength of the cement
in the respective groups. Highest indirect
tensile strengths were observed for the mate-
rials containing a homogeneous distribution of
fillers with a size of about 1 lm (Multilink
Automix, Panavia V5, VITA Adiva F-Cem).

Conclusion: The magnitude of the effect of
light-curing moment and temperature in-
crease on polymerization shrinkage and indi-
rect tensile strength of resin composite ce-
ments is material dependent and cannot be
generalized.

INTRODUCTION

The increased use of esthetic ceramic materials in
dentistry requires the application of resin-based
luting cement to bond a restoration to the tooth
structure. Resin-based composite materials are
generally superior to conventional cements in pro-
viding higher strength and low margin wear.1-3

Their polymerization shrinkage may nevertheless
lead to microleakage.4

The polymerization of dual-cured resin composite
cements is catalyzed by a chemically (autopolymeri-
zation) and photo-activated (light-curing) initiator.
The polymerization reaction starts with the mixing
of base and catalyst paste, thus activating the
chemical initiator. Hence, the processing time is
limited. Photo initiation allows the polymerization
reaction to advance at the time a restoration is
correctly placed and cement excess is removed.
However, areas under an opaque restoration not
reached by the light may not polymerize as well as
dual-cured areas. Most cement materials reveal a
higher degree of conversion by dual-curing compared
with autopolymerization.5-7

Shrinkage occurs during the crosslinking of poly-
mer chains, thus creating polymerization stress
between tooth structure and resin composite ce-
ment.8 In the early stage of polymerization, resin
composite cement reveals high viscosity and is
therefore able to relax developing stress. After a
short time or after light application, the material
becomes rigid and is unable to deform, hence, stress
starts to increase.9,10 The magnitude of volumetric
shrinkage is determined by the amount and volume
of fillers as well as the composition and the degree of
conversion of the resin matrix.10 Filler particle
content for resin composite cement is typically
around 50 vol%.11 Shrinkage strain for different

resin cements is reported to range from 1.77% to
5.29%.12 Shrinkage values should be considered
approximate as they vary with the extent of the
polymerization reaction.11 The application of light to
dual-cured resin composite cements increases their
degree of conversion but not necessarily their
shrinkage strain.12 The degree of conversion is,
however, material related; some systems are signif-
icantly more dependent on light-activation than
others.5,13-17 Due to a slower reaction rate and
incorporation of porosity, autopolymerized resin
composite cements may develop less shrinkage
stress.18-20 A dual-curing mode, however, improves
bond strength,21 flexural strength, compressive
strength, indirect tensile strength, elastic modulus,
and hardness.3,22,23

An increase in temperature from 238C to 378C may
also affect the polymerization process. For light-
cured resin composites, a more rapid stress build-
up—meaning an increased shrinkage-stress rate—
was reported when the temperature was increased.10

Because of the increased temperature, viscosity may
also decrease, resulting in additional monomer
conversion24-26 and thus in a higher degree of
conversion.26

It has been speculated that a delay in light-
activation of dual-cured composite resins enhances
their properties by allowing the autopolymerization
initiators to react to some extent before being
entrapped by photo-activated polymeric chains.27-29

An ideal balance between autopolymerization and
time of light-activation is yet to be determined.29 To
our knowledge, there are no studies that report how
polymerization shrinkage of resin composite cements
is affected by the light-curing moment (time of light
application) and temperature increase and how
these factors affect the materials’ strength.

The purpose of this study was therefore to
establish a clinically appropriate light-curing mo-
ment while achieving highest indirect tensile
strength and lowest polymerization shrinkage. Hy-
potheses were that 1) an increase in temperature
results in higher polymerization shrinkage and
higher indirect tensile strength of resin composite
cements and that 2) the light-curing moment of resin
composite cements does not affect polymerization
shrinkage or indirect tensile strength.

METHODS AND MATERIALS

Polymerization shrinkage of four dual-curing adhe-
sive and three self-adhesive resin composite cements
(Table 1, 2) was measured. The shrinkage of
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autopolymerized specimens was recorded at temper-

atures of 238C (23a) and 378C (37a). A temperature of

238C was chosen as the room temperature at which

most in vitro studies are performed and 378C

represents the intraoral temperature. Light-curing

was performed for cements at 238C and 378C 1

minute after mixing (23L1, 37L1) and at 378C after 5

minutes (37L5) and after 10 minutes (37L10).

Measurements were recorded at 238C for 12 hours

and at 378C for 2 hours for all cements until their

shrinkage process was completed. To evaluate the

influence of temperature and curing mode on the

strength of the cements, the indirect tensile strength

of all cements was measured after air storage at

either 238C or 378C. The specimens were autopoly-

merized or light-cured after 1, 5, or 10 minutes. To

illustrate filler size and structures, SEM images of

all cements were captured.

Table 1: Cement Materials Used

Name Manufacturer Type Monomers Fillers Lot.No.

Multilink Automix Ivoclar Vivadent Adhesive resin
composite
cement

Base paste: Bis-GMA, HEMA, 2-
dimethylaminoethyl methacrylate
Catalyst paste: ethyoxylated
bisphenol A dimethacrylate,
UDMA, HEMA

40 vol%
- Barium glass
- Ytterbium trifluoride
- Spheroid mixed oxide
Particle size: 0.25–3.0 lm

T33131

Multilink Speed
CEM

Ivoclar Vivadent Self-adhesive
resin composite
cement

Base paste: UDMA, TEGDMA,
polyethylene glycol
dimethacrylate
Catalyst paste: polyethylene
glycol dimethacrylate, TEGDMA,
Methacrylated phosphoric acid
ester, UDMA

40 vol%
- Barium glass
- Ytterbium trifluoride
Particle size: 0.1-7 lm

U49017

RelyX Ultimate 3M ESPE Adhesive resin
composite
cement

Base paste: methacrylate
monomers containing phosphoric
acid groups, methacrylate
monomers
Catalyst paste: methacrylate
monomers

43 vol%
- Silanated fillers
- Alkaline (basic) fillers
Particle size: 13 lm

595287

RelyX Unicem 2
Automix

3M ESPE Self-adhesive
resin composite
cement

Base paste: phosphoric acid
modified methacrylate monomers,
bifunctional methacrylate
Catalyst paste: methacrylate
monomers

43 vol%
- Alkaline (basic) fillers
- Silanated fillers
Particle size: 12.5 lm

594259

Panavia V5 Kuraray Adhesive resin
composite
cement

Paste A: Bis-GMA, TEGDMA,
Hydrophobic aromatic
dimethacrylate, Hydrophilic
aliphatic dimethacrylate
Paste B: Bis-GMA, Hydrophobic
aromatic dimethacrylate,
Hydrophilic aliphatic
dimethacrylate

38 vol%
- Silanated barium glass filler
- Silanated fluoroalminosilicate
glass filler
- Colloidal silica
- Silanated aluminum oxide filler
Particle size: 0.01-12 lm

720007

Panavia SA plus Kuraray Self-adhesive
resin composite
cement

Paste A: 10-MDP, Bis-GMA,
TEGDMA, Hydrophobic aromatic
dimethacrylate, HEMA
Paste B: Hydrophobic aromatic
dimethacrylate, hydrophobic
aliphatic dimethacrylate

40 vol%
- Silanated barium glass filler
- Silanated colloidal silica
Particle size: 0.02-20 lm

5F0046

VITA Adiva F-Cem VITA Zahnfabrik Adhesive resin
composite
Cement

Methacrylates 41 vol%
-Inorganic fillers
Particle size: 0.05-1 lm

17601812

Abbreviations: 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; Bis-GMA: bisphenol A-glycidyl methacrylate; HEMA: 2-hydroxyethyl methacrylate; UDMA:
urethane dimethacrylate; TEGDMA: triethyleneglycol dimethacrylate.

Table 2: Group Identifiers for the respective Cements

MLA Multilink Automix

MSC Multilink Speed CEM

RUL RelyX Ultimate

RUN RelyX Unicem 2 Automix

PV5 Panavia V5

PSA Panavia SA plus

VAF VITA Adiva F-Cem
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Polymerization Shrinkage

Polymerization shrinkage data was recorded with a
drop shape analyzer (DSA) (DSA305, Krüss, Ham-
burg, Germany). The intended use of a DSA is to
determine the contact angle of a drop of liquid on a
solid surface. A drop is automatically placed on the
substrate on an adjustable stage and images of the
silhouette are captured with the unit’s camera, by
which the contact angle of the drop can be measured
(Advance, 1.2.0.1, Krüss) (Figure 1). To determine
the polymerization shrinkage of the cements, the
DSA images were obtained within a programmed
time frame. The images were then exported and the
area of the drops was measured digitally (Leica
Application Suite, 4.7.0, Leica Microsystems, Heer-
brugg, Switzerland) (Figure 2). Previously, spherical
volume calculation of a two-dimensional image
determined the cement’s volume and consequently
its shrinkage.30 Isotropic shrinkage of the specimens

was assumed. To correctly perform a volume calcu-
lation from a two-dimensional image, a perfectly
semispherical cement specimen has to be produced.
Since this was not possible, two-dimensional analy-
sis of the cement area displayed in the image was
chosen. To interpret the results, it must be consid-
ered that the shrinkage ratio between a semi-
spherical volume (V=2pr3)/3) and a semicircular
area (A=pr2)/2) was not proportional to the radius.
The actual polymerization shrinkage of the volume
was slightly higher than it appears in the area
measurement. The difference between the shrinkage
ratio of volume and area decreases with increasing
radius. Therefore, to eliminate bias, similar cement
drops with identical volume had to be produced.

Dental resin cement is sticky and viscous and
additionally, hardens over time. Hence, the auto-
matic syringe of the DSA could not be used to apply a
defined amount of material. Consequently, the
weight of the drops was determined during applica-
tion with a scale (AT261, Mettler, Greifensee,
Switzerland). The auto-mix tip was set on the
cement syringe and time recording was started as
soon as the first drop was discarded on a piece of
paper. The second drop with a mean weight of 20.0 6

2.0 mg was placed on a glass slide. The slide was
then placed on the recording stage of the DSA and
the focus of the optical system was adjusted. The
DSA was covered with a dark box to prevent daylight
from entering the stage. An orange foil was previ-
ously positioned between the sample area and the
DSA’s illumination source to prevent inadvertent
light-activation of the cement.

For the 12 hour measurement groups (23a, 23L1),
DSA recordings started one minute after the first
drop left the mixing tip. The DSA was programmed
to take an image of the cement drop once every 20
seconds for 10 minutes, then every 10 minutes for 50
minutes and finally every hour for 11 hours. For the
2-hour measurement groups (37a, 37L1, 37L5,
37L10), images were captured once every 20 seconds
for 10 minutes, then every 10 minutes. Images were
imported into Leica software (Leica Application
Suite, 4.7.0, Leica Microsystems, Wetzlar, Ger-
many). The area of each drop was recorded. The
cement area of each image was compared with the
area on the initial image that was taken 1 minute
after the cement first left the syringe. With this data,
the percent shrinkage was calculated and graphical-
ly displayed.

Measurements of all cements were recorded for
autopolymerized specimens at 238C over 12 hours
(23a) and at 378C over 2 hours (37a) in a tempera-

Figure 1. Polymerization shrinkage was recorded with a drop-shape
analyzer. (a) Light source with orange foil to prevent inadvertent light-
activation of the cement. (b) Adjustable recording stage in which the
cement was placed on a glass slide. (c) Optical system.

Figure 2. Cement drop image of a randomly selected specimen
before and after shrinkage (PSA 23a specimen 5 [6.22% shrinkage]).
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ture-controlled room (238C). For measurements at
378C, a heating device (IPX4, Thermo Technologies,
Rohrbach, Germany) with constant temperature
control (TSM125 H-Tronic, Hirschau, Germany)
was placed on the DSA stage. Light-curing of the
cements was performed at 238C and 378C. At both
temperatures, light-curing was initiated after 1
minute (23L11, 37L1); at 378C, light-curing was
alternatively performed after 5 minutes (37L5) and
10 minutes (37L10). Light-curing was applied with a
polymerization lamp (Elipar, 3M ESPE, Seefeld,
Germany) having an intensity of 1200 mW/cm2 for
20 seconds. The intensity of the lamp was checked
before each measurement using the device provided
by the manufacturer. Time was counted from the
first moment the cement left the syringe for the
discarded drop. Five specimens were measured in
each group for all cements.

Indirect Tensile Strength

Indirect tensile strength of the cements was mea-
sured on cylindrical test specimens 3 mm in height
and diameter (n=10). The cement was flowed into
the respective cavities of a customized Teflon mold
and kept in place with a plastic foil and a glass plate
on each side. The specimens were either autopoly-
merized or light-cured (Elipar, 3M ESPE) at the
respective times (after 1, 5, or 10 minutes) and
immediately stored under temperature control (CTS
T-4025, Hechingen, Germany) at 238C or 378C,
respectively. After 1 hour, the specimens were
removed from the molds and stored in a dark box
for another 23 hours at the respective temperature.
Prior to testing, the diameter and height were
determined using a digital caliper (Cal IP 67, Tesa,
Renens, Switzerland). The specimens were loaded
radially until fracture with a preload of 20 N and a
crosshead speed of 1 mm/min (Z020, Zwick/Roell,
Ulm, Germany).

The following equation was used to calculate
indirect tensile strength:

rt ¼ 2F=pdh

where rt is the indirect tensile strength; F is the
fracture load; d, the specimen diameter; and h, the
specimen height.

Scanning Electron Microscopy

Discs with a diameter of 15 mm and a thickness of 1
mm were manufactured for all cements using a
Teflon mold. The cement was flowed into the mold
cavity and kept in place with a polyester foil and a

glass plate on each side. Light-curing was performed
with overlapping applications of a polymerization
lamp (Elipar, 3M ESPE). All specimens were then
fixed (UHU plus, UHU, Bühl, Germany) on a slide
and simultaneously wet-polished with silicon carbide
paper P1200-4000 (Type 401319, Exakt, Norder-
stedt, Germany). SEM images of gold-sputtered
cement structures at 10003 were captured (Philips
XL30 FEG ESEM, Philips Electron Optics, Eind-
hoven, The Netherlands).

Statistical Analysis

Data of all tests were analyzed for normal distribu-
tion using the Shapiro-Wilk test and all data were
distributed normally. Hence, one-way ANOVA fol-
lowed by the post hoc Fisher LSD test were chosen to
test for differences between groups (a=0.05). Corre-
lation between final polymerization shrinkage and
the respective indirect tensile strength of each group
was investigated.

RESULTS

Polymerization Shrinkage

Polymerization shrinkage of all cements within the
different groups is displayed in Figure 3. Means and
standard deviations of the final polymerization
shrinkage after 12 hours for 238C and after 2 hours
for 378C for the different groups are listed in Table 3.
Final shrinkage ranged from 3.2% to 7.0%.

Indirect Tensile Strength

Indirect tensile strength values are graphically
displayed in Figure 4. Values at 0 minute represent
autopolymerized specimens. Means and standard
deviations of all specimens at 238C and 378C are
statistically compared in Table 4. Figure 5 plots all
groups that were measured for the polymerization
shrinkage to the respective indirect tensile strength.

Cement Filler Composition

SEM backscatter images of the cement surfaces are
displayed in Figure 6 at a magnification of 10003. A
regular distribution of small filler particles (around 1
lm in diameter) was found for MLA and VAF. (See
Table 2 for full names of these and other cements
used.) Slightly larger particles (up to 5 lm in
diameter) were detected for PV5. RUN and RUL
revealed similar filler patterns: a mixture between
small- and medium-sized particles up to 10 lm. PSA
and MSC contained a mixture between small,
medium, and large filler particles. For MSC, particle
clusters up to 20 lm were detected. Particle sizes
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reflected those provided by the manufacturer except
for MSC, in which the filler sizes were twice the size
described and PV5 that revealed rather smaller filler
sizes.

DISCUSSION

The purpose of this study was to establish a clinically
appropriate time of light-curing while achieving best
material properties and lowest polymerization
shrinkage. The first hypothesis, that an increase in
temperature results in higher polymerization

shrinkage and higher indirect tensile strength of

resin composite cements was rejected because the

increase of temperature resulted in different effects

for each cement. The second hypothesis that the

light-curing moment of resin composite cements does

not affect polymerization shrinkage or indirect

tensile strength was also rejected. Early light-curing

after 1 minute was beneficial to decrease polymer-

ization shrinkage for most cements. The effect of the

light-curing moment on indirect tensile strength was

also material related.

Figure 3. Polymerization shrinkage of all cements within the different groups.

Table 3: Means and Standard Deviations of Final Polymerization Shrinkage After 12 h for 238C and After 2 h for 378C of the
Different Groupsa

23a 37a 23L1 37L1 37L5 37L10

MLA 5.3% 6 0.1%A,a* 4.7% 6 0.1%A,b 3.6% 6 0.3%A,B,C,c 4.0% 6 0.1%A,B,d 4.6% 6 0.3%A,b 4.7% 6 0.3%A,b

MSC 3.5% 6 0.2%B,a,b 3.2% 6 0.1%B,b 3.6% 6 0.2%A,C,a,c 3.8% 6 0.2%B,C,c,d 4.0% 6 0.1%B,d 4.0% 6 0.2%B,d

RUL 6.1% 6 0.5%C,a 3.6% 6 0.1%C,b 3.8% 6 0.1%A,B,C,b 4.0% 6 0.1%A,B,C,b 4.4% 6 0.2%A,C,c 4.5% 6 0.3%C,c

RUN 6.6% 6 0.5%C,D,a 3.8% 6 0.2%C,D,b 3.7% 6 0.1%A,B,C,b 3.9% 6 0.1%A,B,C,b 4.4% 6 0.2%A,C,c 4.4% 6 0.3%B,C,c

PV5 7.0% 6 0.4%D,E,a 4.9% 6 0.2%A,b 3.5% 6 0.3%C,c 3.7% 6 0.2%C,c 5.1% 6 0.2%D,b 5.0% 6 0.4%A,b

PSA 6.7% 6 0.7%C,E,a 6.2% 6 0.3%E,b 3.9% 6 0.1%B,c 4.7% 6 0.2%D,d 5.8% 6 0.2%E,e 5.9% 6 0.1%D,e

VAF 3.8% 6 01%B,a 4.1% 6 0.2%D,b 3.8% 6 0.2%A,B.a 4.1% 6 0.1%A,b 4.2% 6 0.2%B,C,b 4.2% 6 0.3%B,C,b

a Superscript letters indicate statistical similar groups (vertical comparison: uppercase letters; horizontal comparison: lowercase letters).
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Test Design

Numerous methods have been proposed to measure

polymerization shrinkage kinetics; each has its

disadvantages.9,12,29,31 Results for the same material

may differ between methods due to various testing

parameters. Shrinkage strain for RUN (4.10 6

0.03%) and MLA (4.65 6 0.06%) at 238C dual-cured

have been reported in the literature but should not

be compared with the area shrinkage values found in

this study for these cements due to varying test set-

ups.12 The volumetric shrinkage of composites has

been shown to be proportional to its degree of

Figure 4. Indirect tensile strength of all cements at 238C and 378C after autopolymerization (0 minute) or light-curing after 1, 5, or 10 minutes.
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conversion.32 The area shrinkage measurement in

this study is easy to perform and allows monitoring

of the shrinkage over a long time period. To interpret

the results, it must be considered that the shrinkage

ratio between a semispherical volume and a semi-

circular area is not proportional to the radius,

therefore the actual polymerization shrinkage of

the volume is slightly higher than it appears in the

area measurement. Also, the actual polymerization

shrinkage in a clinical situation may differ since the

cement layer is thinner and not exposed to oxygen in

most areas. The presence of oxygen at the cement

surface inhibits the polymerization process.33 Also,

clinically, the cement is confined between a restora-

tion and the tooth surface and the configuration-

factor was not considered in the present study.
Testing these luting materials away from the tooth
structure cannot lead to solid conclusions, as the
interaction between the different adhesive systems
and luting cements or between the moist dentin and
cements might affect their properties, hydrolytic
stability, or strength.

When measuring dual-curing materials, the time
of the first contact between the base and catalyst, the
exact light-curing moment, as well as the starting
time of the measurement must be standardized to
achieve reproducible results. Since area shrinkage
measurements cannot completely predict resin com-
posite cement behavior regarding stress develop-
ment,10 further investigations are to be performed.

Table 4: Mean and Standard Deviation of Indirect Tensile Strength of All Cements at 238C and 378C of Autopolymerized and
Light-Cured Specimensa

(MPa) 23a 23L1 23L5 23L10 37a 37L1 37L5 37L10

MLA 44.4 6 1.5A,a 45.2 6 2.6A,B,a 44.5 6 2.5A,a* 45.6 6 2.4A,B,a,b 45.1 6 3.6A,a 50.2 6 3.4A,c 49.4 6 3.5A,c 48.4 6 2.7A,b,c

MSC 27.8 6 3.8B,a 35.2 6 1.9C,b,c 34.8 6 3.7B,b,c 35.5 6 1.8C,b,d 32.0 6 4.6B,c 38.6 6 3.1B,d,e 38.9 6 2.9B,e 38.5 6 2.2B,d,e

RUL 25.7 6 4.7B,a 42.4 6 3.4B,D,b 43.1 6 3.1A,C,b 43.8 6 3.2B,D,b 36.3 6 5.6B,C,c 43.9 6 4.6C,b 44.3 6 5.0C,b 46.0 6 4.5A,b

RUN 27.4 6 4.1B,a 39.1 6 2.3D,E,b 40.4 6 3.3C,D,b 41.9 6 2.8D,b,c 37.7 6 4.4C,b 45.4 6 5.0C,c,d 45.6 6 5.6A,C,c,d 47.8 6 3.8A,d

PV5 41.9 6 6.3A,a,b 37.3 6 2.3C,E,c 39.1 6 3.6D,E,a,c 42.0 6 2.6D,a,b 43.2 6 5.3A,a,b,d 43.3 6 3.3C,b,d 48.6 6 2.7A,e 46.9 6 4.6A,d,e

PSA 32.5 6 5.6C,a 36.5 6 3.4C,E,b,c 36.7 6 2.7B,E,b,d 38.2 6 2.1C,b,d 36.1 6 2.7B,C,a,c,d 42.8 6 2.8C,e 44.1 6 3.6C,e,f 46.4 6 4.4A,f

VAF 43.9 6 3.2A,a 46.0 6 5.6A,a 45.7 6 4.1A,a 46.8 6 3.8B,a 52.3 6 4.6D,b 52.7 6 4.5A,b 54.2 6 5.0D,b 52.7 6 3.4C,b

a Superscript letters indicate statistical similar groups (vertical comparison: uppercase letters; horizontal comparison: lowercase letters).

Figure 5. Correlation between polymerization shrinkage and indirect tensile strength of the respective groups of all cements.
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Figure 6. SEM backscatter images of cement surfaces (10003).

Rohr, Müller & Fischer: Polymerization Shrinkage of Resin Composite Cements 627

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



Measuring the indirect tensile strength can be
considered a standard method of screening material
strengths.34,35 The test provides reliable information
on the mechanical strength of resin composites with
the advantage of easy handling.35-37

Polymerization Shrinkage and Indirect
Tensile Strength

Light-curing temperature effects on polymerization
shrinkage and indirect tensile strength are material
related. No correlation was observed between poly-
merization shrinkage and indirect tensile strength of
the respective groups (y=0.001x, R2=�0.7986; Fig-
ure 5). Several factors such as filler size and
material, degree of conversion, initiator system,
and cement monomer effect polymerization shrink-
age and strength.10 Some cements (MSC, RUL,
RUN) revealed a strong dependence of the initiator
system on light-curing, indicated by the significantly
lower polymerization shrinkage as well as lower
indirect tensile strength of autopolymerized speci-
mens at 378C than that of light-cured specimens.
Increased temperature decreased the polymerization
shrinkage of autopolymerized specimens MLA, RUL,
RUN, and PV5 hastened activation of the initiator
and, therefore, also ended polymerization sooner
(Figure 3). In the literature, increased temperature
was associated with a higher polymerization stress
rate and a higher degree of conversion for light-cured
resin composites21,38 because of increased free
radical and monomer mobility.39,40 A decrease in
viscosity of the cement due to the higher tempera-
ture also results in a higher collision frequency of the
unreacted active groups.41

For light-cured specimens at 1 minute, an increase
in temperature from 238C to 378C also increased the
polymerization shrinkage of all cements. This was
probably due to the polymerization process of the
specimens being in a more advanced state when the
light was applied at 378C than it was at 238C because
of the enhanced energy supply. The application of
light resulted in a freezing of the system: the cement
became rigid and was unable to shrink further.

Indirect tensile strength of the cements was lowest
for all cements when the specimens were stored at
238C and no light was applied. The indirect tensile
strength was enhanced when either the temperature
was increased or light-curing was performed. The
degree of the effect was material related.

The cement providing the highest indirect tensile
strength (54.365.0 MPa) and lowest polymerization
shrinkage (4.2%60.2%) at 378C with light-curing

after 5 minutes was VAF. In addition, MSC
demonstrated a low polymerization shrinkage of
4.0 6 0.1%, but this cement revealed the lowest
indirect tensile strength of all cements (38.962.9
MPa). Regarding the filler size, the highest indirect
tensile strengths were observed for the materials
containing a homogeneous distribution of small
fillers of about 1 lm (MLA, PV5, VAF).

Clinical Implications

For clinical application, the following procedures are
recommended to achieve best material properties:
For MLA, MSC, RUL, and RUN, light application
should be performed as soon as possible within the
first 5 minutes after placing the restoration. For
these materials, indirect tensile strength at 378C
was not significantly influenced by the time of light
application but polymerization shrinkage was small-
er when the light was applied earlier. Polymeriza-
tion shrinkage for these cements ranged around 4%.
It has been speculated that a delay in light-
activation of dual-cured resin cements would en-
hance their mechanical properties,42 although no
effect was observed on the bond strength of resin
cements to the substrate when the light-curing was
delayed for 5 minutes.43 In the present study, a
delayed light-curing of 5 minutes for PV5 and 10
minutes for PSA was beneficial and resulted in an
increase in their indirect tensile strength. However,
it has been found that prolonged self-curing of the
cements of 10 minutes may compromise the overall
degree of conversion28 and increase water sorption.44

These findings must be interpreted with care and
should not be generalized because the present study
revealed that resin composite cements differ greatly
in their curing behavior. PSA revealed slow poly-
merization reactions according to Figure 3, especial-
ly for autopolymerization. This might have been
caused by the content of 10-methacryloyloxydecyl
dihydrogen phopshate (10-MDP). Although 10-MDP
enhances bond strength, it also inhibits the poly-
merization reaction.45 10-MDP is an acidic monomer
that interferes with the amine initiator and there-
fore negatively affects the cement degree of conver-
sion46 in both autopolymerization and dual-curing
mode.47

If polymerization shrinkage must be decreased for
PV5 or PSA, an early light application can be
performed, but it might result in insufficient poly-
merization. PV5 and PSA displayed higher polymer-
ization shrinkage of 4% to 6%. For VAF, light
application does not increase the strength or poly-
merization shrinkage (4%) significantly and may be
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omitted. For the other cements, light application is
essential to increase strength: even when performed
10 minutes after mixing, it still increased the
material’s strength between 4 and 11 MPa. The
application of a high-strength cement such as MLA,
PV5, or VAF is recommended for cementing silicate
ceramics to improve the stability of the restorations.48

CONCLUSIONS

The magnitude of the effect of light-curing and
temperature increase on polymerization shrinkage
and indirect tensile strength of resin composite
cements is material dependent and cannot be
generalized.

The tested resin composite cements provided
polymerization shrinkages of 4% to 6% at 378C with
light-curing after 5 minutes. To keep shrinkage at a
minimum, light application can be performed as soon
as possible within the first 5 minutes after restora-
tion placement.
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Incremental and Bulk-fill
Techniques With Bulk-fill

Resin Composite in Different
Cavity Configurations

S-H Han � S-H Park

Clinical Relevance

In high C-factor cavities, the incremental technique for composite restoration showed a
higher bond strength on the cavity floor than did the bulk-fill technique. However, in low
C-factor cavities, there was no statistical difference in the bond strength between the two
techniques.

SUMMARY

Purpose: To compare the microtensile bond

strengths of incremental and bulk-fill tech-

niques under different C-factor and compli-

ance conditions.

Methods and Materials: Extracted human

third molars were divided into three experi-

mental groups. For group I, Class I cavities

were prepared. For group II, MOD cavities of

the same size were prepared. For group III, the

cavities were prepared the same way as group

II only with high compliance cavity walls. The

cavity wall compliance of the specimens was

evaluated. Each of these groups was divided
into four subgroups. The teeth were restored
using two different materials: TB (Tetric N-
Ceram Bulk Fill; Ivoclar Vivadent, Hanau,
Germany) and VB (Venus Bulk Fill; Heraeus
Kulzer, Armonk, NY, USA), and two methods,
either an incremental or bulk-fill technique.
Then, the microtensile bond strengths (l-TBSs)
were measured and compared. The polymeri-
zation stresses of the composites were calcu-
lated using a custom-made device. The results
were statistically analyzed using the Kruskal-
Wallis test and Weibull analysis.

Results: In group I, the l-TBS obtained using
the incremental technique was significantly
higher than that obtained by the bulk-fill
technique (p,0.05). In contrast, no difference
of the l-TBS value was observed between the
two techniques in groups II and III. The l-TBS
value of group I was significantly lower than
those of groups II and III (p,0.05). No statis-
tical difference in the l-TBS was observed
when the cavities were filled with either TB
or VB (p.0.05).
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Conclusions: The incremental technique
showed higher bond strength than did the
bulk-fill technique in high C-factor cavities.
However, no difference was found between the
two techniques in the low C-factor cavities.
The bond strength in the high C-factor cavities
was significantly lower than that of the low C-
factor cavities.

INTRODUCTION

The properties of resin composite have improved
significantly during the past decade. Nonetheless,
polymerization shrinkage of composite resin is still a
major cause of restoration failure. To optimally
restore a large cavity with composite, incremental
techniques have been recommended in order to
reduce microleakage and polymerization stress.1-4

However, some studies have reported that there was
no difference when the results of incremental and
bulk-fill techniques were compared.5-9

Many studies have compared the results of
incremental and bulk-fill techniques with respect to
bond strength, polymerization stress, cuspal deflec-
tion, gap width, and microleakage. Research on bond
strength to the cavity floor can be divided into two
groups depending on whether the depth of the
specimen cavity is more or less than 3 mm. In
general, when the microtensile bond strength to the
cavity floor was compared using specimens with less
than a 3-mm-deep cavity, no differences in the
results were obtained, irrespective of the technique
used. Loguercio and others compared the incremen-
tal and bulk-fill techniques in high and low C-factor
cavities with depths of 2 mm.5 The microtensile bond
strength and gap width results obtained by the two
techniques were similar in both the high and low C-
factor cavities. Van Ende and others investigated the
two techniques by comparing microtensile bond
strength in 2.5 mm-deep Class I cavities.10 The
results demonstrated that in four out of five groups
of composites, the microtensile strength was not
significantly different when using incremental vs
bulk-fill techniques.

In contrast to the results obtained using speci-
mens with a shallow cavity, the results obtained in
studies comparing incremental and bulk-fill tech-
niques using specimens with a cavity depth of more
than 3 mm generally differed from those obtained
with a 2-mm depth. Nikolaenko and others investi-
gated the effect of the layering technique on the
microtensile bond strength in a 4-mm-deep cavity.2

They found that the bulk-fill technique led to
significantly lower adhesion at the cavity floor.

According to Reis and others, bulk-fill groups
presented the lowest microtensile bond strength
with a 5-mm deep cavity.3 Likewise, Chikawa and
others demonstrated that the incremental filling
technique was more effective for adhesion to a 5-mm-
deep cavity floor than the bulk-fill technique.4 He
and others investigated the effects of cavity size on
the microtensile bond strength in Class I cavities
using incremental/bulk-fill techniques.1 They report-
ed that there was no difference in microtensile bond
strength in small cavities (3-mm deep). However,
there was a significant difference between the two
techniques in large cavities (5-mm deep).

The incremental and bulk-fill techniques can also
yield different results depending on the cavity
configuration of the specimens. No differences in
polymerization stress or marginal leakage were
observed between the incremental and bulk-filling
techniques when they were performed in MO or
MOD cavities.6-9,11 However, studies conducted on
the bond strength of Class I cavities demonstrated a
difference between the two techniques wherein a
higher bond strength was obtained using the
incremental technique.1,2,4,12 We conclude from a
brief review of the literature that the effectiveness of
the two techniques may differ depending on the
cavity size and configuration. Therefore, it was
determined that cavities of the same size and shape
but with different configurations should be com-
pared to identify the effectiveness of the two
techniques.

The C-factor can be used as a criterion to classify
cavity configuration. However, the C-factor alone
may not represent all the characteristics of the
cavity configuration, for example, the cavity wall
compliance. Even though cavities have the same C-
factor, they can have a different shape and compli-
ance, which is the inverse of stiffness and it can
demonstrate how flexible the cavity wall is. A high
compliance represents that the deflection of the
cavity wall is greater at a given force. It has been
reported that the magnitude of the stress developed
at the interface is related to the compliance of the
surrounding structures.13 However, polymerization
stresses are not uniformly distributed along the
cavity walls.14 Bond strength may also vary in
relation to the C-factor and compliance of the
cavity,15 which is the main concern of our study.

Bulk-fill composites, which can be adequately
light-cured on the deep cavity floor, can be used to
compare the two techniques.16 A recent development
in composite resins is bulk-fill technology, which
allows placement of resin composite in a single
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increment up to 4-5 mm in depth without compro-
mising polymerization efficiency.17-19 With micro- or
nano-hybrid composites, there are concerns that the
composite may not be completely light cured over the
entire depth of large restorations. Incomplete curing
of the composite precludes a valid comparison of the
two techniques. Bulk-fill composites can be divided
into two categories: flowable types and packable
types. In several studies, the two types were shown
to have different physical properties, including
polymerization stress.17,20 A final point of interest
is whether the bond strength to the cavity floor
would be the same with two different types of bulk-
fill composites.

The present study was performed to understand
how the following factors affect the microtensile
bond strength to the cavity floor: incremental vs
bulk-fill technique, high C-factor cavity vs low C-
factor cavity with different compliances of the cavity
walls, and the two different bulk-fill composites. The
null hypotheses in this study were

1. There was no difference in bond strength between
incrementally cured and bulk-cured composites.

2. There was no difference in bond strength between
high C-factor and low C-factor cavities.

3. There was no difference in bond strength between
cavities with a low compliance and those with a
high compliance.

4. There was no difference in bond strength between
two composites of different polymerization stress-
es.

METHODS AND MATERIALS

Specimen Preparation

The set-up employed in this study is schematically
illustrated in Figure 1. Noncarious human third
molars were stored in a 0.5% chloramine solution at
48C. The protocol for use of the teeth was approved
by the institutional review board under approval No.
VC15EISI0163. The teeth were used in the experi-
ment within 2 months after extraction. Eighty-four
teeth were chosen with a buccolingual dimension of
10.5 (60.5) mm. The teeth were randomly divided
into three experimental groups (I, II, and III) with 28
teeth per group. For group I, standard Class I
cavities (length, width, and depth: 43434 mm) were
prepared with a flat-end, straight diamond bur
(6837-016, Komet Brasseler, Lemgo, Germany). For
group II, the teeth were reduced on both the mesial
and distal sides until the width of the specimen was
4 mm. Then, MOD cavities having the same
dimensions were prepared. For group III, the same
reductions and preparations employed for group II
were performed. Then, the buccal and lingual cusps
were reduced with the same-size bur (Brasseler)
until the cuspal walls had a 1-mm-thick layer of
parallel dentin (group III, Figure 1). The cavity

Figure 1. Experimental procedure employed in this study.
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dimensions of group III were the same as those of
group II. However, reduced buccal and lingual cusps
represent different compliances of the cavity walls.
The resulting C-factors were C = 5 for group I and C
= 1 for groups II and III.

Measuring Cavity Wall Compliance

The specimen was positioned in a custom-made
device (R&B Inc, Daejon, Korea) to measure the
compliance using screws, pins, and a linear scale
sensor (inset photographs in Figure 1). The system
was designed to detect the amount of cavity wall
deflection while an external force was applied. Two
measuring pins were kept in contact with the center
of the buccal and lingual surfaces of the cusps. An
individual specimen stabilizer made of self-curing
acrylic resin was used to minimize the mobility of the
specimen. When a force of 20 N (2.04 kgf) was
applied, the inward cavity wall deflection (lm) was
detected by a linear scale sensor (Lie 5, Numeric
Jena Gmbh, Jena, Germany). The amount of deflec-
tion for each specimen was recorded after the 20 N
force was held for 3 minutes. Cavity wall complianc-
es were calculated for all specimens in groups II and
III by dividing the deflection amount by the applied
force (lm/N). The parameter for compliance of the
cavity wall was based on the research presented by
Lee and others.21 The compliance of each specimen
was recorded and the relationship between compli-
ance and microtensile bond strength was evaluated.

Restorative Procedures and Subgroups

After measuring the compliance of all specimens, a
two-step, self-etch bonding system (Clearfil SE Bond,
Kuraray Noritake Dental, Tokyo, Japan) was ap-
plied to all the specimens and then the samples were
light-cured for 10 seconds (1200 mW/cm2, Elipar
S10, 3M ESPE, St Paul, MN, USA). Next, each group
was divided into four subgroups with seven teeth
each. For groups II and III, a matrix band was
applied before placing the composite. These cavities
were filled with either three equal horizontal
composite layers or a single placement. For subgroup
1, TB-inc, the specimen was restored with Tetric N-
Ceram Bulk Fill (Ivoclar Vivadent, Schaan, Liech-
tenstein) by an incremental technique, which con-
sisted of three equal increments of horizontal
layering. After the first layer of composite (having
a thickness of about 1.3 mm) was placed, light curing
was carried out for 10 seconds. Then the second layer
was placed, followed by 10 seconds of light curing.
After the placement of the third layer, light curing
was performed for 20 seconds. For subgroup 2, TB-

bulk, the specimen was restored with Tetric N-
Ceram Bulk Fill composite by the bulk-fill technique.
Single placement of the composite resin was followed
by light curing for 40 seconds. For subgroup 3, VB-
inc, the specimen was restored with Venus Bulk Fill
(Heraeus Kulzer, Dormagen, Germany) by applying
the same incremental technique used for subgroup 1.
For subgroup 4, VB-bulk, the specimen was restored
with Venus Bulk Fill by using the same bulk fill
technique as that used for subgroup 2. The speci-
mens were stored for 7 days in room temperature
water before microtensile bond testing (l-TBS).

Micro-tensile Bond Test

The specimens were sectioned vertically into 1-mm-
thick slices with a low-speed diamond saw (Metsaw,
R&B) and then sectioned again at a right angle.
Resin-dentin sticks were obtained at the cavity floor
interface. The cross-sectional area was calculated
exactly for each specimen by measuring the width
and length using a digital caliper (Digimatic caliper,
Mitutoyo, Japan). Twenty-eight specimens (four
beams per tooth 3 seven teeth) were made for each
subgroup. The specimen was attached to a universal
testing machine (EZ test, Shimadzu, Kyoto, Japan)
with cyanoacrylate adhesive (Zapit, DVA, Anaheim,
CA, USA). It was then stressed in the testing device
at a crosshead speed of 1 mm/min until failure. The
value for l-TBS (MPa) was obtained by dividing the
measured force (N) by the individual bonded area
(mm2). If the specimen failed while being sectioned
or attached to the tester, it was recorded as a
pretesting failure (PTF), which was given a value of
0 MPa for the statistical analysis.

The mode of failure was determined using a light
stereo microscope (S8APO, Leica, Wetzlar, Ger-
many) at 503 magnification. The failure mode was
classified into four types according to the character-
istics of the fractured dentin side: cohesive failure in
resin composite, cohesive failure in dentin, mixed
failure, and adhesive failure between the adhesive
and dentin. The failure mode was classified as mixed
failure when a large region from the surface (.10%)
was included as cohesive failure in both dentin and
resin.12 The percentages among each category were
then calculated.

Measurement of Polymerization Shrinkage
Stress

The polymerization shrinkage stress of the resin
composite was measured using a custom-made
device and software (R&B).22 The instrument was
driven by a motor and was designed to move a metal
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bar up and down. The polymerization shrinkage
force applied to the acrylic tension rod was measured
by a load cell (100 kgf) connected to the bar. The light
required for polymerization of the resin composite
sample was projected from beneath the transparent
disc. The entire process was controlled by software
made by R&B.

Prior to the measurements, the setup was
switched to the compliance-allowed mode in which
the acrylic rod could be moved freely during resin
polymerization. The compliance of the system was
0.5 lm/N when the acrylic rod was used. Before
connecting the acrylic rod, its surface was roughened
with sandpaper (180 grit), treated with adhesive
resin (bonding agent, Clearfil SE bond, Kuraray
Noritake Dental, Okayama, Japan), and then light-
cured for 10 seconds. Next, 0.035 g (12.6 mm2) of
resin composite was placed onto an acrylic disc, and
the upper acrylic rod was positioned to ensure that
the thickness of the specimen was 1 mm and its
diameter was 4 mm. The stress measurement
between the tension rod and the resin composite
was set to zero before light curing. Then, the resin
composite was cured using a light-curing unit
(Bluephase, Ivoclar Vivadent; 800 mW/cm2) for 20
seconds through the transparent disc. While the
shrinkage stress was developing, displacement of the
acrylic rod was allowed to move as the composite
shrank. Along with the load-cell signal, the displace-
ment was continuously recorded by the computer
every 0.1 second for a period of 180 seconds. This
measurement was repeated five times for each
material and then the average value was calculated.

Statistical Analysis

Statistical analysis was performed using SPSS 18 for
Windows (SPSS Inc, Chicago, IL, USA). The l-TBS
data were statistically analyzed using a Kruskal-
Wallis test followed by the Mann-Whitney U-test to
compare the groups at the 0.05 level of significance.
Pairwise comparisons were carried out using Bonfer-
roni’s correction. Regression analysis was employed to
identify whether there was any correlation between
the l-TBS and compliance of the cavity wall.

l-TBS data were also analyzed by the Weibull
analysis using a software package (R3.1.1, R Foun-
dation for Statistical Computing, Vienna, Austria).
The PTFs were excluded from the Weibull analysis
because they cannot operate with zero values. The
slope (b) of the distribution curve was calculated.
Pivotal confidence bounds were also defined using
Monte Carlo simulations.23 B10 was calculated at
the 10% probability of failure (unreliability) level,
and the characteristic strength (scale parameter) at
a probability of failure of 0.632 was also measured.
The different groups were compared at the 10%
unreliability level (B10) and at the characteristic
strength.

RESULTS

Microtensile Bond Strength and the Fracture
Mode Analysis

Table 2 shows the results of the microtensile bond
strength at the cavity floor of each of the three
groups using different composite filling methods.
The results show significant differences between the
incremental and bulk-fill techniques in group I
(p=0.024 for subgroups 1 and 2; p=0.019 for
subgroups 3 and 4). When each subgroup of group I
was compared with that of groups II or III, a
statistical difference was also found (p,0.05). No
statistical difference was found when the cavity was
filled with either TB or VB (subgroup 1 was
compared with subgroup 3, and subgroup 2 was
compared with subgroup 4 in each of groups I, II,
and III; p.0.05). Figure 2 shows the results of the
fracture mode analysis after bond testing, revealing
that group I demonstrated a relatively high percent-
age of adhesive failures. In groups II and III, the
proportions of adhesive failures and mixed failures
were similar.

Compliance of Cavity Wall Results

The average measurement of cavity wall compliance
in group II was 5.1 lm/N with a standard deviation
of 0.62. The average measurement in group III was
8.7 lm/N with a standard deviation of 0.77.

Table 1: Composition of Resin Composites Used in This Study

Code Product Manufacturer Base Resin Filler (Wt/Vol%)

TB Tetric N-Ceram Bulk Fill Ivoclar Vivadent, Schaan, Liechtenstein Bis-GMA, UDMA dimethacrylate
co-monomers

78/55% (including prepolymer)

VB Venus Bulk Fill Heraeus Kulzer, Dormagen, Germany UDMA, EBPADMA 65/38%

Abbreviations: Bis-GMA, bisphenol A glycidyl dimethacrylate; UDMA, urethane dimethacrylate; EBPADMA, ethoxylated bisphenol A dimethacrylate.
The base resin composition and filler % were supplied by the manufacturers.
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Relationship Between M-TBS and Compliance

of the Cavity Wall

The compliance of each specimen is plotted against

the l-TBS values of the specimens in Figure 3. The

results show that in low C-factor cavities, there was

no correlation between l-TBS and compliance of the

cavity wall.

Polymerization Stress of Composite Resins

The average polymerization stress for TB was 1.88

MPa with a standard deviation of 0.14; for VB, it was

2.76 MPa, with a standard deviation of 0.38.

Results of Weibull Analysis

Table 3 shows the PTF (%) and results of the Weibull
analysis. PTF (%) is the number of failed specimens
in each subgroup divided by the total number of
specimens, in percent. The modulus parameter, b,
was determined by linear regression of a plot of the
ln of the inverse of survival probability (ln[1/survival
probability]) against l-TBS. The scale parameter, g,
also called characteristic strength, represents the
bond strength at which 63.2% of the specimens
failed. B10 indicates the bond strength at a 10%
probability of failure. Figure 4 is a representative
graph illustrating the Weibull analysis of groups I-1,
I-2, II-1, and II-2.

DISCUSSION

The incremental filling technique showed a higher l-
TBS than did the bulk-fill technique in the high C-
factor cavities (group I). There was no statistical
difference between the two techniques in the low C-
factor cavities (groups II and III). Thus, the first
hypothesis was partially rejected (Table 1). Because
the proportion of the unbounded surface was small
in the group I cavities, the polymerization stress
could not be relieved under the restricted condi-
tions.24 With the incremental technique, each incre-
ment with a reduced volume of resin could provide

Table 2: Microtensile Bond Strengths (MPa)a

Composite-filling
Method

Group I Group II Group III

1. TB-inc 12.72 (10.75)a *� 21.08 (9.31)b 20.81 (9.04)b

2. TB-bulk 6.35 (8.43)a* 18.93 (9.82)b 19.03 (9.21)b

3. VB-inc 11.81 (10.75)a * 19.86 (9.76)b 21.17 (8.29)b

4. VB-bulk 5.36 (7.93)a* 19.25 (9.30)b 18.50 (9.57)b

*Indicates a statistically significant difference between the incremental and
bulk fill techniques in group I (Kruskal-Wallis test followed by Mann-Whitney
U test; p,0.05).
a An identical lower superscript represents no statistically significant
difference among the groups (compared in each row, Kruskal-Wallis test
followed by Mann-Whitney U-test; p.0.05).
�Values in parentheses represent standard deviations.

Figure 2. Analysis of the fracture
mode: cohesive in resin, cohesive
failure in resin composite; cohesive
in dentin, cohesive failure in dentin;
mixed, cohesive failure in both dentin
and resin; adhesive, adhesive failure
between adhesive and dentin. All
specimens showing pretesting failure
are identified as adhesive failure
between adhesive and dentin.
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an additional free surface for the composite to relieve
the polymerization stress. Ferracane and others
indicated that maximizing the free surface is likely
to enhance stress relief by allowing increased flow of
material.25 However, in groups II and III, the
incremental technique was not proven to be as
effective as in group I. This may be because the
MOD cavity already had enough free surfaces for the
composite to relieve the stress. Nayif and others
speculated that the polymer network formation was
partly interrupted during polymerization under
restricted conditions.26 Rearrangement of the poly-
mer network may be differently related to the bond
strength in high and low C-factor cavities.

While the cavity configuration is undoubtedly one
of the most important reasons for the difference,
light attenuation may be another cause for the
differences obtained between the two techniques
for group I. Light curing of a bulk-fill composite can
be affected by several variables associated with the
light source, including distance, radiant exposure
(known as energy density), radiant emittance (as
power density), curing time, and the interval of light
curing. Light attenuation may vary with the layer
thickness or layering method.2,3,9,27 It was previous-
ly demonstrated that the first increment of the
composite on the bonding layer may play the most
important role with regard to bond strength.4 Van
Ende and others asserted that less light was
attenuated at the cavity bottom when a thin
increment was cured first. As a result, this layer
may polymerize adequately.12 When the first layer
was thinner than the following layer, a higher bond
strength was observed.1,4 In the bulk-fill technique,
if a composite layer is relatively thick, there may not
be enough double bonds for the composite to link to
the adhesive layer.28,29 A lower bond strength was
also observed with shorter light-curing times.10,30

According to several studies, low radiant emittance
generates a small number of free radicals, resulting
in longer polymeric chains with a low cross-linking
density.31,32 Thus, there may be both quantitative
and qualitative differences of bond structure.

Differences of the l-TBS were observed between
group I and group II or group III. Hence, the second
hypothesis was rejected. The bond strength of low C-
factor cavities was higher than that of high C-factor

Figure 3. Compliance of cavity wall vs l-TBS for groups II and III.
Solid line is the regression line resulting from linear regression
analysis. Shaded area shows the 95% confidence level.

Table 3: PTF (%) and Weibull Analysis Results of l-TBSf

Subgroup PTF (%)a bb gc B10d Characteristic Strengthe

Group I TB-inc 9 (32.1%) 2.87 20.99 9.6 [5.7-13.4]b,c 21.0 [17.6-25.1]a,b

TB-bulk 14 (50%) 2.43 13.77 5.4 [2.6-8.5]c 13.8 [10.8-17.8]b

VB-inc 10 (35.7%) 2.88 20.52 9.4 [5.5-13.2]b,c 20.5 [17.2-24.7]a,b

VB-bulk 16 (57.1%) 2.28 13.68 5.1 [2.1-8.4]c 13.7 [10.3-18.4]b

Group II TB-inc 2 (7.1%) 3.18 25.39 12.5 [8.6-16.3]a 25.4 [22.3-29.1]a

TB-bulk 3 (10.7%) 3.02 23.74 11.3 [7.5-15.0]a,b 23.7 [20.6-27.5]a

VB-inc 2 (7.1%) 3.14 23.75 11.6 [7.9-15.2]a 23.8 [20.8-27.2]a

VB-bulk 2 (7.1%) 3.08 23.07 11.1 [7.5-14.6]a,b 23.1 [20.1-26.6]a

Group III TB-inc 2 (7.1%) 3.66 24.74 13.4 [9.6-16.9]a 24.7 [22.0-27.8]a

TB-bulk 2 (7.1%) 3.36 22.64 11.6 [8.1-14.9]a 22.6 [20.0-25.7]a

VB-inc 1 (3.6%) 3.41 24.39 12.6 [8.9-16.1]a 24.4 [21.6-27.6]a

VB-bulk 3 (10.7%) 3.29 23.0 11.6 [8.0-15.1]a 23.0 [20.2-26.3]a

a PTF indicates pretesting failures, the number of failed specimens (as a percentage).
b Modulus, shape, or slope of the Weibull analysis.
c Eta or scale of the Weibull analysis.
d Estimation and 95% confidence interval at a 10% probability of failure.
e Characteristic strength and 95% confidence interval at B63.2 (63.2% unreliability).
f An identical superscript represents no significant difference among the groups within each column.
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cavities (Table 2). Polymerization stress can vary
depending on cavity configuration.33,34 The low bond
strength in group I may be due to the high
polymerization stress in high C-factor cavities.15

Feilzer and others demonstrated with their in vitro
model that restorations involving cavities with a C-
factor of less than one are more likely to survive
polymerization shrinkage stress.33 Watts and others
reported that polymerization stress can be greatly
affected by the volume of composite.35 The effect of
the C-factor should be investigated with specimens
of the same volume. In addition to the cavity
configuration, the volume was also identical to
ensure valid comparison in this experiment.

We also investigated the effect of cavity wall
compliance in this experiment. The magnitude of
the stress developed at the restoration’s interface is
related to the compliance of the surrounding struc-
tures.13 The bond strength of two groups (II and III)
showed no difference and as a result, the third
hypothesis was accepted. Thus, there is little
influence of the compliance on l-TBS in low-C-factor
cavities. A possible explanation could be that low C-
factor cavities provide enough free surfaces such
that the flexible walls of group III may not have any
influence. For Class I cavities, however, it was not
possible to measure the compliance of the wall using
the device employed in this experiment. Rodrigues

and others calculated the compliance for tooth
preparation in Class I cavities using the finite
element method.36 They demonstrated different
cavity compliances depending on the shape and
dimension of Class I cavities. Whether the compli-
ance of high C-factor cavity walls can affect the bond
strength remains to be seen. Further studies should
be conducted in high C-factor cavities to determine
the relationship between bond strength and compli-
ance.

Because different results were found in previous
research involving large and small cavities, large
cavities were chosen in this experiment to compare
the two techniques.1 A large cavity is an unfavorable
condition for bonding composite to tooth material. It
was previously asserted that use of the incremental
technique can be effective in large cavities.1 In
contrast, research with small cavities has shown no
difference between the two techniques.5 Other
studies have verified that the volume of the
shrinking composite influenced the polymerization
stress value.13,37 In small cavities, the reduction of
polymerization stress obtained by incremental filling
may not be sufficient to allow a significant difference
to be observed between the two techniques.38

There was no difference in l-TBS between sub-
groups 1 and 3 or between 2 and 4 in each group,
which allowed the last hypothesis to be accepted. TB

Figure 4. Weibull plot of l-TBS
values for groups I-1, I-2, II-1, and II-
2. Solid/dotted lines represent the
Weibull line and the pure solid lines
represent the 95% confidence
bounds, as calculated from Monte
Carlo simulations.
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showed lower polymerization stress than did VB.
However, no statistical difference was found be-
tween the l-TBS values of TB and VB. In studies
concerning the degree of conversion, TB showed a
significantly lower degree of conversion than did
VB.20,39 The degree of conversion of TB was 54.5%
and that of VB was 71.9%, as determined by Fourier
transform infrared spectrometry.39 For TB and VB, a
recent study investigated the bottom/top surface
hardness ratios. According to this study, the TB
and VB ratios were 0.82 and 0.91, respectively,
which indicated higher polymerization of the VB
composite on the floor side.40 A lower degree of
composite conversion was reported to be associated
with a lower bond strength.41,42 VB is also known to
have a significantly lower elastic modulus than TB,
which may help to relieve the stress.17,20 In other
studies, TB and VB demonstrated different physical
properties.17,20 Not only the polymerization stress of
the material but also other factors, such as the
degree of conversion and elastic modulus, might
have affected the bond strength to the floor.

Research has demonstrated that l-TBS to dentin
exhibits wide variability, which can mean that the
bond strength of a composite to tooth material may
vary in magnitude along the interface.43-46 Several
studies excluded specimens that failed during the
procedure, which Nikolaenko and others had
claimed to be inadequate.2 Failed specimens may
have two explanations: procedural error or too weak
bonding. Therefore, the validity of including failed
specimens for statistical analysis has been ques-
tioned. As an answer to this question, reporting the
number of PTFs has been suggested,47 as they can be
an indicator of a specimen’s ability to estimate
bonding quality. The PTF was highest in groups I-2
and I-4, which could indicate that more of the cavity
floor was detached or bonded weakly. In this
experiment, four beams per tooth were obtained for
a l-TBS test at the identical position of each tooth.
The cavity bottom dentin in all the specimens was
midcoronal and at the central pit position to make
sure that the effects of regional variability would be
minimal.

Another approach to compensate for the shortcom-
ings of the l-TBS would be the Weibull analysis. The
main difference is that the distribution of the
failures is not determined from actual measure-
ments, but is estimated from the data. Each Weibull
analysis is characterized by two parameters: b
(modulus) and g (scale) parameters. If the modulus
is higher, it can mean that the bonding procedure is
more reliable. Inokoshi and others have proposed

that if the scale is higher, the bonding effectiveness
will actually be better.48 The modulus and scale
parameters were found to be higher in incremental
filling groups than in bulk-fill groups (Table 3). This
difference was more evident in group I than in
groups II or III.

CONCLUSIONS

In high C-factor cavities, the incremental technique
showed higher bond strength than did the bulk-fill
technique on the cavity floor. In the low C-factor
cavities, there was no difference in bond strength
between the two techniques. The bond strength in
the high C-factor cavities was significantly lower
than that in the low C-factor cavities. In the latter,
the bond strength was not dependent on the
compliance of the cavity walls. Two composite resins
of different polymerization stresses did not show a
significant difference in bond strength.
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Color and Translucency of Resin-
based Composites: Comparison of

A-shade Specimens Within
Various Product Lines

D Kim � S-H Park

Clinical Relevance

Color and translucency of resin-based composites (RBCs) vary among the different shades
within each product line. These differences do not always follow the order of the shade
numbers. Clinicians should be aware of the optical characteristics of individual RBC
products to achieve predictable results.

SUMMARY

Objectives: The purpose of this study was to

examine and compare the color and translu-

cency of currently available resin-based com-

posites (RBCs) with respect to the shade num-

bers within each product line.

Methods and Materials: Four A-shades (A1, A2,

A3, and A3.5) of nine RBC products (Beautifil II,

Ceram-X One, Estelite Sigma Quick, Esthet-X

HD, Filtek Z250, Filtek Z350 XT, Gradia Direct,

Herculite Precis, and Tetric N-Ceram) were

investigated. Ten disk-shaped specimens of

two different thicknesses (1 and 2 mm) were
prepared for each shade of the RBCs. The
maximum blue light irradiance (Imax) through
the specimen was recorded using a digital
optometer. The color measurements were made
according to the CIELAB color scale (quantify-
ing L*, a*, and b*) using a colorimeter, and the
translucency parameter (TP) was calculated.
The L*, a*, b*, TP, and Imax values were com-
pared among the different shades and thick-
nesses of each product using one-way analysis
of variance followed by Tukey’s post hoc test.

Results: There were significant differences in
the color and translucency among the shades
and thicknesses within each product line
(p,0.001). The L*, Imax, and TP of the 1-mm
specimens were higher than those of the 2-mm
specimens. The specimens showed equal or
lower L* and Imax for higher shade numbers.
The a* values differed only slightly among the
shades, whereas the b* values were distributed
over a relatively wide range. The TP values
were independent of the order of shade num-
bers.
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Conclusions: Within the limitations of this
study, the RBCs became darker and yellowish
as the shade number increased. The blue light
irradiance decreased in increasing order of
the shade numbers. Changes in the translu-
cency demonstrated different trends among
the shades, depending on the product line.

INTRODUCTION

Resin-based composites (RBCs) have been widely
used as direct esthetic restorative materials in
dental clinics. There are various kinds of RBC
products supplied by different manufacturers, and
each of them has its own color and optical charac-
teristics. To satisfy increasing esthetic demands, it is
a challenge for clinicians to select an appropriate
product and technique that can best reproduce the
color and overall appearance of the patient’s teeth.

The color of an RBC is generally described as a
‘‘shade’’ based on the Munsell color system, which
consists of three primary color attributes: hue,
lightness, and chroma.1 Currently, most of the
manufacturers follow the VITA classical shade
system (VITA Zahnfabrik, Säckingen, Germany)
(Figure 1), where each RBC is labeled as a match
to one of 16 shade tabs.2 The shades are classified by
the hue (represented by letters, eg, A, B, C, and D)
and by the lightness (represented by numbers, eg, 1,
2, 3, and 4).

In addition to the primary color attributes, there
are other subtle optical properties to be considered,
such as translucency, opacity, opalescence, irides-
cence, surface gloss, and fluorescence.3 Among these,
translucency is regarded as one of the most impor-
tant factors influencing the esthetics of restora-
tions.4 Translucency is the ability of a layer of a

colored substance to allow an underlying back-
ground to show through.5 RBCs are optically
translucent materials because of their structure,
which is composed of a highly transparent matrix
and small filler particles. Incident light undergoes
reflection, absorption, scattering, and transmission
within the RBC material, and the translucency is
expressed as a consequence of the interactions of
these phenomena.6

Several authors have shown that the color and
translucency of RBCs depend on the manufacturer
and the shade classification.7-12 Schmeling and
others13 reported that RBCs with a high lightness
were more translucent than medium- and low-
lightness materials within the same product line (4
Seasons, Ivoclar Vivadent, Schaan, Liechtenstein).
In a recent study, the A3 shade showed the highest
translucency among the A1, A2, A3, and A3.5 shades
in another RBC product (Filtek Supreme XTE, 3M
ESPE, St Paul, MN, USA).14 These results suggest
that the translucency of RBCs can differ, depending
on the lightness, represented by the shade number,
even within the same product line. Although each of
these studies investigated only a single RBC prod-
uct, their findings should be considered carefully by
clinicians providing esthetic restorations. Yu and
Lee15 evaluated the relationship between the color
parameters and the translucency of various shades
of RBCs and reported that the lightness and
translucency showed a weak positive correlation
(r=0.117, p,0.05). However, they calculated only
the overall correlations between various brands and
shades of RBCs thoroughly; therefore, the color and
translucency of each shade and product need to be
reported and compared individually. In this regard,
there is a need for studies that cover a wide range of
currently available RBC products, evaluating the

Figure 1. VITA Classical shade system (VITA Zahnfabrik, Säckingen, Germany) (from manufacturer’s instructions).
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color and translucency of RBCs with respect to the
shade numbers.

Color and translucency affect the esthetics of a
restoration as well as the polymerization of the RBC
itself, as light needs to penetrate to a sufficient depth in
the material in order to activate the photoinitiators.
Adequate polymerization of RBCs depends on the
available light energy; the materials cannot be com-
pletely polymerized with insufficient light energy.16

While the esthetics depends on the overall translucen-
cy of RBC material, the effect of translucency on the
polymerization may be different to that considering the
esthetics, as most photoinitiators absorb light over a
certain range of wavelengths. For example, camphor-
quinone, the most widely used photoinitiator, absorbs
light at wavelengths between 460 and 480 nm;17 thus,
a transmittance confined to the blue light range would
be a decisive factor for the polymerization of RBCs
containing camphorquinone as a photoinitiator. Al-
though some studies have reported that the light
transmittance at blue wavelengths differed among the
different shades and types of RBCs,18-20 further
systematic studies of the blue light transmittance of
current RBC products are required.

Therefore, the purpose of this study was to
examine and compare the color and translucency of
RBCs with respect to the shade numbers within the
same product line. We also aimed to evaluate the
blue light transmittance of each RBC separately. We
expect that these findings can provide clinically
helpful information for using such RBCs in esthetic
restorative treatments.

METHODS AND MATERIALS

RBC Materials

Four A-shade materials with different shade num-
bers (A1, A2, A3, and A3.5) of nine RBC products
(Beautifil II [BF], Ceram-X One [CX], Estelite Sigma
Quick [ES], Esthet-X HD [EX], Filtek Z250 [F2],
Filtek Z350 XT [F3], Gradia Direct [GD], Herculite
Precis [HC], and Tetric N-Ceram [TC]) were selected
for the present study (as detailed in Table 1). The
characteristics and compositions of the RBCs are
summarized in Table 2.

Specimen Preparation

Ten disk-shaped specimens with two different thick-
nesses (1 and 2 mm) were prepared for each shade of
the nine RBC products, according to the International
Organization for Standardization (ISO) 404921 with a
slight modification (Figure 2). A custom-made stain-
less-steel mold (6 mm in diameter) was placed on a
transparent film on a glass slide. RBC material was
packed into the mold and covered with a transparent
film and a flat stainless-steel cylinder. Then the mold
was pressed to displace excess material and to
produce a disk of uniform thickness. The glass slide
and the cylinder were removed, and the RBC was
light cured for 40 seconds using a light curing unit
(Bluephase, Ivoclar Vivadent) placed directly on the
surface of the material. After polymerization, the
specimen was removed, and a digital caliper (500-181,
Mitutoyo, Tokyo, Japan) was used to measure the
thicknesses with a precision of 0.05 mm. The surface
was examined by visual inspection, and the specimen

Table 1: Resin-Based Composites Used in the Study

Code Manufacturer Product Name Shades/Lot Numbers

A1 A2 A3 A3.5

BF Shofu Inc
(Kyoto, Japan)

Beautifil II 121476 011596 051520 051590

CX Dentsply
(Konstanz, Germany)

Ceram-X One 1501000396 1503000560 1503000817 1501000306

ES Tokuyama Dental
(Tokyo, Japan)

Estelite Sigma Quick 129E85 138EY4 158EY4 123E45

EX Dentsply
(Milford, DE, USA)

Esthet-X HD 131002 1310023 131029 1412101

F2 3M ESPE
(St Paul, MN, USA)

Filtek Z250 N683493 N651172 N699362 N676563

F3 3M ESPE Filtek Z350 XT N676527 N617414 N676525 N670694

GD GC Corporation
(Tokyo, Japan)

Gradia Direct 1409043 1409021 1406262 1509101

HC Kerr
(Orange, CA, USA)

Herculite Precis 4944388 5552574 5552583 5518416

TC Ivoclar Vivadent
(Schaan, Liechtenstein)

Tetric N-Ceram U28046 U29443 U26780 U13046
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was rejected if there were any defects or irregulari-

ties. Each specimen was stored in distilled water for

24 hours.

Measurement of Blue Light Irradiance

During specimen preparation, prior to light curing,

the mold was placed at the entry of an integrating

sphere (UMBB-150, Gigahertz-Optik, Turkenfeld,
Germany) to measure the blue light irradiance.
The mold was custom designed and made for
mounting on this integrating sphere. During the
curing time, a digital optometer device (P-9710,
Gigahertz-Optik) was connected to the integrating
sphere and used to measure the transmitted irradi-
ance through the bottom of the specimen in real time
(Figure 2). The maximum irradiance during the
curing time (Imax; mW/cm2) was recorded for each
specimen. The light intensity of the curing unit, the
irradiance measured without any specimen, was
1405 mW/cm2.

Measurement of Color and Translucency

The color measurements were made according to the
Commission Internationale de l’Eclairage CIELAB
color scale22 using a colorimeter (CR-321, Minolta,
Osaka, Japan). L* indicates lightness (0 to 100), and
a* and b* indicate levels of red (þa*), green (�a*),
yellow (þb*), and blue (�b*) (�60 to 60). The L*, a*,
and b* values of each specimen were recorded

Table 2: Compositions and Characteristics of the Resin-Based Composite Materials (From Manufacturer’s Instructions)

Code Type Composition Filler Size
(lm)

Filler Content
(wt%/vol%)Matrix Filler

BF Nanohybrid Bis-GMA
TEGDMA

Surface prereacted glass ionomer
Multifunctional glass filler
Nanofiller

0.01-4.0/mean 0.8
0.01-0.02

83.3/68.6

CX Nanohybrid Dimethacrylate
based

Methacrylate modified polysiloxane
Barium-aluminum-borosilicate glass
Silica nanofiller

a a

ES Suprananofill Bis-GMA
TEGDMA

Silica/zirconia filler
Composite filler
Spherical submicron filler

0.1-0.3/mean 0.2 82/71

EX Nanohybrid Bis-GMA
Bis-EMA
TEGDMA

Barium fluoroborosilicate glass
Silica nanofiller

,1.0
0.04

77/60

F2 Microhybrid Bis-GMA
UDMA
Bis-EMA

Silica/zirconia filler 0.01-3.5 78/60

F3 Nanofill Bis-GMA
UDMA
TEGDMA
PEGDMA
Bis-EMA

Nonaggregated silica/zirconia filler
Aggregated silica/zirconia cluster

Silica 0.02/zirconia
0.004-0.011
0.6-20

78.5/63.3

GD Microhybrid UDMA Microhybrid filler (no barium glass) Mean 0.85 73/64

HC Nanohybrid Bis-GMA
TEGDMA

Prepolymerized filler
Silica nanofiller
Hybrid filler (barium glass)

30-50
0.02-0.05
Mean 0.4

78/59

TC Nanohybrid Bis-GMA
UDMA

Barium glass
Ytterbium trifluoride
Mixed oxide and copolymers

0.04-3.0 80-81/55-57

Abbreviations: wt%, weight percentage; vol%, volume percentage; Bis-GMA, bisphenol-A-glycidyl dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; Bis-
EMA, ethoxylated bisphenol-A-dimethacrylate; UDMA, urethane dimethacrylate.
a No information is available about the filler size and content of Ceram-X One.

Figure 2. Schematic diagram of the apparatus for the specimen
preparation and the blue light irradiance measurement.
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relative to the standard illuminant D65 against
black (L*=1.38, a*=0.00, b*=0.06) and white
(L*=94.44, a*=0.26, b*=1.69) reflectance standards
(Spectralon, Labsphere, North Sutton, NH, USA).
The aperture diameter of the colorimeter was 3 mm,
and each specimen was measured in triplicate. The
color difference between the specimens (DE) was
determined using the formula

DE ¼ ðL�x � L�y Þ
2 þ ða�x � a�y Þ

2 þ ðb�x � b�y Þ
2

h i1=2

where the L*, a*, and b* values were measured
against the white standard. The subscripts ‘‘x’’ and
‘‘y’’ refer to the shades (eg, A1, A2, A3, and A3.5). A
value of DE � 3.3 was used as the threshold for a
clinically perceivable color difference.23

The translucency parameter (TP) of each specimen
was obtained by calculating the color difference of
the specimen against the black and white standards
according to the formula5

TP ¼ ðL�B � L�WÞ
2 þ ða�B �a�WÞ

2 þ ðb�B � b�WÞ
2

h i1=2

where L*B, a*B, and b*B were measured against the
black background and L*W, a*W, and b*W were
measured against the white background. The differ-
ence in TP (DTP) was calculated by

DTP ¼ jTPx � TPyj

where the subscripts ‘‘x’’ and ‘‘y’’ refer to the shades
(eg, A1, A2, A3, and A3.5). A value of DTP � 2.0 was
used as the threshold for a clinically perceivable
translucency difference.24

Statistical Analysis

The color parameters measured against the white
background (L*, a*, and b*), TP, and Imax were
compared among the different shades and thickness-
es within each RBC product line using one-way
analysis of variance followed by Tukey’s post hoc
test. All statistical analyses were performed under a
95% confidence level using the SPSS 23 (IBM Corp,
Somers, NY, USA) software program.

RESULTS

The mean and standard deviation of the L*, a*, b*,
TP, and Imax values of each shade of the RBCs are
presented in Table 3 and Figure 3. All variables
showed significant differences among the different
shades and sample thicknesses within each prod-
uct line (p,0.05). The DE and DTP values between

the shades are presented in Table 4, and clinically
perceivable differences are indicated in Figure 3; it
can be seen that these parameters also differed
depending on the product line. The colors of all
four shades of each RBC product are indicated in
the three-dimensional CIELAB color space in
Figure 4.

Color

For all RBC products, the 1-mm specimens showed
higher L* values than the 2-mm specimens. Most
specimens showed equal or lower L* values for
higher shade numbers. Only in the case of the 2-mm
specimen of EX was a higher L* value observed for
the A3 shade compared to the A2 shade. Significant
decreases in L* were observed for the CX and GD
samples as a function of increasing shade number. In
the ES and HC product lines, there was no
significant difference in L* values between the A3
and A3.5 shades. For the EX, F2, and TC samples,
the A2 and A3 shades showed no difference in L*,
while in the BF, F3, and HC product lines, the L*
values of A1 and A2 shades showed no significant
difference (Table 3; Figure 3).

The a* values varied only slightly among the
shades and thicknesses, whereas the b* values were
distributed over a relatively wide range with respect
to the shade numbers and RBC products. The a*
values increased with increasing shade number for
the BF, CX, F2, F3, and HC samples. In the ES
product line, the A3 shade showed the highest a*
value among the four shades, while the EX samples
showed almost equal a* values for all shades. The
GD and TC samples showed no correlation between
the a* values and the shade numbers. All of the
RBCs demonstrated an increase in b* with increas-
ing shade number (Table 3; Figure 3).

Regardless of the significant differences in the L*,
a*, and b* values, there were some shades whose
color differences were not clinically perceivable
(DE,3.3) within every product line except EX,
which showed distinct color differences (DE�3.3)
among all shades (Table 4; Figure 3). For the 1-mm
specimens, between the A1 and A2 shades, F2
showed relatively distinct color differences
(DE=7.6) compared to the other products, and the
BF and HC samples showed color differences that
were clinically unperceivable (DE,3.3). Between
the A2 and A3 shades, the color differences were
only slightly different among the products, where
the CX, F2, and TC samples showed DE values less
than 3.3. Between the A3 and A3.5 shades, the EX
showed a maximum DE of 9.3, and four out of the

646 Operative Dentistry

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



nine products (ES, F2, F3, and GD) showed
clinically unperceivable color differences (DE,3.3).
Between the A1 and A3, A1 and A3.5, and A2 and
A3.5 shades, all specimens showed color differences
that were clinically perceivable (DE�3.3); the
greatest color difference was observed between the
A1 and A3.5 shades of the EX product (DE=17.68).
For the 2-mm specimens, the BF, ES, EX, GD, and
TC samples demonstrated similar color difference
patterns among the shades compared to those of the
1-mm specimens. CX showed DE values of more
than 3.3 among all shades. In the F2 product, there
was no distinct color difference even between the A2
and A3.5 shades (DE=3.27). The HC product
showed clinically unperceivable color differences

Figure 3. Mean L*, a*, b*, TP, and Imax values of each shade of the
RBC products. (A): Beautifil II (BF). (B): Ceram-X One (CX). (C):
Estelite Sigma Quick (ES). (D): Esthet-X HD (EX). (E): Filtek Z250
(F2). (F): Filtek Z350 XT (F3). (G): Gradia Direct (GD). (H): Herculite
Precis (HC). (I): Tetric N-Ceram (TC). Different letters denote
significant differences among the specimens within each RBC product
line (p,0.05). � Color difference that is clinically unperceivable
(DE,3.3). * Translucency difference that is clinically perceivable
(DTP�2.0).

Figure 3. Continued.
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Table 3: L*, a*, b*, TP, and Imax Values of Each Shade of the Resin-Based Compositesa

Code Thickness Shade L* a* b* TP Imax

Mean SD Mean SD Mean SD Mean SD Mean SD

BF 1 mm A1 66.35 0.49 A 0.48 0.07 G 9.38 0.21 D 14.22 0.69 A 394.20 4.17 A

A2 65.79 0.82 A 1.18 0.08 E 9.45 0.34 D 14.41 0.27 A 385.99 3.19 B

A3 64.00 0.30 B 1.96 0.03 C 14.53 0.12 B 13.66 0.27 A 297.37 3.68 C

A3.5 59.90 0.61 C 3.17 0.11 A 17.01 0.47 A 12.61 0.66 B 231.65 6.82 D

2 mm A1 60.14 0.58 C �0.03 0.14 H 4.81 0.14 E 5.81 0.32 C 191.74 2.88 E

A2 58.99 0.56 CD 0.77 0.08 F 4.81 0.25 E 5.88 0.29 C 184.98 2.55 E

A3 58.57 0.78 D 1.44 0.12 D 8.85 0.34 D 5.23 0.20 CD 120.53 3.05 F

A3.5 54.93 0.91 E 2.25 0.15 B 10.79 0.68 C 4.85 0.39 D 82.10 2.30 G

CX 1 mm A1 65.23 0.55 A �0.03 0.02 D 7.40 0.08 G 11.45 0.55 B 412.63 3.75 A

A2 62.70 0.72 B 1.03 0.03 C 10.31 0.20 E 11.94 0.47 B 374.88 2.25 B

A3 60.73 0.41 C 1.54 0.03 B 12.88 0.11 C 13.34 0.29 A 335.03 2.27 C

A3.5 59.11 0.59 D 1.62 0.04 B 17.54 0.25 A 13.68 0.25 A 310.20 2.29 D

2 mm A1 58.19 0.44 D �0.11 0.11 D 6.00 0.26 H 4.37 0.17 D 235.32 1.43 E

A2 55.02 0.72 E 1.04 0.12 C 8.71 0.25 F 4.47 0.21 D 194.11 1.18 F

A3 50.93 0.61 F 1.55 0.02 B 11.09 0.16 D 4.78 0.31 D 175.77 2.21 G

A3.5 49.51 0.63 G 1.84 0.09 A 15.40 0.36 B 5.65 0.38 C 146.18 1.76 H

ES 1 mm A1 66.08 0.60 A 0.19 0.14 E 4.82 0.23 E 15.12 0.29 A 432.76 3.77 A

A2 63.42 0.66 B 1.00 0.08 C 8.94 0.14 C 15.13 0.58 A 359.41 4.12 B

A3 60.01 0.63 C 2.19 0.09 A 11.54 0.27 B 13.94 0.73 B 297.70 5.15 C

A3.5 60.06 0.57 C 0.97 0.11 C 14.13 0.47 A 14.36 0.66 AB 276.73 8.61 D

2 mm A1 57.72 0.59 D �0.42 0.08 F 2.15 0.34 F 6.03 0.42 C 247.28 6.69 E

A2 56.08 0.56 E 0.32 0.11 DE 4.92 0.43 E 5.76 0.19 C 195.87 6.16 F

A3 53.26 0.62 F 1.40 0.12 B 6.80 0.31 D 5.32 0.34 C 144.07 2.47 G

A3.5 53.67 0.70 F 0.47 0.10 D 9.36 0.45 C 5.73 0.37 C 131.79 2.94 H

EX 1 mm A1 68.16 0.17 A �0.14 0.05 C 8.40 0.14 E 13.86 0.32 D 282.74 2.26 A

A2 67.07 0.51 B 0.12 0.06 B 12.96 0.45 C 15.62 0.64 A 255.37 1.90 B

A3 66.79 0.35 B �0.39 0.09 D 16.75 0.34 B 14.64 0.39 C 202.92 3.10 C

A3.5 63.52 0.32 C 0.53 0.08 A 25.45 0.83 A 15.65 0.59 A 141.32 1.42 D

2 mm A1 62.01 0.22 D �0.97 0.10 E 2.69 0.19 G 4.74 0.23 E 105.25 2.52 E

A2 60.15 0.32 F �0.93 0.10 E 5.91 0.22 F 5.05 0.26 E 84.81 1.96 F

A3 60.95 0.22 E �1.24 0.04 F 10.25 0.05 D 5.34 0.10 E 60.90 1.59 G

A3.5 58.40 0.43 G �0.97 0.15 E 16.97 0.68 B 5.26 0.27 E 32.23 1.35 H

F2 1 mm A1 63.97 0.36 A �0.93 0.38 F 6.59 0.17 F 12.68 0.52 D 368.65 4.47 A

A2 62.32 0.54 B �0.25 0.11 E 13.98 1.12 C 15.41 0.51 B 312.23 4.98 B

A3 61.28 0.27 B 1.20 0.08 C 15.55 0.11 B 14.54 0.21 C 276.27 4.19 D

A3.5 60.07 0.62 C 2.42 0.09 A 16.79 0.27 A 16.62 0.47 A 296.26 4.23 C

2 mm A1 58.08 0.89 D �1.67 0.08 G 2.83 0.17 G 5.02 0.24 G 193.89 8.22 E

A2 54.27 0.51 E �0.80 0.10 F 9.24 0.24 E 6.17 0.46 EF 143.15 4.66 F

A3 54.55 0.81 E 0.48 0.13 D 9.73 0.39 DE 5.52 0.34 FG 116.11 5.49 G

A3.5 52.41 0.68 F 1.60 0.14 B 10.46 0.55 D 6.49 0.31 E 125.83 5.09 G

F3 1 mm A1 66.66 0.46 A �1.03 0.06 F 6.99 0.26 E 12.64 0.41 B 384.86 11.61 A

A2 66.28 0.40 A �0.40 0.04 D 11.23 0.28 C 13.34 0.53 B 336.16 3.31 B

A3 62.90 0.74 B �0.02 0.06 C 13.30 0.33 B 12.78 0.50 B 288.12 8.87 C

A3.5 60.76 0.62 C 0.69 0.05 A 15.68 0.23 A 14.26 0.64 A 271.23 4.69 D

2 mm A1 60.34 0.41 CD �1.46 0.09 G 3.65 0.12 F 4.90 0.17 D 189.09 6.38 E

A2 59.42 0.23 D �0.83 0.06 E 7.44 0.18 E 5.14 0.20 D 146.14 5.34 F

A3 57.00 0.58 E �0.49 0.31 D 8.64 0.88 D 4.95 0.37 D 112.81 5.97 G

A3.5 54.41 0.51 F 0.30 0.06 B 10.85 0.08 C 6.25 0.22 C 121.26 3.89 G
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between the A1 and A2, A2 and A3, and A3 and A3.5

shades (DE,3.3). The greatest color difference was

observed between the A1 and A3.5 shades of the EX

product (DE=14.73).

Translucency

The translucency properties varied depending on the

RBC product line. The TP values of BF and ES

samples were similar for all four shades. In addition,

the HC line showed TP values confined within a

narrow range, even though there were significant

differences between A1/A2 and A3/A3.5. On the

contrary, CX, F3, GD, and TC samples showed equal

or higher TP values for higher shade numbers. For

the EX and F2 samples, the TP values increased

according to A1 , A3 , A2 , A3.5, ie, no correlation.

The correlations between the translucency and the

shade were the same for both the 1-mm and the 2-

mm specimens, where the 1-mm specimens showed

higher TP values than the 2-mm specimens for every

RBC product line (Table 3; Figure 3).

Unlike the TP value, Imax decreased when the
shade number increased for all nine RBC products
except the 1-mm F2 specimen, which showed a
higher Imax value for the A3.5 shade compared to the
A3 shade (Table 3; Figure 3).

The DTP values of the different shades also
differed with respect to the product line. For the 1-
mm specimens, the BF, ES, EX, F3, HC, and TC
samples showed a maximum DTP less than 2.0,
which is regarded as clinically unperceivable. The
CX samples showed a maximum DTP of 2.3 between
the A1 and A3.5 shades. The F2 and GD product
lines showed relatively clear differences in TP
among the shades, where the maximum DTP was
more than 3.5. For the 2-mm specimens, none of the
RBC products showed a perceivable DTP among the
shades (Table 4; Figure 3).

DISCUSSION

In the present study, the color and translucency of
four different shades (A1, A2, A3, and A3.5) of nine
RBC products were compared within each product

Table 3: L*, a*, b*, TP, and Imax Values of Each Shade of the Resin-Based Compositesa (cont.)

Code Thickness Shade L* a* b* TP Imax

Mean SD Mean SD Mean SD Mean SD Mean SD

GD 1 mm A1 68.68 0.34 A 0.36 0.11 E 7.14 0.31 F 14.59 0.44 C 417.72 6.90 A

A2 66.18 0.23 B 1.49 0.08 B 11.36 0.20 D 16.77 0.37 B 377.58 4.61 B

A3 65.43 0.81 B 1.10 0.13 C 14.95 0.24 B 18.19 0.64 A 346.75 5.56 C

A3.5 64.36 0.49 C 1.82 0.08 A 17.82 0.22 A 18.18 0.44 A 288.12 2.72 D

2 mm A1 61.81 0.48 D �0.17 0.12 F 4.34 0.23 G 6.07 0.30 F 176.24 2.60 E

A2 58.89 0.43 E 0.94 0.10 C 7.00 0.33 F 6.60 0.39 EF 161.12 1.47 F

A3 57.27 0.45 F 0.70 0.06 D 10.29 0.25 E 7.70 0.40 D 140.48 3.26 G

A3.5 56.30 0.27 G 1.34 0.13 B 11.95 0.28 C 7.30 0.22 DE 106.86 1.98 H

HC 1 mm A1 67.37 0.71 A �0.86 0.10 E 8.13 0.38 D 15.98 0.50 A 359.41 3.53 A

A2 67.18 0.31 A 0.24 0.07 C 10.39 0.18 C 16.22 0.26 A 342.48 1.67 B

A3 63.97 0.35 B 0.59 0.11 B 12.07 0.29 B 14.74 0.44 B 266.05 3.77 C

A3.5 63.35 0.52 B 1.80 0.08 A 15.53 0.46 A 14.56 0.42 B 229.70 5.69 D

2 mm A1 59.91 0.54 C �1.55 0.08 F 3.54 0.35 F 6.29 0.30 C 177.31 4.24 E

A2 59.91 0.48 C �0.44 0.14 D 5.30 0.25 E 6.28 0.40 C 154.25 4.84 F

A3 57.03 0.53 D �0.40 0.34 D 5.54 1.17 E 4.71 0.18 D 89.12 1.33 G

A3.5 56.92 0.37 D 0.55 0.11 B 8.39 0.26 D 4.45 0.41 D 67.68 2.79 H

TC 1 mm A1 64.69 0.59 A 0.47 0.17 B 3.94 0.25 E 14.77 0.19 C 409.27 4.88 A

A2 63.23 0.41 BC 1.23 0.09 A 8.43 0.17 C 15.59 0.44 B 358.76 3.20 B

A3 62.60 0.49 BC 0.51 0.14 B 10.71 0.20 B 14.92 0.39 BC 314.84 4.13 C

A3.5 61.74 0.63 C 1.09 0.13 A 16.04 0.54 A 16.63 0.57 A 273.74 4.57 D

2 mm A1 57.05 0.43 D �0.70 0.05 D 1.23 0.31 F 5.99 0.35 E 199.25 4.38 E

A2 55.96 0.42 E 0.46 0.14 B 4.35 0.20 E 6.26 0.42 DE 172.45 5.25 F

A3 55.80 0.65 E �0.22 0.10 C 6.43 0.32 D 6.12 0.37 DE 141.74 2.88 G

A3.5 54.08 0.34 F 0.54 0.07 B 10.74 0.52 B 6.80 0.36 D 107.55 3.97 H

a Different letters denote significant differences among the specimens within each resin-based composite product (p,0.05).
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line. The A shade was selected according to Paravina

and others,25 who reported that most human teeth

match the A shade of the VITA classical shade

system. Although there have been a number of

studies that evaluated the color and translucency of

RBCs,7-14 only few studies analyzed different shades

of various RBC products in numerical order. In this

regard, the results of this study are expected to

provide relevant information for the clinical use of

contemporary RBC products.

There were significant differences in L*, a*, and b*

values among the different shades of each RBC

product line (Table 3; Figure 3). The L* values of the

specimens tended to decrease as the shade number

increased, which is consistent with the shade

number indicating the lightness of the material. In

Table 4: DE and DTP Among the Four Shades of Each Resin-Based Compositea

Code Thickness 1 mm 2 mm

Shade A1 A2 A3 A3.5 A1 A2 A3 A3.5

BF A1 0.90b 5.85 10.34 1.40b 4.58 8.25

A2 0.19 5.45 9.79 0.07 4.11 7.37

A3 0.55 0.75 4.94 0.59 0.65 4.20

A3.5 1.61 1.80 1.06 0.97 1.03 0.38

CX A1 4.00 7.26 11.96 4.32 9.02 12.94

A2 0.49 3.27b 8.10 0.10 4.76 8.70

A3 1.89 1.40 4.94 0.42 0.31 4.55

A3.5 2.23c 1.74 0.35 1.29 1.18 0.87

ES A1 4.98 9.28 11.11 3.31 6.70 8.32

A2 0.02 4.45 6.18 0.27 3.55 5.05

A3 1.17 1.19 2.86b 0.71 0.44 2.75b

A3.5 0.75 0.77 0.42 0.30 0.03 0.41

EX A1 4.70 8.46 17.68 3.71 7.63 14.73

A2 1.76 3.83 12.98 0.31 4.42 11.20

A3 0.78 0.98 9.34 0.61 0.29 7.20

A3.5 1.78 0.02 1.01 0.53 0.21 0.08

F2 A1 7.61 9.59 11.42 7.51 8.04 10.06

A2 2.74c 2.37b 4.48 1.15 1.39b 3.27b

A3 1.87 0.87 2.12b 0.50 0.65 2.53b

A3.5 3.95c 1.21 2.08c 1.48 0.32 0.97

F3 A1 4.31 7.42 10.64 3.95 6.08 9.49

A2 0.70 3.98 7.17 0.24 2.72b 6.17

A3 0.14 0.56 3.27b 0.06 0.18 3.49

A3.5 1.62 0.92 1.48 1.36 1.12 1.30

GD A1 5.03 8.49 11.61 4.11 7.54 9.52

A2 2.18c 3.69 6.72 0.54 3.68 5.60

A3 3.60c 1.42 3.15b 1.63 1.10 2.02b

A3.5 3.59c 1.41 0.01 1.23 0.70 0.40

HC A1 2.52b 5.40 8.83 2.09b 3.69 6.08

A2 0.23 3.64 6.60 0.02 2.89b 4.41

A3 1.25 1.48 3.71 1.58 1.57 3.01b

A3.5 1.42 1.66 0.18 1.85 1.83 0.26

TC A1 4.78 7.08 12.47 3.51 5.37 10.04

A2 0.83 2.47b 7.75 0.27 2.20b 6.66

A3 0.15 0.68 5.43 0.13 0.14 4.70

A3.5 1.86 1.04 1.71 0.81 0.54 0.68
a Values in roman text indicate DE between the shades. Values in italic text indicate DTP between the shades.
b Color difference that is clinically unperceivable (DE,3.3).
c Translucency difference that is clinically perceivable (DTP�2.0).
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the CIELAB color space, as the a* and b* values

increase, the chroma of the color increases. In this

study, the RBCs showed various patterns of color

distribution with respect to the shade and product

line. This implies that the shade number includes

information about the hue and chroma in addition to

the lightness, consistent with the VITA classical

shade system.26 Overall, the a* values did not vary

Figure 4. The color distribution of
each shade of the RBC products in
the CIELAB color space. (A): 1-mm
specimens. (B): 2-mm specimens.

Kim & Park: Color and Translucency of Resin-Based Composites 651

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



much among the shades, whereas the b* values
covered a relatively wide range and gradually
increased with increasing shade number. From these
results, it is concluded that the RBC becomes darker
and yellowish when the shade number increases.

When the thickness of the specimen increased
from 1 mm to 2 mm, the L* and b* values decreased
significantly, whereas the a* values were either
unchanged or slightly increased for all products
(Table 3; Figure 3). In other words, the RBCs became
darker and bluish when they were thicker. There-
fore, for the restoration of a deep cavity, layering the
RBC using a slightly lighter-colored material could
be a way of avoiding it from looking dark. When the
restoration is thought to be slightly lighter than the
adjacent tooth structure in the final layering step
near the surface layer, we can use a higher shade
number to reduce the lightness and increase the
yellowish hue.

The TP and Imax values were measured separately
for evaluating the translucency considering two
different aspects: esthetics and polymerization. Both
TP and Imax differed significantly among the shade
numbers within each RBC product investigated in
this study (Table 3; Figure 3). The Imax decreased
with increasing shade number for all RBC product
lines, whereas the TP did not always follow the order
of the shade number. This implies that a specimen
with a higher shade number may need a longer light
curing time for complete polymerization; however, it
may not be directly related to the overall translu-
cency of the specimen. The blue light irradiance is
thought to be influenced mainly by the L* and b*
values of the specimen, which make it consistently
darker and yellowish when the shade number
increases.

The BF, ES, and HC product lines showed almost
no differences in TP values among the shades
despite distinguishable color differences. Hence,
restorations using these products would have similar
translucency regardless of the shade within the
same product line. Although the constant translu-
cency may be convenient and predictable for clini-
cians, we should consider the additional use of either
translucent or opaque composites to reproduce a
varied translucency in a natural tooth. In CX, F3,
GD, and TC samples, the TP values increased with
increasing shade number. For these products, light
restorations would appear to be more opaque than
dark restorations. When we use the A1 or A2 shades
of these RBCs, especially in anterior regions, we
need to accompany it with a translucent shade to
obtain proper translucency of the restoration. The

EX and F2 samples showed no correlation between
the TP and shade number (A1,A3,A2,A3.5);
hence, these products should be used with caution.

Several authors have investigated the effect of the
matrix and fillers on the color and translucency of
RBCs, such as the composition and distribution of
the matrix and fillers,27-30 size and shape of filler
particles,19,31 and refractive indices (RIs).32,33 The
amount of Bis-GMA in the matrix had a significant
effect on the translucency of RBCs,27 and the
translucency of Bis-GMA–based RBCs were much
higher than TEGDMA/UDMA-based RBCs.28 The
translucency was shown to decrease as the amount
of filler increased.29 The lightness was highly
correlated with the amount of filler, whereas the
hue and chroma were only moderately affected.30

The translucency decreased with a greater mismatch
between the RIs of the matrix and filler, as light is
scattered at the matrix-filler interfaces when it
passes through the RBCs.32 Ota and others33

reported that the L* and a* values increased and
TP decreased with increasing RI mismatch. The
development of filler technology makes it possible to
produce higher-translucency RBC materials; nano-
sized (smaller than 100 nm) filler particles do not
scatter light, as they are below the wavelength range
of visible light (380 to 780 nm).34 In addition to the
effect of the matrix and fillers, the color and
translucency of RBCs also depend on additives such
as dyes and other chemicals.35 Small amounts of
inorganic oxides are often added to change the color
and opacity of RBCs.36 The coloring material or
pigments absorb various wavelengths of visible light,
allowing other wavelengths to scatter out of the
object.6 When many internal particles are present in
the RBCs, the light is likely to be scattered and the
translucency decreased.15 White or high-lightness
gray pigments can be used to increase the lightness
while reducing the translucency.37

The exact reason for the different translucency
behavior among the products is uncertain; as the
RBCs were compared within the same product line,
all compositions were probably very similar. The
optical properties of RBCs may depend on the
specific manufacturing process, which is confidential
information. Nevertheless, it is worth noting that
the RBC products with similar characteristics
showed comparable translucency trends. The BF
and HC products include unique large fillers,
prereacted glass ionomer and prepolymerized fillers,
respectively. The ES materials have relatively
uniform filler shapes and sizes and spherical fillers
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with a size of 0.1 to 0.3 lm. The CX, EX, F2, F3, GD,
and TC products contain small hybrid filler particles.

In this study, we used DE � 3.3 as a threshold for
clinically visible color changes.23 We observed that
some specimens demonstrated DE values less than
3.3, even though they demonstrated significant
differences in either L*, a*, or b*. In particular,
between the A1 and A2 shades of BF and HC,
between the A2 and A3 shades of F2 and TC, and
between the A3 and A3.5 shades of ES, F2, and GD,
there were no perceivable differences in TP regard-
less of thickness; these shades could be used without
differentiation in clinics. A perception threshold for
DTP has only recently been suggested; Lee24 pro-
posed a DTP value of 2.0 as the perception threshold
of translucency, and this was applied in the present
study. However, this was calculated based only on
the threshold of the contrast ratio.38 Further
investigations should be carried out regarding the
clinically perceivable difference of translucency.

Although color and translucency of natural teeth
should be the reference for restorative materials, little
information is available regarding the optical proper-
ties of human teeth. The enamel and dentin layers
have natural variations among individuals, tooth
types, and sites on particular teeth. Hasegawa and
others39 evaluated the color and translucency of
human central incisors and found that the a* and
b* values of natural teeth tended to increase from
incisal to cervical, whereas the lightness and trans-
lucency decreased. Yu and others40 reported that the
mean TPs of 1-mm human enamel and dentin were
18.7 and 16.4, respectively, using a spectrophotome-
ter. They also mentioned that enamel showed lower
a* and b* values than dentin, which means dentin is
more reddish and yellowish in color. Pop-Ciutrila and
others41 evaluated the color and translucency of 2-
mm specimens of human dentin. The mean TP of
dentin specimens from anterior teeth was 6.85 as
measured using a spectrophotometer. In our study,
the TP of 1-mm specimens of RBC ranged from 11.45
(A1 shade of CX) to 18.19 (A3 shade of GD) and that of
2-mm specimens ranged from 4.37 (A1 shade of CX) to
7.70 (A3 shade of GD). Even though the data from
different studies are not directly comparable due to
differences in measuring instruments and methods,
we can assume that the translucency of currently
used RBCs is appropriate for replacing natural tooth
structures. A recent case report showed that highly
acceptable esthetic results could be obtained clinically
by combining two body shades, without the use of
opaque or translucent RBCs.42

The color and translucency of teeth changes
during aging.43 Over time, the enamel gets thinner
due to abrasion, and the dentin becomes thicker by
lifelong deposition and shrinkage of pulp. This
makes the overall color tone of a tooth yellowish.
Meanwhile, dentin sclerosis proceeds inside the
dentinal tubules, which makes dentin become more
homogeneous.44 In this respect, for the restorative
treatment of relatively old patients, it seems to be
reasonable to use a single shade of an RBC product
whose translucency increases with higher shade
numbers. However, from a different viewpoint, the
opposite also could be reasonable. For example,
when restoring a large anterior class IV cavity,
clinicians may use the layering technique (a dark
opaque shade for the inner dentin layer and a light
transparent shade for the outer enamel layer). In
this situation, it could be more favorable if the
translucency is inversely proportional to the shade
number.

Yu and Lee45 reported that the stability of the
optical properties of RBCs varied depending on their
type, brand, and shade. Considering the long-term
clinical aspects that the restoration is exposed
directly to the oral environment and the material
undergoes aging, the long-term stability of the color
and translucency of RBCs is another important
aspect to be considered. Further research related to
the stability of RBC products should be undertaken.

The optical properties of RBCs are the result of
complicated interactions of various factors, and
detailed knowledge is still lacking. For predictable
clinical applications, further detailed investigations
should be performed considering the color and
optical properties of the RBCs as well as their
stability considering the light source, surface mor-
phology, background color, and storage medium and
period. When clinicians perform restorative treat-
ments with high esthetic demands, such as anterior
class III or IV lesions, they should be aware of the
color and translucency characteristics of the individ-
ual RBC product in order to successfully reproduce
the appearance of natural teeth. The combination of
layers with different shade and translucency values
could be considered for this purpose, which would
provide more possibilities if several types of RBC
products were prepared in the clinic.

CONCLUSIONS

Within the limitations of this study, we observed
significant differences in the color and translucency
among the different shade numbers within each
RBC product line. Overall, the RBCs became darker
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and yellowish as the shade number increased. The
variations in the translucency were not correlated
with the order of the shade numbers. On the
contrary, the blue light transmittance consistently
decreased with increasing shade numbers for all
RBC types.
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Influence of Shrinkage and
Viscosity of Flowable Composite
Liners on Cervical Microleakage

of Class II Restorations:
A Micro-CT Analysis

J Nie � AU Yap � XY Wang

Clinical Relevance

Interfacial integrity of Class II restorations is improved by the use of flowable composite
liners, particularly those with low filler content. Giomer restorations had significantly less
microleakage than those restored with nano-filled composites.

SUMMARY

This study determined the influence of shrink-

age and viscosity of flowable composite liners

on the cervical microleakage of Class II resto-

rations using micro-CT. Seven composites of

varying viscosities were selected and included

five giomers (Shofu Beautifil II [BF], Flow Plus

F00 and F03 [F00 and F03], Flow F02 and F10

[F02 and F10]) and 2 nano-filled composites
(3M-ESPE Filtek Z350 [Z350] and Filtek Z350
Flowable [Z350F]). Polymerization shrinkage
(n=7) was assessed with the Acuvol volumetric
shrinkage analyzer while complex viscosity
was determined with the advanced rheometric
expansion system at 258C. Standardized Class
II restorations incorporating 1-mm horizontal
layers of different flowable liners and 3-mm
oblique layers of BF or Z350 were subjected to
a silver nitrate test for 24 hours and examined
using micro-CT. Microleakage was determined
at 0.1-mm intervals from the buccal to lingual
surfaces providing 30 sites per specimen and
scored accordingly. Statistical analysis was
performed with the one-way ANOVA, Kruskal-
Wallis test, and Spearman’s rho correlation at
a significance level of p,0.05. Mean volumetric
shrinkage ranged from 5.33 60.17% to
2.3560.02% for F02 to Z350, respectively. The
flowable materials had significantly higher
shrinkage than did their sculptable counter-
parts (BF and Z350). Complex viscosities
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ranged from 9.65 to 4.20 (Z350 and F10, respec-
tively) at a frequency of 10 rad/s and from 8.16
to 3.28 (Z350 and F03, respectively) for 100
rad/s. Giomer restorations had significantly
less leakage than did those restored with nano-
filled composites. No microleakage was ob-
served with restorations lined with F02 or
F10. The use of flowable liners reduced cervi-
cal microleakage of Class II restorations. In-
terfacial integrity of Class II restorations was
significantly correlated with liner viscosity,
filler volume, and shrinkage.

INTRODUCTION

Flowable composites were introduced in the mid-
1990s.1 They were developed to simplify placement
procedures, enhance adaption to the internal surfac-
es of cavity preparations, improve cavity seal, and
expand the clinical applications of resin-based
composites. To decrease viscosity and increase
flowability, filler loading of flowable composites
was substantially reduced. Filler volume of flowable
composites ranged from 37% to 53% compared with
50% to 70% of sculptable composite. While this
allows flowable materials to be dispensed through
fine-gauge needles, the higher resin content results
in reduced strength, wear resistance, rigidity, and
increased polymerization shrinkage.2 Polymeriza-
tion shrinkage stress at the tooth-restoration inter-
face can lead to enamel fractures, interfacial debond-
ing, and microleakage.3,4 Microleakage may well
cause marginal staining, postoperative sensitivity,
secondary caries, pulpal pathology, and restoration
failure.5

Flowable composite liners have been advocated as
the first increment at the cervical or gingival floor of
Class II restorations. They adapt well to microstruc-
tural irregularities of cavity preparations preceding
sculptable composite placement. Several studies
have reported a trend toward decreased microleak-
age in teeth restored with this technique.6-8 In
addition, a thinner layer of flowable composite liner
appears to provide better marginal seal and adapta-
tion and fewer voids.9-11 Nevertheless, microleakage
data from other authors do not support the use of
flowable composite liners.12

This incongruity can be attributed somewhat to
the fact that flowable composites are not a homoge-
neous group of materials. They vary significantly in
terms of formulation, handling, and viscosity due to
differences in resin and filler compositions. When
resin content increases, flowability and shrinkage
stress is higher, while elastic modulus is reduced.13

The reduced material rigidity together with en-
hanced cavity adaption may mitigate the greater
shrinkage stress accompanying the lower filler-
volume fractions of flowable composites.

While studies have investigated the influence of
polymerization shrinkage on microleakage of dental
composites,14-16 little is known about the impact of
flowable composite viscosity on cervical microleak-
age. Nor has the efficacy of flowable giomers as
liners been established. Giomers, offered in a wide
range of viscosities, are based on prereacted glass
ionomer (PRG) technology in which acid-reactive
fluorosilicate glass is reacted with polyacids in the
presence of water, freeze-dried, milled, silanized,
ground, and used as fillers. The objectives of this
study were to determine the influence of shrinkage
and viscosity of flowable composite liners on the
cervical microleakage of Class II restorations using
micro-CT. The relationships between polymerization
shrinkage, viscosity, and microleakage were also
established. The null hypotheses were as follows: 1)
polymerization shrinkage and viscosity of flowable
composite liners do not affect the cervical micro-
leakage of Class II restorations and 2) there are no
correlations between shrinkage, viscosity, and mi-
croleakage.

METHODS AND MATERIALS

Seven composite materials of varying viscosities
were selected for this study including one sculptable
giomer (Beautifil II [BF]) and four flowable giomers
(Beautifil Flow Plus F00 [F00], Beautifil Flow Plus
F03 [F03], Beautifil Flow F02 [F02], and Beautifil
Flow F10 [F10]) in addition to a sculptable composite
(Filtek Z350 [Z350]) and a flowable nano-filled
composite (Filtek Z350 Flowable [Z350F]). The
composite materials were used in conjunction with
their corresponding conditioning/adhesive systems.
The technical profiles of the materials evaluated are
listed in Table 1. Information pertaining to material
composition and filler volume were supplied by the
manufacturers.

Volumetric Polymerization Shrinkage

The volumetic shrinkage of the composites was
determined with the Acuvol volumetric shrinkage
analyzer (X-81100P, Bisco, Schaumburg, IL, USA) at
258C using the single-view mode. Seven specimens of
each composite (n=7) were fabricated and tested.
Flowable materials were syringed onto the Teflon
pedestal and shaped into a hemisphere; sculptable
materials were rolled into a ball and placed on the
pedestal. The specimens were allowed to stand for 5
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minutes before the initial precure volume (V1) was
recorded. The specimens were then cured for 20
seconds using a LED curing light with an intensity of
500 mW/cm2 (Bluphase, Ivoclar Vivadent, Shaan,
Liechtenstein). The light cure tip was positioned 1
mm above the top of the specimens. Postcure volume
(V2) was recorded 2 minutes after removal of the
light source. The volumetric polymerization shrink-
age of the materials was calculated according to the
equation: polymerization shrinkage = (V1�V2)/
V13100%. Shrinkage data was subjected to normal-
ity testing with the Kolmogorov-Smirnov test. As
data was normally distributed, it was consequently
analyzed using the one-way ANOVA/LSD post hoc
test at a significance level of a=0.05. Correlation
between filler volume and shrinkage was analyzed
using Pearson’s correlation test (2-tailed, a=0.05).

Viscosity

Viscosity measurements were performed using an
Advanced Rheometric Expansion System (ARES, TA
Instruments, New Castle, DE, USA) at a tempera-

ture of 258C. The parallel plates viscometer module
with a diameter of 25 mm was utilized to determine
the viscosity of the composites. The gap between the
plates was set at 1 mm. Strain sweep tests were
performed to check the range of uniform output
signals to ensure that all measurements were
carried out within the linear limit of each material’s
deformation. A time sweep test was then conducted
to destroy the internal structure of the specimens
and to reveal any potential thixotropic behavior. A
frequency sweep test was subsequently performed
from 0.01 to 100 rad/s to determine the variation of
the complex viscosity (g*) as a function of frequen-
cy.17

Microleakage

Twenty-one caries-free human premolars freshly
extracted for orthodontic reasons were randomly
divided into seven groups. Standardized Class II
cavities (3 mm buccolingually, 4 mm occlusogingi-
vally, and 2 mm deep [width of the gingival floor])
were prepared in each tooth using cylindrical

Table 1: Technical Profiles of the Various Materials Evaluated

Materials Batch Number Composition Filler Volume (%)

Beautifil Flow Plus F00 (F00) 091013 Bis-GMAa

TEGDMA
Aluminofluoro-borosilicate glass
Al2O3, DL-camphorquinone

47.0

Beautifil Flow F02 (F02) 041156 Bis-GMA
TEGDMA
Aluminofluoro-borosilicate glass
Al2O3, DL-camphorquinone

34.6

Beautifil Flow Plus F03 (F03) 041004 Bis-GMA
TEGDMA
Aluminofluoro-borosilicate glass
Al2O3, DL-camphorquinone

46.3

Beautifil Flow F10 (F10) 041125 Bis-GMA
TEGDMA
Aluminofluoro-borosilicate glass
Al2O3, DL-camphorquinone

33.3

Beautifil II (BF) 061139 Bis-GMA
TEGDMA
Aluminofluoro-borosilicate glass
Al2O3, DL-camphorquinone

68.6

Filtek Z350 Flowable (Z350F) N313982 Bis-GMA
TEGDMA
Bis-EMA
Zirconia/silica filler

55.0

Filtek Z350 (Z350) N142553 Bis-GMA
TEGDMA
Bis-EMA
UDMA
Zirconia/silica filler

59.5

a Bis-GMA, bisphenylglycidyl dimethacrylate; TEGDMA, triethylenglycol dimethacrylate; Bis-EMA, bisphenol A ethoxylated dimethacrylate; UDMA,
urethanedimethacrylate.
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diamond burs (Dia-burs, Mani, Tochigi, Japan) with
water spray. The cervical cavity margins of the
preparations were all in enamel. The teeth were
then fixed in resin blocks (denture base resin type
II, Shanhai Medical Instruments, Shanghai, Chi-
na). A typodont model was established to simulate
the interproximal relationship between two adja-
cent premolars. Sectional matrices (Palodent Sys-
tem, Dentsply, Milford, DE, USA) were placed,
secured with wooden wedges (Hawe-Sycamore
interdental wedges, Kerr, Bioggio, Switzerland),
and checked with a hand instrument (Silver probe,
Hu-Friedy, Chicago, IL, USA) to ensure that no
detectable space existed between the matrices and
cavity margins.

The Class II preparations were restored with
different material combinations as shown in Table
2. Approximately 1-mm thick horizontal layers of
composites were placed at the cervical margins and
light cured for 20 seconds from the occlusal. Two
oblique layers were subsequently applied in less
than 2-mm increments and cured for 20 seconds
each. After removal of the matrices, the restorations
were cured for an additional 20 seconds from the
buccal and lingual surfaces. The restored teeth were
then polished (Super-snap polishing system, Shofu,
Kyoto, Japan) and checked under a stereomicroscope
(Zoom-630E, Shanghai Changfang Optical Instru-
ment, Shanghai, China) at 403 magnification to
prevent any detectable overhangs or microgaps
along the margins. The teeth were then stored in
distilled water at 258C for 24 hours prior to micro-
leakage testing.

The restored teeth were coated with two layers of
nail varnish 1 mm short of the restoration margins
and allowed to dry for 10 minutes. The primed teeth
were then immersed in 50% AgNO3 solution (AgNO3,
Sinopharm, Beijing, China) for 24 hours, washed
under running water, stored in developer (RPX-
OMAT, Kodak China, Shanghai, China) for 3 hours,

and ultrasonically cleaned for 1 minute to eliminate
silver particles from the tooth surfaces. A micro-CT
system (Micro-CT, Institute of High Energy Physics,
Chinese Academy of Science, Beijing, China) with an
X-ray source of 70 kV/90 mA was used to scan the
specimens. Each specimen was rotated 3608 with a
rotation step of 0.48, and 900 projections were taken
for each sample. The projections were reconstructed
and converted to 2D bitmap format images. Resolu-
tion of the image was 1024*1024, with a pixel size of
11.5 lm. Cervical microleakage was scored according
to the depth of dye penetration at the tooth-
restoration interfaces using Mimics 10.01 software
(Mimics, Materialise, Leuven, Belgium). Microleak-
age was recorded at 0.1-mm intervals from the
buccal to lingual surfaces providing 30 sites per
specimen and a total of 90 sites per group. Scoring
for microleakage (Figure 1) was as follows: 0 = no
dye penetration, 1 = dye penetration 0.0–0.5 mm, 2
= dye penetration 0.5–1.0 mm, 3 = dye penetration
1.0–1.5 mm, and 4 = dye penetration extending
beyond 1.5 mm to the cavity wall. Microleakage data
for the various material combinations were comput-
ed and analyzed using the Kruskal-Wallis test at
significance level p,0.05. Correlations between
microleakge, viscosity, shrinkage, and filler volume
were performed with Spearman’s rho correlation at
significance level a=0.05. Statistical analysis was
carried out using SPSS version 20.0 (IBM, SPSS,
Chicago, IL, USA).

RESULTS

Mean volumetric shrinkage for the flowable and
sculptable composites is shown in Table 3. The
flowable materials shrank more than their sculpt-
able counterparts BF and Z350. F02 and F10 had
significantly higher shrinkage than did F00, F03, or
Z350F. Correlation coefficient between filler volume
and volumetric shrinkage was �0.86 for all compos-
ites and �0.98 for the giomer materials. Complex

Table 2: Restorative Protocol for the Class II Restorationsa

Group Bonding system Material Used in Each Layer

Horizontal Layer (1 mm) Oblique Layer (3 mm)

F00-BF FL-Bond II F00 BF

F02-BF FL-Bond II F02 BF

F03-BF FL-Bond II F03 BF

F10-BF FL-Bond II F10 BF

BF-BF FL-Bond II BF BF

Z350F-Z350 Adper Easy One Z350F Z350

Z350-Z350 Adper Easy One Z350 Z350
a Abbreviations are given in Table 1.
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viscosity is an objective rheologic index of flowability
of materials. A lower complex viscosity stipulates
easier flow. The flowability of all composites im-
proved with increasing frequency (Figure 2). Table 4
indicates the complex viscosities, after natural
logarithmic transformation, at frequencies x = 100
rad/s and 10 rad/s that represent the viscosities of
the composites during and after extrusion through
the syringe needle. At both 10 rad/s and 100 rad/s,
the sculptable materials BF and Z350 had the
highest complex viscosities. For the flowable com-
posites, three-clustering of complex viscosities was
observed as follows: Z350F and F02 . F00 . F03
and F10.

Distribution and mean rank of cervical micro-
leakage scores are reflected in Table 5. The use of
flowable and sculptable giomer materials resulted in
less microleakage than that of their nano-filled
counterparts. No microleakage was observed for
restorations restored with F02 or F10 flowable
giomer liners. For both composite types, the use of
flowable liners resulted in significantly less micro-
leakage. Table 6 displays the correlations between
viscosity and microleakage as well as shrinkage and
microleakage. Significant correlations were observed
between shrinkage and microleakage (r=�0.78), also
between filler volume and microleakage (r=0.88).
Significant correlations were also noted between

viscosity and microleakage at frequencies of 10 rad/s
(r=0.81) and 100 rad/s (r=0.76). Although viscosity
was negatively related to shrinkage (r=�0.61 and
�0.54), the correlations were not significant.

DISCUSSION

The effect of flowable composite liner shrinkage and
viscosity on the cervical microleakage of Class II
restorations was evaluated using micro-CT. The null
hypotheses were rejected as microleakage was
significantly influenced by and correlated with
polymerization shrinkage and viscosity of the flow-
able composite liners. Complex viscosities of the
flowable composites were significantly lower than
were their sculptable counterparts BF and Z350. The
flowable materials evaluated were non-Newtonian in
nature, exhibiting decreased viscosity with increased
shear (frequency) rate. This ‘‘shear-thinning’’ behav-
ior allows the flowable composites to be injected
easily through fine gauge needles.18 Complex viscos-
ities of the flowable materials, which were shear-rate
dependent, varied markedly as with other commer-
cially available flowable composites.19 Dental com-
posites consist primarily of an organic resin matrix
and inorganic glass fillers. When shear stresses are
applied, the arrangement of the resin monomer
molecules and glass fillers are altered. Moreover,

Figure 1. Representative images depicting cervical microleakage scoring according to depth of dye penetration at the tooth-restoration interfaces
using micro-CT. (A-C): Microleakage scores of 0, 2, and 4 according to the depth of silver penetration.

Table 3: Mean Volumetric Shrinkage of the Various Materials

F00 F02 F03 F10 BF Z350F Z350

Shrinkage (%) 4.63 (0.23)a 5.33 (0.17)b 4.72 (0.24)a 5.20 (0.21)b 2.55 (0.09)c 4.81 (0.04)a 2.35 (0.02)c

a-c Letters indicate statistically significant differences. Results of one-way ANOVA and LSD post hoc test (p,0.05).
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interactions between the resin matrix and fillers are
also weakened, leading to decreased viscosity with
increasing shear frequency (Figure 1). The variance
in complex viscosities between flowable materials is
an intricate phenomenon that can be attributed to
disparities in resin composition as well as filler size,
content, surface morphology, and treatment meth-
od.20

Although volumetric polymerization shrinkage
can be assessed by a variety of methods, the optical
video imaging technique was selected because of its
relative simplicity and comparable dilatometry re-
sults.21 Polymerization shrinkage is affected by the
resin matrix composition, filler type, and content.22

The PRG fillers in the giomer composites can release
and recharge fluoride, depending on environmental
fluoride concentrations, without compromising
strength and stability.23 The giomer materials
evaluated contained the same resins and fillers but
in varying quantities (Table 1). When filler content
decreased from 68.6% to 33.3%, volumetric shrink-
age increased from 2.55% to 5.20% accordingly. The
association between filler volume and shrinkage for
the giomer composites was significant and very

strong (r=�0.98). When data for all composites were
considered, filler volume was found to be the
dominant factor affecting volumetric shrinkage.
Our data corroborated those of other authors
evaluating the polymerization shrinkage of commer-
cial and experimental composites based on zirconia,
silica, and other types of fillers.24,25

In addition to filler content, the relative proportion
of Bis-GMA, TEGDMA, and other monomers were
reported to affect volumetric shrinkage.26 The resin
matrix of most dental composites is a blend of
BisGMA and TEGDMA. TEGDMA, which has lower
molecular weight and viscosity than Bis-GMA,
serves as a diluent and facilitates the incorporation
of inorganic fillers. TEGDMA’s low molecular
weight, however, offers a large number of double
bonds and provides a high degree of cross-linking
leading to greater shrinkage.18 The aforementioned
may explain in part the slightly higher shrinkage of
BF (2.55%) compared with that of Z350 (2.35%)
despite BF’s higher filler content (Table 1). The
flowable ‘‘Plus’’ giomers (ie, F00 and F03) also
contain more TEGDMA than do their predecessors
F02 and F10,27 which may have negated some of the

Figure 2. Complex viscosities of the materials at different frequencies.

Table 4: Complex Viscosity of the Materials at Frequencies of 10 rad/s and 100 rad/s

F00 F02 F03 F10 BF Z350F Z350

Complex viscosity frequency (10 rad/s) 5.33 5.68 4.29 4.20 8.88 5.93 9.65

Complex viscosity frequency (100 rad/s) 3.98 4.56 3.28 3.44 7.40 4.58 8.16
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positive effects on polymerization shrinkage offered
by the higher filler content of F00 and F03.

Micro-CT has been used to study dental composite
shrinkage, gap formation, and microleakge.28 This
nondestructive technique requires a radiopaque dye
such as silver nitrate for studying the interfacial
integrity of composite restorations. Cross-sectional
analysis was performed as 3D reconstruction soft-
ware was not available for the micro-CT used. A 1-
mm layer of flowable composite liner was used before
placing the sculptable materials, as this has been
shown to result in the least microleakage.29 No
microleakage was observed when F02 and F10 were
used as flowable liners. Both these materials had the
lowest filler volume and highest resin content.

Although higher resin content is associated with
greater shrinkage stress,22 a strong and negative
association was observed between shrinkage and
microleakage (r=�0.78). The greater shrinkage stress
accompanying the higher resin content of flowable
liners might be mitigated by their lower elastic
modulus and viscosity.30,31 Shrinkage stress of the
sculptable composites is absorbed by the relatively
elastic initial layer of liner, thereby preserving the
cervical interfacial integrity of the Class II restora-
tions.31,32 Microleakage was significantly and strong-
ly correlated with viscosity due to poorer cavity
adaptations. Findings corroborated the results of
previous studies on nongiomer materials.6-8 The
giomer restorations had significantly less microleak-
age than those restored with nano-filled composites.
This, along with their fluoride release/recharge and

antibacterial properties, accounts partly for their
long-term, favorable performance.33

The current study had several limitations. First,
the cervical cavity margins of the Class II prepara-
tions were located in enamel and not dentin.
Bonding to enamel results in less microleakage and
merely embodies a best-case scenario.34 The ability
of flowable composite liners to reduce microleakage
at dentin margins is still contentious35,36 and
warrants additional investigation. Moreover, the
aging and thermal cycling of restorations is known
to adversely affect enamel microleakage.34,37 These
events are beyond the scope of the current study and
should be considered for future work. Adhesive
strategies and systems may possibly influence micro-
leakage and bond strengths.37-39 The aforemen-
tioned, together with clinical data from longevity
studies, are merited to substantiate the clinical
utility of flowable composite liners in Class II
restorations.

CONCLUSIONS

The influence of polymerization shrinkage and
viscosity of flowable composite liners on the cervical
microleakage of Class II restorations was evaluated
using micro-CT. Within the limitations of this in-
vitro study, the following conclusions can be made:

1. Flowable composite liners should be used to
reduce cervical microleakge of Class II restora-
tions.

Table 5: Distribution and Mean Ranks of the Cervical Microleakage Scores for the Various Materials

Score n Mean Ranks

0 0,a�0.5 0.5,a�1 1,a�1.5 1.5,a�2
0 1 2 3 4

F00 73 17 – – – 90 265.8a,b

F02 90 – – – – 90 218.5a

F03 76 14 – – – 90 257.5a,b

F10 90 – – – – 90 218.5a

BF 65 15 2 5 3 90 298.5b

Z350F 41 12 17 4 16 90 391.7c

Z350 1 7 5 50 27 90 558.0d

a-c Letters indicate statistically significant differences. Results of Kruskal-Wallis test (p,0.05).

Table 6: Correlations Between Shrinkage, Microleakage, Resin Content, and Viscosity

Viscosity Microleakage

Shrinkage Microleakage Filler Volume Shrinkage

10 rad/s 100 rad/s 10 rad/s 100 rad/s

r �0.61 �0.54 0.81* 0.76* 0.88* �0.78*

* indicates significant correlation. Results of Spearman’s rho correlation (p,0.05, 2-tailed).
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2. Cervical microleakage is associated with the
polymerization shrinkage and viscosity of the
flowable composite liners employed.

3. When selecting composite liners, those with lower
filler volume are encouraged despite their higher
shrinkage.

4. Giomer restorations had significantly less cervical
microleakage than those restored with nano-filled
composites.
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Microshear Bond Strength of High-
viscosity Glass-ionomer to Normal
and Caries-affected Dentin Under

Simulated Intrapulpal Pressure

HA El-Deeb � EH Mobarak

Clinical Relevance

Current versions of high-viscosity glass-ionomer cements used with atraumatic restorative
treatment show comparable bonding to normal and caries-affected dentin.

SUMMARY

Objectives: The use of high-viscosity glass-
ionomer cements (HVGICs) for atraumatic
restorative treatment (ART) restorations is
widely practiced with the advent of various
HVGICs. However, the bonding of the latter to
caries-affected dentin (CAD) should be validat-
ed, especially because it is the common sub-
strate left after conservative caries removal
following the ART approach. Hence, this study
was carried out to evaluate the microshear
bond strength (lSBS) of three HVGICs to
normal dentin (ND) and CAD under intrapul-
pal pressure (IPP) simulation.

Methods and Materials: The occlusal enamel of
90 molars with mid-coronal caries was cut to

expose flat dentin surfaces containing both ND
and CAD. Dentin substrates (ND and CAD)
were differentiated using visual, tactile, car-
ies-detecting dye, and dye-permeability meth-
ods. Prepared crown segments were equally
divided (n=30) according to the tested HVGICs
into GC Fuji IX GP Fast, Fuji IX GP containing
chlorhexidine, and zinc-reinforced ChemFil
Rock HVGIC. Microcylinders of tested HVGICs
were built up on both dentin substrates (n=30
for each tested HVGIC per each substrate)
using starch tubes while the specimens were
subjected to simulated IPP of 15 mm Hg. The
lSBS test was conducted using a universal
testing machine, and failure modes were de-
termined using a scanning electron micro-
scope. Data were statistically analyzed using
two-way analysis of variance (ANOVA) with
repeated measures, one-way ANOVA, and Bon-
ferroni post hoc tests (a=0.05).

Results: For both dentin substrates (ND and
CAD), the lSBS values of ChemFil Rock were
significantly higher than those recorded for the
other HVGICs. The lSBS values of each tested
HVGIC to ND and CAD were not statistically
different. Failure modes were mainly mixed.
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Conclusions: Zinc-reinforced HVGIC ChemFil
Rock showed superior bonding to ND and CAD
compared to the GC Fuji IX GP Fast and Fuji IX
with chlorhexidine. However, each of the test-
ed HVGICs showed comparable bonding to
both dentin substrates (ND and CAD).

INTRODUCTION

After more than 20 years of scientific studies, the
atraumatic restorative treatment (ART) approach
has become a cornerstone in global oral health.1 ART
involves the removal of soft completely demineral-
ized carious tooth tissues with hand instruments,
leaving hard, discolored caries-affected dentin
(CAD), followed by the restoration of the cavity with
an adhesive dental material that simultaneously
seals the remaining caries-risk pits and fissures.
Because of their biocompatibility, adhesive potential
to tooth structure, compatibility of their coefficient of
thermal expansion with that of the tooth structure,
and the potential for fluoride releasing and recharg-
ing, glass-ionomer cements (GICs) are considered
‘‘smart’’ restorative materials to be used with ART.
Despite of these outstanding advantages, GICs still
suffer from shortcomings, such as early weakening of
strength properties compared to resin composites,
lack of command set, and moisture sensitivity.2

Therefore, improvements were needed to overcome
the above-stated drawbacks.3

Attempts to enhance the mechanical properties of
GICs by increasing the powder/liquid ratios4 came
up with newer brands of HVGICs that were
recommended for use with ART. Meta-analytic
studies proved that HVGICs can be used with
remarkable success in single-surface cavities; how-
ever, it fails to be routinely used in multiple-surface
cavities in posterior teeth.5-7

Additionally, the properties of these materials can
be strengthened via alteration of the glass powder
composition, thus increasing the hydrolytic stability
as well as the reactivity. Furthermore, the use of
multicomponent fluorophosphoaluminosilicate glass-
es supplemented with zinc oxide particles could
improve the setting reactivity and thus the material
properties.3,8

From another aspect, researchers tried to gain a
therapeutic benefit from the HVGICs through
incorporating antibacterial agents, such as chlor-
hexidine (CHX), with glass-ionomer materials.
Achieving the optimal amount of concomitant anti-
bacterial agent without jeopardizing the basic prop-
erties of the parent materials was indeed a prime

challenge. So far, various studies9-11 have been
conducted on the physical and mechanical properties
of the recent types of HVGICs. Nevertheless, to date,
limited studies have been focused on the bonding
performance of these newer materials.

Using caries-free substrates to investigate restor-
ative material bonding does not fully reproduce the
clinical situation, where the remaining substrate
after caries removal includes CAD and normal non–
caries affected dentin (ND).5 Notably, there is no
published literature that deals with the bond
strength of the recently introduced HVGICs to the
naturally occurring CAD substrate while intrapulpal
pressure (IPP) is simulated. Therefore, this study
was carried out to test the lSBS of HVGICs to ND
and CAD under IPP simulation.

The null hypotheses were that 1) there is no
difference in the lSBS among the different HVGICs
and 2) there is no difference between lSBS values of
any of the tested HVGIC to both dentin substrates:
ND and CAD.

METHODS AND MATERIALS

Specimen Preparation

Carious lower posterior molars were collected for the
present study. From these, a total of 90 molars
having occlusal caries with moderate involvement in
dentin, classified according to Mount’s classification
as (site [1] and size [2] = 1.2) and according to
ICDAS II classification (0.5), were used. Teeth were
collected according to the research ethical committee
guidelines.

The collected teeth were stored in phosphate-
buffered saline containing 0.2% sodium azide at
48C for a couple of weeks, during which time they
were used.12

To expose flat dentin surfaces with ND and CAD,
the occlusal enamel was trimmed perpendicularly to
the long axis of each tooth using a slow-speed
diamond-saw sectioning machine (Buehler Isomet,
Lake Bluff, IL, USA) under water coolant. Ground
dentin surfaces showing any signs of early exposure
or cracks were not included in this study. To expose
the pulp chamber, another cut was made parallel to
the occlusal surface 2 mm apical to the cemento-
enamel junction. The remnants of pulp tissue were
removed from the pulp chamber using a discoid
excavator (Carl Martin GmbH, Solingen, Germany)
without touching its walls.13 Each crown segment
was mounted on a polymethacrylate plate containing
a 19-gauge needle in the center using cyanoacrylate
adhesive (Rocket Heavy, Dental Ventures of Amer-
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ica, Corona, CA, USA) and subsequently embedded
in a chemically cured polyester resin (polyester resin
#2121, Eternal Chemical Co Ltd, Hsein, Taiwan) up
to the level of the cemento-enamel junction.13

CAD Identification

Different dentin substrates were detected with the
aid of visual and tactile methods. To allow precise
identification between ND and CAD, caries-detecting
dye14 and the dye permeability tests15 were used. Red
caries detector dye (Seek, Ultradent, South Jordan,
UT, USA) was flooded on the flat dentin surface for 10
seconds, rinsed for five seconds, and then air-dried
thoroughly for five seconds. Three different colors
were revealed after drying: dark red denoting caries-
infected dentin, pink color denoting CAD, and yellow
color considered as ND. Partial removal of dark red–
stained caries-infected dentin was carried out using a
sharp spoon excavator (KLS Martin, Jacksonville, FL,
USA). In the dye permeability test,15 a 19-gauge
stainless-steel butterfly needle was centrally fitted to
the polymethacrylate plate and cemented to the
prepared crown segment, and 10% methylene blue
was permeated into the tooth through the pulp
chamber under pressure. The selective staining of
ND with methylene blue was attributed to the decline
in the permeability of CAD compared to ND due to
the presence of peritubular and intertubular crystal
formation into the dentinal tubules. Therefore, the
ND was stained blue, whereas the CAD was stained
pale pink. The dentin surface was flattened using a
rotary grinding machine and hand polished using
600-grit silicon carbide paper (MicroCut, 8 inch,

Buehler) for 10 seconds to produce a standardized
smear layer.15

Restorative Procedures

The crown segments (n=90) with ND and CAD were
randomly and equally divided (n=30) according to
the type of the tested HVGICs: GC Fuji IX GP Fast
HVGIC (GC Corporation, Tokyo, Japan), Fuji IX GP
GIC containing chlorhexidine (GC Corporation), and
ChemFil Rock zinc-reinforced HVGIC (Dentsply De-
Trey GmbH, Konstanz, Germany). Table 1 shows
materials, batch numbers, manufacturers, and
chemical compositions. All the specimens were
connected to the IPP assembly under 20 mm Hg 30
minutes before and during HVGIC application. The
tested HVGICs were applied according to the
manufacturers’ recommendations.

For the application of Fuji IX GP HVGIC (with and
without chlorhexidine), the prepared dentin surface
was conditioned with GC dentin conditioner (GC
Corporation) for 10 seconds, rinsed thoroughly with
distilled water, and blot dried. ChemFil Rock zinc-
reinforced HVGIC was applied as per the manufac-
turer’s instructions without surface conditioning.
The Fuji IX GP HVGIC (containing CHX) was mixed
according to the manufacturer’s instructions as
follows; 1 scoop (3.6 g) of powder þ 1 drop (1 g) of
liquid (powder/liquid ratio=1:1) were mixed manu-
ally until obtaining a homogeneous consistency. The
GC Fuji IX GP Fast and ChemFil Rock capsules were
activated and immediately mixed for 10 and 15
seconds, respectively, using an amalgamator (Cap-
Mix, Capsule mixing device, 3M ESPE, Seefeld,

Table 1: Materials, Batch Numbers, Manufacturers, and Chemical Compositions of the Tested High-Viscosity Glass-Ionomer
Cements

Material/Batch Number Manufacturer Composition

GC Fuji IX GP Fast (Radiopaque posterior glass-
ionomer restorative cement in capsules) (0804141)

GC Corp (Tokyo, Japan) Powder 0.40 g/liquid 0.11 g (0.09 mL) per capsule

Alumino-fluoro-silicate glass, polyacrylic acid, distilled
water, polybasic carboxylic acid

Fuji IX GP containing chlorhexidine HVGIC
(Radiopaque posterior glass-ionomer trial restorative
cement in powder/liquid)

GC Corp Powder: alumino-fluoro-silicate glass to which 1%
chlorhexidine diacetate (Sigma Aldrich, Steinheim,
Germany) was incorporated

Liquid: polyacrylic acid, distilled water, polybasic
carboxylic acid

ChemFil Rock (advanced glass-ionomer restorative
material) (K79200030-03)

Dentsply De-Trey GmbH
(Konstanz, Germany)

Predosed mixing capsule with a minimal dispensable
amount of 0.1 mL (280 mg).

Calcium-aluminum-zinc-fluoro-phosphor-silicate glass,
polycarboxylic acid, iron oxide pigments, titanium
dioxide pigments, tartaric acid, itaconic acid, water

Dentin Conditioner (GC) (280739GC) GC Corp 20% polyacrylic acid; 3% aluminum chloride
hexahydrate component
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Germany). Starch tubes (pasta ZARA, Brescia, Italy)
of 0.96-mm internal diameter were cut to 1-mm
height to be used to build up the HVGIC micro-
cylinders on different dentin substrates.16

A periodontal probe (Primadent International,
Frankfurt, Germany) was used to condense the glass
ionomer into the starch tubes. For each crown
segment, two of the filled starch tubes were applied,
one for each dentin substrate (ND and CAD) with
slight finger pressure (n=30 for each tested HVGIC
per each substrate). Microcylinders were coated with
petroleum jelly from their top surfaces and left to set
in an incubator at 378C and a relative humidity of
100% for one hour. After the glass ionomer set,
specimens were immersed in artificial saliva17 at
378C for four hours to soften the starch tubes. The
dissolved starch tubes were carefully removed using
a lancet (No. 11, Wuxi Xinda Medical Device Co,
Wuxi, Jiangsu, China) leaving the HVGIC micro-
cylinders bonded to the dentin substrates. Glass-
ionomer microcylinders with interfacial gaps, bubble
inclusions, or other defects were discarded and
replaced. The specimens were then stored in artifi-
cial saliva at 378C while the IPP was maintained for
24 hours in a specially constructed large incubator
before testing.

Microshear Bond Strength Testing

To avoid data collection bias, blinding was consid-
ered during testing of the specimens. A specially
designed attachment jig was constructed to hold the
specimens to the testing machine.15 Each specimen
with its bonded glass-ionomer microcylinders was
secured with four tightening bolts to the lower part
of the specially designed attachment jig. The attach-
ment jig was in turn screwed into the lower fixed and
the upper movable compartments of the testing
machine (Model LRX-plus, Lloyd Instruments Ltd,
Ferham, UK) with a 5 KN load cell. A wire loop
prepared from an orthodontic stainless-steel ligature
wire 180 lm (G&H Orthodontics, Franklin, IN, USA)
was wrapped around the bonded microcylinder as
close as possible to its base and touching the tooth
surface. A tensile load was applied at a crosshead
speed of 0.5 mm/min. Data were recorded using
computer software (Nexygen-MT, Lloyd Instru-
ments).

The microshear bond strength value was calculat-
ed through dividing the load at failure by the
bonding area to express the bond strength in MPa
according to the following equation: S = P/pr2, where
S = microshear bond strength (in MPa), P = load at

failure (in newtons), p = 3.14, and r = radius of
composite microcylinder (in mm).

Statistical Analysis

Data were blindly analyzed and statistically de-
scribed in terms of mean 6 standard deviation. In
the present study, the bond strengths to different
dentin substrates were considered as the dependent
variables, while the HVGICs were the independent
variables. Normal distribution of the data was
verified with the Kolmogorov-Smirnov test. The data
were found to be normally distributed, and there was
homogeneity of variance among the groups. Thus,
the statistical evaluation was performed using
parametric tests. Two-way analysis of variance
(ANOVA) was used to determine the effect of dentin
substrates and the HVGICs. It was also used to
detect any significant interactions between these two
variables. One-way ANOVA was employed to indi-
cate the significant difference among the lSBS
values of the tested HVGICs bonded to ND or CAD.
The Bonferroni test was used for pairwise compar-
isons. The significance level was set at a = 0.05. To
compare the lSBS values of each HVGIC to ND and
CAD, Student t-test was used. All statistical calcu-
lations were performed using SPSS (Statistical
Package for the Social Sciences, SPSS Inc, Chicago,
IL, USA) version 15 for Microsoft Windows.

Failure Mode Analysis

After measuring the bond strength, each fractured
specimen was inspected using an environmental
scanning electron microscope (Quanta 200, FEI
Company, Philips, Eindhoven, The Netherlands) at
25 KV to determine its mode of failure. The failure
mode was allocated into the following types:

Type I: Adhesive failure (failure at the interface
between dentin and HVGIC)
Type II: Cohesive failure (failure in the HVGIC
material)
Type III: Mixed failure (involving both adhesive and
cohesive failures)

Representative photomicrographs of each type of
failure were captured at various magnifications.

RESULTS

The mean and standard deviation for each experi-
mental group are listed in Table 2. Two-way
ANOVA showed a significant effect for the tested
materials (p,0.001) but not for the dentin sub-
strates (p=0.150) and their interactions (p=0.757).
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Based on this, the first null hypothesis was rejected,
while the second null hypothesis failed to be
rejected.

For each dentin substrate (ND or CAD), one-way
ANOVA revealed a significant difference among the
three HVGIC values (p.0.0001). ChemFil Rock, a
zinc-reinforced HVGIC, recorded significantly high-
er lSBS values than GC Fuji IX GP Fast and Fuji IX
GP containing chlorhexidine, which were not statis-
tically different from each other (Table 2). Despite
that, each tested HVGIC type recorded higher mean
lSBS values when bonded to CAD rather than those
values when bonded to ND; t-test revealed no
statistically significant differences between them
(Table 2).

Regarding the failure modes, the tested HVGICs
bonded to ND and CAD showed predominantly
mixed failure (adhesive at dentin side/cohesive in
glass ionomer). Figure 1 shows the percentages of
the recorded failure modes. Representative SEM
micrographs for some failure modes of tested
specimens bonded to either ND or CAD are present-
ed in Figure 2.

DISCUSSION

In the current study, the term ‘‘normal dentin’’ is
used to describe caries-free dentin. This term has

been used by many other authors18-22 who believe

that the term ‘‘sound dentin’’23-26 should indicate

virgin dentin not subjected to any stimulus, not even

an occlusal force, as in the case of an impacted third

molar. A nomenclature that defines the type of

dentin compared with CAD through discussions

among the scientific community is still required.

Differentiation between normal and CAD sub-

strates was carried out using caries-detecting dye

and a dye permeability test. Despite the fact that the

use of caries-detecting dye is popular,14 its staining

ability, which relies neither on chemical reaction

with CAD tissue nor on bacterial staining, could lead

to overexcavation. Thus, the dye permeability test,

which was found to be a nondestructive, reliable

method,15 was used as an adjunctive way for

differentiation between both dentin substrates.

Several studies were conducted to compare bond

strength of both substrates (ND and CAD) for

adhesive systems and resin composite15,18,27-29 Nev-

ertheless, few researchers tested bonding of HVGICs

to ND and CAD.30,31 In the current study, all tested

HVGICs revealed no significant difference in their

bonding to ND and CAD. Alves and others30 reported

equal bonding of Ketac Molar Easy Mix to ND and

simulated CAD. Lenzi and others31 confirmed these

Table 2: Microshear Bond Strength lSBS Values (Mean [SD]) in MPa of the Tested High-Viscosity Glass-Ionomer Restorative
Materials (HVGICs)a

Dentin Substrates HVGICs

GC Fuji IX GP Fast Fuji IX GP- CHX ChemFil Rock p-Value

ND 6.59(2.8) aA (Ptf/tnt=0/30) 6.95(2.9) aA (Ptf/tnt=0/30) 10.51(3.9) aB (Ptf/tnt=0/30) ,0.0001

CAD 7.56(3.1) aA (Ptf/tnt=0/30) 7.27(3.2) aA (Ptf/tnt=0/30) 11.01(3.2) aB (Ptf/tnt=0/30) ,0.0001

p-value 0.20 0.69 0.59
a Different capital letters denote significant differences within rows, whereas different small letters denote significant differences within a column for each HVGIC.
Abbreviations: CHX, chlorhexidine; ND, normal dentin; CAD, caries-affected dentin; Ptf/tnt, pretest failures/total number of tested microcylinders.

Figure 1. The percentages of the
recorded modes of failure in the
tested groups.
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results when they bonded Fuji IX to ND and
artificially induced CAD in primary teeth.

The mechanism of GIC bonding to dentin is not
precisely identified. Bonding of GICs is assumed to
be a twofold mechanism, chemical interaction and
micromechanical interlocking to a lesser degree. The
chemical reaction is attributed to the ionic interac-
tion between carboxylic groups from polyacids and
the hydroxyapatite from the tooth surface, displac-
ing calcium and phosphate ions from the latter. The
micromechanical infiltration, which is expected to
have a minor role in comparison with adhesive
systems used with resin composite, may be due to
the retention provided by surface irregularity of
dentin and the porosity formed by the GIC self-
etching property.32

The higher mean lSBS values obtained for all
tested HVGICs bonded with CAD rather than with
ND might be due to the presence of the large amount
of calcium phosphate crystals occluding the dentinal
tubules; these deposits favor the chemical bonding of
the GICs. The histological variation between ND and
CAD among carious teeth may explain why authors
recorded different bond strengths of some cements to
ND and CAD.

Similar to GC Fuji IX GP Fast, Fuji IX GP
containing chlorhexidine HVGIC showed nonsignif-
icant lSBS values when bonded to both dentin
substrates. Previous studies showed that application
of GICs to CHX-conditioned dentin surfaces has no
significant effect on the bond strength.33,34 Inclusion
of 1.25% of CHX in HVGIC powder showed an
antibacterial effect without causing adverse effects
on mechanical properties or bond strength to ND,10

especially when CHX diacetate was used. The tested
Fuji IX contains 1% CHX diacetate,35 which proved
to be a stable material, and being a powdery
component, it can be easily mixed and blended with
glass-ionomer powder.10,11 On the other hand, CHX
digluconate cannot be easily separated into a powder
form or even kept stable in this form. In the Fuji IX
GP trial material, the concentration of CHX was
kept as low as possible as was recommended. This is
because CHX is not involved in the formation of the
glass-ionomer matrix. A high amount of CHX would
affect the network formation and the properties of
the glass ionomer. This study is the first to give an
idea about the bond of HVGIC containing CHX to
CAD.

Generally, the setting process in Fuji IX GP
HVGIC, whether containing CHX or not, like other
glass-ionomer resin matrices, is developed through
an acid-base reaction between the polyacid liquid
and the glass powder.36 The buildup of aluminum
polyalkenoate follows the initial formation of calcium
polyalkenoate. This arises in a stepwise reaction
characterized mainly by an increase in strength
properties over the initial 24 hours. In the reaction,
precipitation of the matrix goes on until almost no
ions remain in insoluble form.37 Nevertheless, the
formation of zinc-polycarboxylate complexes during
the setting of ChemFil Rock GIC enhances the
strength more than other complexes consisting of
bivalent ions, such as calcium and strontium.37 A
new high-molecular-weight acrylic acid copolymer
was also integrated in the ChemFil Rock powder,
which could be another reason for the recorded
increase of its strength properties38 besides its filler
modifications. In addition, the increment of itaconic

Figure 2. SEM photomicrographs
showing the predominant failure
modes of GC Fuji IX GP Fast (A and
B), Fuji IX GP containing chlorhexi-
dine (C and D), and ChemFil Rock (E
and F). (A, C, and E):Type I: adhesive
failure (failure at the interface be-
tween dentin and GIC). (B, D, and F)
Type III: mixed failure (involving both
adhesive and cohesive failures).
Filled arrows point to dentin, and
hollow arrows point to HVGIC rem-
nants. SEM, scanning electron mi-
crography; GIC, glass-ionomer ce-
ment; HVGIC, high-viscosity glass-
ionomer cement.
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acid in the liquid of ChemFil Rock as a comonomer
might play a role in its strength properties. It was
reported that incorporation of itaconic acid in the
conventional commercial GIC could improve the
bond strength compared to compositions without
copolymer.39 Bonding under IPP simulation done in
the present study might cause changes in the
bonding performance of the tested materials, and
this might lead to a difference in the obtained results
compared with other studies. The dentin surface was
conditioned with polyacrylic acid (20%) prior to the
application of GC Fuji IX GP Fast and Fuji IX GP
containing chlorhexidine. ChemFil Rock HVGIC was
applied, as recommended by the manufacturer’s
instructions, without preconditioning of the dentin
surface. Yet ChemFil Rock HVGIC recorded signif-
icantly higher bonding values than that of both other
types of Fuji IX GP. The smear-covered dentin
surface in the case of ChemFil Rock HVGIC could
have reduced the dentin permeability compared to
that of preconditioned dentin with the other types.
This could be the reason for superior bonding of
ChemFil Rock HVGIC, as the wetter surface possibly
led to weaker bond for Fuji IX HVGICs.

Mode of failure analysis using SEM has been a
compulsory part of bond strength studies. The
predominant mode of failure in the present study
was mixed, and this finding is consistent in part with
Choi and others40 despite differences in methodolo-
gy. Nevertheless, a higher percentage of adhesive
failure was recorded in the present study. This may
be due to the specially constructed attachment used
for lSBS testing that permitted the applied force to
be directed at the interface. In the current study,
there was no difference among the obtained failure
modes of any of the tested materials with ND and
CAD that supports the bond strength results.

Conclusively, the values of the lSBS of the tested
brands of the HVGICs showed that these types can
be recommended to restore dentin carious cavities in
cases where the ART approach is applied, as their
bonding to ND and CAD were comparable. While
ChemFil Rock was superior in its bonding compared
to the other tested HVGICs, the clinical performance
of these HVGICs in stress-bearing areas still needs
to be investigated.

CONCLUSIONS

Zinc-reinforced high-viscosity glass-ionomer Chem-
Fil Rock showed superior bonding to ND and CAD
compared to GC Fuji IX GP Fast and Fuji IX with
chlorhexidine. However, the bonding of each of the

tested HVGICs showed comparable bonding to both
dentin substrates.
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Direct Posterior Restorations:
A 13-Year Survey of Teaching
Trends and Use of Materials

A Zabrovsky � R Mahmoud � N Beyth � G Ben-Gal

Clinical Relevance

The increasing trend toward composite posterior restorations in an educational
environment during a 13-year period may reflect movement toward an amalgam-free era.

SUMMARY

Objective: The study aimed to evaluate teach-
ing trends and use of materials in direct
posterior restorations during a 13-year period
in an Israeli dental school.

Methods: Data registered in computerized
files, relating to posterior restorations per-
formed in the student clinic during the past 13
years (2004-2016), were collected. The restor-
ative materials used (ie, amalgam vs compos-
ite), the type of tooth, and the number of
surfaces restored were analyzed.

Results: Data analysis included 26,925 restora-
tions performed during 13 years. The number
of one-surface composite restorations in-
creased from 54.7% (n=330) to 81.9% (n=873).
Two-surface restorations increased from 33.3%
(n=254) to 64.3% (n=721). The percentage of
amalgam restorations in three-surface resto-
rations decreased from 72.08% to 51.34%
(n=173). Analysis of tooth type showed that in
2016, the number of composite restorations
performed in premolars reached 80.87%
(n=723) and in molars 63.50% (n=1035). The
percentage of composite restorations in the
mandible and the maxilla was virtually equal.

Conclusions: A clear trend in favor of compos-
ite resin restorations is evident in the 13-year
survey and suggests a move toward an amal-
gam-free era.

INTRODUCTION

For more than 150 years, amalgam was the primary
material used for dental restorations.1 Today, com-
posite resin materials, due to their esthetic and
adhesive properties, are overtaking amalgam. The
significant improvements in their physical proper-
ties in recent years have increased their prevalence,
making them the material of choice in various
clinical applications.2
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Composite resin restorations were first used as
anterior restorations. By the late 1990s, it was
recommended that the principal use of direct compos-
ite resin restorations also include posterior restora-
tions but be limited to permanent teeth with conser-
vative small class 1 and class 2 restorations. This
recommendation included preferably premolar teeth
with little, if any, occlusal function, and mainly in
patients maintaining a high standard of oral hygiene.3

Similar trends were observed in dental education.
In the course of 25 years, there has been a steady
increase in the use of composite resin materials for
posterior tooth restoration. Whereas in the mid-
1980s 90% of the dental school curricula did not
include any consistent teaching of posterior compos-
ite resins, the percentage dropped to 4% in the late
1990s and to 0% by the early 2000s. Moreover, today
some universities teach composite restoration before
introducing amalgam.4,5

A comprehensive study compared three schools in
three countries (Sweden, Wales, and Ireland) differing
in their health care systems, financial remuneration
schemes, and regulatory bodies. It found a direct
relationship between the number of hours allocated to
teaching the placement of posterior resin composites
and the students’ own perception of the adequacy of
their learning combined with confidence in using these
materials in clinical procedures. It is conceivable that
students who are not confident in performing certain
procedures may steer away from using these tech-
niques in the future and may even remain incompetent
in these specific procedures for some time.4

Guidelines of the Association for Dental Education
in Europe maintained that new dentists must be
competent ‘‘to restore the tooth appropriately to form,
function and esthetics with different appropriate
materials.’’ Similarly, the UK General Dental Council
recommends that new graduates should be qualified
in ‘‘completing a wide range of procedures in restor-
ative dentistry, including the use of amalgam alloy
restorations and tooth-colored restorations.’’6

The present study aimed to evaluate current
teaching trends, including the methods and materi-
als used for direct restoration of posterior teeth and
to evaluate whether the types of restoration per-
formed by undergraduate students could serve as a
predictive tool, with emphasis on the preference for
composite materials over amalgam.

METHODS

All direct restorations performed by graduate stu-
dents at the Hebrew University of Jerusalem’s

Hadassah School of Dental Medicine between 2004
and 2016 were registered and evaluated. The
Faculty of Dental Medicine runs a six-year program
in which students treat patients from the fourth
year. Treatments were performed in the student
clinic by students in their fourth, fifth, and sixth
year of studies and supervised by experienced
instructors. The duration of the clinic differs be-
tween clinical years. Fourth-year students have a
six-hour clinic per week, while fifth- and sixth-year
students have a 10- and 11- hour clinic, respectively.

Clinical decisions, including material choice, were
supervised by instructors from the Department of
Prosthodontics. The instructors’ experience varied,
ranging from one to 40 years.

Each treatment was documented in a computer-
ized file. The medical records were signed by the
instructors for every procedure for medical, legal,
and monitoring purposes.

Data relating to tooth type, number of surfaces
restored, and restoration material (amalgam/com-
posite) were included.

For comparison, the types of restorative materials
used were divided into three groups, according to the
number of surfaces restored (one, two, and three),
type of tooth (molars vs premolars), and jaw (maxilla
vs mandible).

The data were arranged and displayed according
to frequency tables and scatter charts.

RESULTS

A total of 26,925 restorations were performed in
posterior teeth by undergraduate students at the
Hadassah School of Dental Medicine from 2004 to
2016. During this 13-year period, the restorative
material distribution was almost equal; that is,
49.54% (n=13,338) of the restorations performed
were amalgam, and 50.46% (n=13,587) were com-
posite resin. The shift in material choice may be seen
in Figure 1. From 2004 to 2008, the material of
choice was amalgam. From 2008 to 2012, a similar
number of amalgam and composite restorations were
performed. The year 2012 marked a turning point,
composite resin becoming the dominant material, its
use steadily rising.

The results were analyzed further on the basis of
surface number (Figure 2). The predominance of one-
surface composite restorations was clear, increasing
from 54.7% (n=330) in 2004 to 81.9% (n=873) in
2016, whereas amalgam restorations dropped to
18.11% (n=193). The situation was slightly different
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regarding two-surface restorations. The number of

amalgam restorations exceeded the number of

composite restorations until 2013. After that, com-

posite restorations were preferred over amalgam.

The trend during the study period was clear: from

one-third, 33.3% (n=254), of the two-surface resto-

rations in 2004 to almost two-thirds, 64.3% (n=721),

in 2016. Three-surface restorations showed a similar

trend. Whereas in 2004 amalgam restorations were

of significantly higher proportion than composite

restorations, 72.08% vs 27.92% (n=253 vs n=98), in

2016 the percentage of amalgam restorations

dropped to 51.34% (n=173).

The percentage of restorations in the premolar and

molar groups is depicted in Figure 3. As can be seen,

since 2010, at the expense of amalgam restorations,

there has been a steady and constant increase in the

percentage of composite restorations in premolars,

Figure 1. Percentage of amalgam and composite restorations placed in posterior teeth by graduate students from 2004 to 2016. Numbers in
parentheses indicate the number of restorations performed in the same year.

Figure 2. Percentage of amalgam and composite restorations placed by undergraduate students from 2004 to 2016, divided by surface number.
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which by 2016 reached 80.87% (Figure 3A). In
molars, as shown in Figure 3B, the percentage of
amalgam restorations in 2004 was 66.70% (n=775)
and that of composite restorations 33.30% (n=387).
The shift toward composite restorations was gradu-
al, the balance tilting to 63.5% (n = 1035) by 2016.

Restorations in relation to tooth location (first
premolar, second premolar, first molar, second
molar, and third molar) in both jaws showed a
decreasing percentage of composite resin restora-
tions with distal advance (Figure 4.)

A comparison between the maxilla and the
mandible shows no noticeable differences between
the trends (Figure 5.)

DISCUSSION

During the 13-year period of the study, composite
resin became the dominant restorative material, the
turning point evident in 2008. A growing transition
toward composite resin restorations and a continu-
ous reduction in amalgam shifted the ratio in favor
of composite resin restorations in 2012 with a steady
linear increase in one-, two-, and three-surface
restorations, both in molars and in premolars,
regardless of jaw. The shift in trend of the premolar
group preceded that of the molar group. This is most
likely related to esthetic considerations. Nonethe-
less, in three-surface restorations, slightly larger
amounts of amalgam restorations were observed. It
is likely that the overall trend, as in other worldwide
dental faculties,4,7 is adapting itself to the global
trend toward an amalgam-free era.

The shift in treatment can be accounted for by
numerous reasons. Composite materials have the
ability to bond mechanically to the remaining tooth
tissues, thereby strengthening the tooth’s struc-
ture, restoring its original physical integrity and

biomechanical properties.9 Yet the main reason is
most likely the increased awareness of the advan-
tage of a minimally invasive approach in treating
caries.2,8 Recent developments in restorative den-
tistry show that the ‘‘extension for prevention’’
traditional guideline should be avoided and ‘‘mini-
mally invasive dentistry’’ techniques promoted
instead. This would avoid unnecessary excessive
removal of healthy dental tissue as part of the
treatment, leaving the restored teeth with a better
overall prognosis and a greater ability to withstand
loading in function.1,8

Another reason for the increase in composite use
may be the sectional matrix systems that were
introduced in 2008.9 These include not only ad-
vanced anatomic wave-like wedges but also rede-
signed bands and grooved, V-shaped tine rings
covered with silicone, allowing proper anatomy and
tight proximal contact areas,10 formerly considered
problematic, in composite restorations.

Furthermore, the unceasing development of new
materials and instruments, as well as improved
composite resin material properties and perfor-
mance, advocated more frequent use of such mate-
rials in the posterior area. For one, the new bulk-fill
materials (like SDR from Dentsply and Filtek Bulk-
Fill from 3M ESPE) probably contributed to favoring
composite materials by reducing technique sensitiv-
ity11 and procedure duration.12 Other contributing
factors may be newer, advanced adhesive systems,
self-etch, and 10-methacryloyloxydecyl dihydrogen-
phosphate–containing materials.13 In addition, prac-
titioners have had several years of experience with
these materials, mastering the techniques required
to handle them and perfect their use.4 This probably
also plays a major role in relying on composite
materials and abandoning amalgam.

Figure 3. (A): Percentage of amalgam and composite restorations placed in premolars by graduate students from 2004 to 2016. (B): Percentage of
amalgam and composite restorations placed in molars by graduate students from 2004 to 2016.
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Another contributing factor is the accumulating
evidence that the overall performance of the poste-
rior composite resin restorations is high14 and at
least comparable to that of amalgam restorations in
many clinical settings.15,16 Although the annual
failure rate of composite restorations is still slightly
higher than that of amalgam restorations, it is likely
that in future studies the annual failure rate of
posterior composite resins will be lower than those
found in the present reviews.14,17,18

Patients also play an important role in these
changes. The awareness and demand for an esthetic
outcome, as well as the controversy over amalgam
safety, have increased patient preference for com-
posite resin restorations.

The amalgam debate is a driving force in the shift.
Environmental pollution caused by medical waste
containing mercury is a political issue in some
countries. In Norway, for example, the use of
amalgam has been banned from 2008,19 and it
appears that similar bills, based mostly on this
environmental background, are being promoted in
other European countries.20 In 2013, the Minamata
Convention (a World Health Organization committee
dealing with the effects of mercury on the environ-
ment) committed itself to reducing and limiting the
use and production of a range of mercury-containing
products, including dental amalgam.2

In March 2017, the European Parliament agreed
to prohibit by July 2018 the general use of amalgam

Figure 4. Percentage of amalgam
and composite restorations placed
from 2004 to 2016 according to tooth
order. U, upper; L, lower; M, molar;
PM, premolar.

Figure 5. Percentage of amalgam
and composite restorations placed in
the maxilla and the mandible by
graduate students from 2004 to 2016.

Zabrovsky & Others: Posterior Restorations: Teaching Trends and Materials E277

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



in children under 15 years of age and pregnant or
breast-feeding women and required member states
to draft national plans for phasing down the use of
dental amalgam by July 2019, aiming to phase it
out by 2022.21

These decisions, especially that of the Minamata
Convention, have encouraged the production of
alternatives to amalgam, causing an irrevocable
change of what is customary in restorative dentist-
ry,1 as reflected also in the present study.

The present findings express the confidence and
trust of clinical instructors in using composite resin
materials to restore posterior teeth. Moreover, the
young generation of instructors who has joined the
more experienced ones may also have contributed to
the increasing use of composite restorations due to
their clear preference for esthetic materials.22

It is apparent that the change in trend observed
over the past 13 years is on the rise. This change
seems consistent with what is happening in other
schools of dentistry worldwide.

Although few studies addressed the changes, data
from 2011 in the United States showed that posterior
composite restorations (for both one and two surfaces)
exceeded amalgam restorations in number. In three-
and four-surface restorations, similar to our study,
amalgam was still the material of choice.5 In Ireland
and the United Kingdom, in the period between 2005
and 2010, a 33% drop in the number of amalgam
restorations performed by students was recorded,
whereas the number of posterior composite resin
restorations increased by 180%.7

It is reasonable to assume that the change in trend
observed within the faculty will be further reflected in
the choices the young graduates will make. It should
be emphasized that clinical instructors pass on their
own practice methods to their students and that the
educational experiences students accumulate
throughout their studies contribute to their compe-
tency and determine the techniques they will use in
their postgraduate practices as independent dentists.
Students who graduated in 2008 and thereafter will
be practicing dentistry for many decades in the future,
making them the leading dentists of the global trend
of the shift toward composite resin materials.

CONCLUSIONS

In conclusion, a clear trend in favor of composite
resin restorations is evident in this 13-year survey.
These results may suggest that the next generation
of dentists will favor resin composite restoration,
thus moving toward an amalgam-free era.
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Effect of Irradiance and Exposure
Duration on Temperature and

Degree of Conversion of
Dual-Cure Resin Cement for

Ceramic Restorations

JS Shim � SH Han � N Jha � ST Hwang � W Ahn � JY Lee � JJ Ryu

Clinical Relevance

Providing longer exposure durations can be an efficient strategy to compensate for
attenuated light through ceramic restorative materials in order to achieve a high degree of
conversion. However, continuous irradiation with high irradiances for long durations will
yield a higher temperature. Providing pauses in the irradiation to avoid continuous
accumulation of energy that increases the temperature is recommended.

SUMMARY

This study investigated the effects of irradi-

ance and exposure duration on dual-cured

resin cements irradiated through ceramic re-

storative materials. A single light-curing unit

was calibrated to three different irradiances

(500, 1000, and 1500 mW/cm2) and irradiated to

three different attenuating materials (trans-

parent acryl, lithium disilicate, zirconia) with

1-mm thicknesses for 20 or 60 seconds. The

changes in irradiance and temperature were
measured with a radiometer (or digital ther-
mometer) under the attenuating materials.
The degree of conversion (DC) of dual-cure
resin cement after irradiation at different
irradiances and exposure durations was mea-
sured with Fourier transform near infrared
spectroscopy. Two-way analysis of variance
revealed that irradiance (p,0.001) and expo-
sure duration (p,0.001) significantly affected
temperature and DC. All groups showed higher
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but there were no statistically significant
differences between the groups irradiated
with 1000 mW/cm2 and 1500 mW/cm2 (p.0.05).
Higher-intensity irradiances yielded higher
temperatures (p,0.05), but exposure time did
not affect temperature when materials were
irradiated at 500 mW/cm2 (p.0.05).

INTRODUCTION

Dual-cure resin composite uses both light and
chemical initiation to activate polymerization. Ade-
quate light curing is essential to achieve the
sufficient polymerization rates of dual-cure resins,
as autopolymerization without photopolymerization
yields lower polymerization rates compared with
dual polymerization.1,2 Moreover, adequate initial
polymerization through light curing is critical for the
success of restorations, given that restorations are
exposed to masticatory force, saliva, and foods before
autopolymerization is sufficiently processed, and
these clinical circumstances may lead to material
resorption and degradation.3,4

Dual-cure resin cements are commonly used to
cement ceramic restorative materials, given their
color stability and sufficient working times.5 In this
case, initial polymerization of dual-cure resin ce-
ments depends on the curing light that reaches
luting materials after passage through the ceram-
ics.6 The irradiance from curing lights is attenuated
by ceramics, and clinical trials to compensate for the
lack of degree of conversion (DC) are necessary.
Using higher irradiances or providing longer expo-
sure durations may be the solution.7,8

Currently, light-emitting diode (LED) units are
popularly applied in clinical practice. LED units are
smaller and wireless9 and have a longer lifetime
(1000 hours with constant light output).10 Although
first-generation LED units have a limited output
with an irradiance less than 400 mW/cm2,11 LED
units recently released on the market can deliver
much higher light irradiances (greater than 2000
mW/cm2), facilitating reduced exposure times. Pre-
vious studies evaluating the effects of curing light
irradiance on polymerization modes of resin compos-
ites used different light sources; quartz tungsten
halogen and LED were used as lower-irradiance
light sources, and plasma-arc lamps and argon-ion
laser were used as higher-irradiance light sources.
Each light source has typical wavelengths and
characteristics,12 and comparing the effects of irra-
diance with different light sources cannot be accu-
rately indicative of the relation between irradiance
and polymerization because polymerization aspects

can be affected by the spectral emission of light
sources.13,14

Temperature can be a critical factor affecting
polymerization kinetics and the biologic homeostasis
of pulp. Increasing temperatures during polymeri-
zation promote free radical and monomer mobility15

and lead to higher polymerization rates and elevated
DCs. In addition, external thermal irritation may
cause irreversible changes of pulp tissue,16 and
temperature increases in restorative materials have
substantial effects because a thinner dentin wall
remains between the restorative material and pulp
after tooth preparation. Increasing irradiance and
exposure duration causes temperatures to rise,17 and
measuring temperature changes, as a result of
irradiating at various irradiances and exposure
durations, is significant to the clinical outcome.

The purpose of this study was to evaluate the
effects of irradiance and exposure duration on the
DCs of dual-cure resin cements and temperature
changes of restorative materials. For this, three
irradiances (500, 1000, 1500 mW/cm2) were simulat-
ed with a single LED light-curing unit (LCU) by
combining various ceramic restorations and expo-
sure times, and the degrees of conversion and
changes to temperature were evaluated. The null
hypothesis was that irradiance and exposure dura-
tion have no effect on DC or temperature.

METHODS AND MATERIALS

Specimen Preparation

Figure 1 shows the methods for preparing specimens
and irradiating with attenuating materials. A glass
slide was positioned at the center of an infrared
spectroscopy measuring block and fixed with cellu-
lose tape. Mixed resin cements were applied to the
center, and a second glass slide was used to cover the
resin cement. The thickness of resin cement was
determined by the thickness of the cellular tape (40
lm). A dual-cure resin cement, G-CEM LinkAce (GC
Corporation, Tokyo, Japan; Lot 1604071), was used
with Automix mixing tips.

Light Curing With Various Materials and
Measuring Irradiance and Temperature

A single LED light LCU (Dr’s Light, Good Doctors
Co, Incheon, Korea) was used in this study. The
output of the LCU was manually calibrated, varying
the pulse width of LED using a microcontroller
controlling the duty cycle of LED. The pulse width
modulation is the efficient method to control the
output of LED with high resolution.18 The calibrated
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irradiances were confirmed with a radiometer (LED
radiometer; Good Doctors Co). The LCU was set up
to emit three different light irradiances: low (’500
mW/cm2), medium (’1000 mW/cm2), and high
(’1500 mW/cm2). Temperature changes after irra-
diation were measured with a contact-type digital
thermometer (digital thermometer 367DN, TPI,
Inchon, Korea) contacting the tip of the thermometer
under the center of attenuating material. The
temperature was measured at room temperature
(248C), and irradiance and temperature were mea-
sured six times each. Light curing was always
performed with Teflon molds, and a 2-mm distance
from the curing unit tip to each object was provided.

As the three light irradiances were exposed to
specimens for 20 or 60 seconds, six different
irradiating methods were used in this study. Twen-
ty-seven specimens were prepared for each irradia-
tion method, divided into three groups (n=9) de-
pending on the materials overlying the specimens
during light exposure: control, zirconia, and lithium
disilicate (Table 1). The control group specimens
were light cured through a transparent acrylic plate.
For the zirconia and lithium disilicate groups, light
curing was applied through the discs with A2 shades

composed of translucent zirconia (LAVA Plus, 3M
Deutschland GmbH, Neuss, Germany) or lithium
disilicate (IPS e.max Press HT ingots, Ivoclar-
Vivadent AG, Schaan, Liechtenstein). All attenuat-
ing materials had a thickness of 1 mm.

Infrared Spectroscopy Measurements

The DC of the resin cement was evaluated using
Fourier transform near infrared spectroscopy (NIR-
Solutions, BUCHI, Flawil, Switzerland). Absorbance
spectrums were examined by scanning the speci-
mens 10 times over a 10,000- to 4000-cm�1 range,
with a resolution of 4 cm�1. To calculate DCs, the
area of the peak corresponding to vinyl stretching at
6165 cm�1 was used.19 The DCs were calculated from
the ratio of the peak area in the monomeric to
polymeric states, using the following formula:

DCð%Þ ¼ ð1� areapolymer=areamonomerÞ3 100

Statistical Analysis

The mean and standard deviation (SD) temperatures
and DCs were acquired for each group. Data were
evaluated for homogeneity of variance based on

Figure 1. (a): Teflon molds with different attenuating materials. (b): An illustration of the methods for specimen preparation and irradiation (sagittal
view). Measuring irradiance (or temperature) was performed with the same molds, not specimens, overlying a radiometer (or digital thermometer).

Table 1: Experiment Study Designa

Attenuating Materials\
Irradiating Methods

Low Irradiance (500 mW/cm2) Medium Irradiance (1000 mW/cm2) High Irradiance (1500 mW/cm2)

20 s 60 s 20 s 60 s 20 s 60 s

Transparent acryl (control) C-L20 (n=9) C-L60 (n=9) C-M20 (n=9) C-M60 (n=9) C-H20 (n=9) C-H60 (n=9)

Lithium disilicate L-L20 (n=9) L-L60 (n=9) L-M20 (n=9) L-M60 (n=9) L-H20 (n=9) L-H60 (n=9)

Zirconia Z-L20 (n=9) Z-L60 (n=9) Z-M20 (n=9) Z-M60 (n=9) Z-H20 (n=9) Z-H60 (n=9)
a n indicates the number of specimens.
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Levene’s tests (a=0.05). The influences of indepen-
dent variables, including irradiance and exposure
duration, to temperature and DC were analyzed
using two-way analyses of variance (ANOVAs;
a=0.001). Between-group comparisons of tempera-
tures and DCs were conducted using one-way
ANOVA and Tukey’s multiple-comparison tests
(a=0.05). All statistical analyses were conducted
using SPSS for Windows (release 12.01; SPSS Inc,
Chicago, IL, USA).

RESULTS

Table 2 shows the mean and SD irradiances with
different light-curing methods, and Table 4 provides
calculated radiant exposures. Temperature and DC
results, including means, SDs, and statistical signif-
icances, are given in Tables 4 and 5, respectively.
Two-way ANOVA revealed significant differences in
temperature and DC due to irradiance and exposure
duration (p,0.001; Table 3).

Light irradiance was reduced by lithium disilicate
and zirconia, to 26.4%, 31.8%, and 32.6% and 19.7%,
21.8%, and 21.7% at low, medium, and high
irradiances, respectively. Temperatures with con-
trol, lithium disilicate, and zirconia were increased
to 47.18C, 39.28C, and 42.28C, respectively, at room
temperature (248C) by irradiation for 60 seconds at
high irradiance (1500 mW/cm2). Higher irradiance
led to significantly higher temperatures, regardless
of exposure duration and attenuating materials
(p,0.05). Longer exposure durations caused higher
temperatures at medium (1000 mW/cm2) and high
(1500 mW/cm2) irradiances (p,0.05), but exposure
duration did not affect temperature when materials
were irradiated with low irradiance (500 mW/cm2;
p.0.05).

Groups irradiated for 60 seconds had significantly
higher DCs compared with groups irradiated for 20
seconds, regardless of the irradiance and attenuat-
ing material (p,0.05). In the control groups, statis-
tical differences in DC were as follows: C-L20 , C-
M20 = C-H20; C-L60 = C-M60 = C-H60 (p,0.05). In
the lithium disilicate groups, statistical differences

in DC were as follows: L-L20 , L-M20 = L-H20 = L-
L60 , L-M60 = L-H60 (p,0.05). In the zirconia
groups, statistical differences in DC were as follows:
Z-L20 , Z-M20 = Z-H20 = Z-L60 , Z-M60 = Z-H60
(p,0.05).

Irradiating with low irradiance for 20 seconds
caused statistically different DCs in the attenuating
materials; higher DCs occurred in the following
order: C-L20 . L-L20 . Z-L20 (p,0.05). The control
group (C-L60) showed higher DCs compared with
other attenuating material groups (L-L60 and Z-
L60) when they were irradiated with low-intensity
irradiance for 60 seconds (p,0.05). Irradiating with
medium or high irradiance for 60 seconds caused no
differences between the attenuating materials
(p.0.05).

DISCUSSION

The present study aimed to determine the effect of
LED light-curing methods on dual-cure resin cement
under different restorative materials. To determine
the effects of irradiance and exposure duration to DC
and temperature, a single LCU was used and
irradiance was manually calibrated with a radiom-
eter. Two-way ANOVA showed that irradiance and
exposure duration affected both DCs and tempera-
ture changes and the null hypothesis was rejected.
The results of this study show that irradiating with
higher than 1000 mW/cm2 irradiance for 60 seconds
can achieve sufficient DCs despite the attenuating
effect of ceramics with 1-mm thickness. Interesting-
ly, DCs and temperatures were affected by irradi-
ance and exposure duration in different ways. All
groups showed higher DCs with increased exposure
times, but there were no statistically significant

Table 2: Irradiance Reaching Sensor for Light Curing Through Different Attenuating Materials (Mean [SD]), and the Reduction of
Irradiance by Ceramic Materials

Attenuating Material Irradiance, mW/cm2

Low Irradiance Medium Irradiance High Irradiance

Control 494.2 (15.1) Reduction, %a 1034.6 (11.9) Reduction, %a 1486.2 (9.7) Reduction, %a

Lithium disilicate 135.5 (2.1) 27.4 329.3 (3.1) 31.8 484.7 (5.8) 32.6

Zirconia 92.5 (1.8) 18.7 225.8 (10.5) 21.8 322.3 (2.7) 21.7
a Reduction values are calculated compared to control.

Table 3: Results of the Two-Way Analysis of Variance for
Each Attenuating Material

Independent Variable Significance

Degree of Conversion Temperature

Irradiance p,0.001 p,0.001

Exposure duration p,0.001 p,0.001
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differences between the groups irradiated with 1000
mW/cm2 and 1500 mW/cm2. Thus, 1000 mW/cm2 of
irradiance was sufficient to achieve DCs through
ceramics if sufficient exposure durations were
provided. In conclusion, sufficient exposure duration
was prerequisite to achieve a high DC. On the other
hand, longer exposure durations, with 500 mW/cm2

of irradiance, did not cause increases in tempera-
ture, although higher irradiance caused higher
temperature changes. Thus, exposure durations, at
low irradiances, did not affect temperatures, and
irradiance was more critical to temperature changes
than exposure duration.

The concept of the law of reciprocity, that high-
irradiance exposure for short durations and low-
irradiance exposure for long durations cause similar
polymerization to resin composites,20 is controver-
sial.21-23 In this study, similar to previous experi-
ments,24,25 exposure duration was more critical than
irradiance. The results, that C-L60 showed a

statistically higher DC compared with C-H20,
despite both groups providing the same radiant
exposure, confirm this. Total radiant exposure is
indicated by the number of photons reaching the
light beam area,12 and excessive photons delivered
in a short time is not necessary to activate photo-
initiators and free radicals.26,27 Fast saturation of a
photo-initiating system restricts the available mono-
mers causing lower DCs and increases the frequency
of crosslinking and short polymeric chains, causing
the lower mechanical properties of resin compos-
ites.28 Restorative materials attenuate irradiance in
certain proportions (lithium disilicate: about 70%;
zirconia: about 80%); for example, only 322 mW/cm2

of irradiance reached the specimens through zirconia
when they were exposed to an irradiance of 1500
mW/cm2. Therefore, there is a limit to the amount of
photons that may be delivered to resin composites
through ceramics, despite increases in irradiance,

Table 4: Radiant Exposure of Each Group and the Means (SD) and Statistical Differences Between Groups for Temperaturea

Low Irradiance (500 mW/cm2) Medium Irradiance (1000 mW/cm2) High Irradiance (1500 mW/cm2)

Group Radiant
Exposure,

mJ/cm2

Temperature,
8C

Group Radiant
Exposure,

mJ/cm2

Temperature,
8C

Group Radiant
Exposure,

mJ/cm2

Temperature,
8C

Control

20 s C-L20 9884 28.4 (0.3)A,a C-M20 29,724 32,6 (0.8)A,b C-H20 29,724 39.3 (2.1) A, c

60 s C-L60 29,652 28.4 (0.6)A,a C-M60 89,172 39.3 (2.3)B,b C-H60 89,172 47.1 (2.3) B, c

Lithium disilicate

20 s L-L20 2710 27.8 (0.7)A,a L-M20 9694 29.5 (0.3)A,b L-H20 9694 31.4 (0.3) A, c

60 s L-L60 8130 28.2 (1.1)A,a L-M60 29,082 33.2 (1.4)B,b L-H60 29,082 39.2 (1.2) B, c

Zirconia

20 s Z-L20 1850 27.3 (1.1)A,a Z-M20 6446 29.3 (0.2)A,b Z-H20 6446 34.5(1.7) A, c

60 s Z-L60 5550 28.2 (1.3)A,a Z-M60 19,338 34.2 (3.0)B,b Z-H60 19,338 42.2(2.7) B, c

a Temperature was measured at room temperature (248C). Similar superscript letters (uppercase for columns and lowercase for rows) indicate homogenous subsets
among the experimental groups (p.0.05).

Table 5: Mean (SD) Degrees of Conversion and Statistical Differences Between the Groupsa

Low Irradiance Medium Irradiance High Irradiance

Control

20 s 58.25 (1.35)A,c 62.87 (3.62)B,b 64.35 (1.84)B,a

60 s 70.07 (0.83)C,b 70.80 (1.29)C,a 69.88 (0.51)C,a

Lithium disilicate

20 s 54.52 (1.93)A,b 60.71 (5.47)B,ab 62.88 (7.26)B,a

60 s 59.62 (3.43)B,a 70.87 (1.90)C,a 70.23 (2.42)C,a

Zirconia

20 s 51.84 (2.76)A,a 56.96 (5.48)B,a 60.08 (4.48)B,a

60 s 58.68 (1.57)B,a 68.75 (3.73)C,a 69.47 (2.16)C,a

a Similar superscript letters (uppercase: statistical differences in irradiance and exposure times; lowercase: statistical differences in attenuating materials) indicate
homogenous subsets among the experimental groups (p.0.05).
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because of the limited output of LCUs and the
possibility of curing light burns.29

Although increasing radiant exposure is neces-
sary to compensate for the attenuating effect of
restorative materials, higher radiant exposure may
cause temperature rises.30 In this study, exposure
times did not statistically affect temperatures with
low irradiances (500 mW/cm2), but longer exposure
durations caused higher temperatures when mate-
rials were irradiated with higher than medium
irradiance (1000 and 1500 mW/cm2). Especially,
irradiation with 1500 mW/cm2 for 60 seconds to
zirconia caused temperature rises of 18.28C. The
thermal stimulus generated by LCU can cause the
thermal response of the dentin-pulp complex.31 The
physiological change of pulp by external heat
depends on the intensity and duration of the
thermal stimulus to pulp, the fluid motion of the
dentinal tubule, the thickness of enamel and
dentin, and intervening substrates between heat
and tooth, including composite resins. Intrapulpal
temperature rise of more than 5.58C can cause
irreversible pulp damage,32 and thermal stimulus
for 60 seconds with increasing temperature of 58C is
critical for the vital pulp.33 The fluid of the dentinal
tubule transmits the sensation to pulp, and the
intimate stimuli to the dentinal tubule can cause
more physiological changes of the dentin-pulp
complex.34 As the thermal diffusivity of dentin
(1.87 3 10�3 cm2/s) and enamel (4.79 3 10�3 cm2/s)
is relatively low,35 the intrapulpal temperature
change by external heat is less to the tooth that
has thicker dentin and enamel walls. Similarly,
composite resin acts as an insulator rather than
heat container,30 and thinner composite resins
cause higher temperature rises of pulp.16,36 A
previous in vivo study showed that LED irradiation
with 1200 mW/cm2 for 60 seconds on a human tooth
with a 3-mm-thick enamel-dentin wall caused a
temperature rise over the threshold of 5.58C in the
pulp chamber.37 The results of this study represent
the temperature rise of resin cements during
cementation of a ceramic crown. In clinical situa-
tions, a relatively thin dentin wall remains, den-
tinal tubules may be exposed, and a comparatively
thin resin composite intervenes between the resto-
ration and tooth. Therefore, the results of this study
show that lengthy light curing with high irradiance
for the polymerization of resin cement under
ceramic restorations may cause harmful effects to
the pulp. To avoid unfavorable effects, alternative
curing techniques, such as providing interrupted
light exposure (dividing total exposure duration) is

recommended; for example, three periods of inter-
rupted irradiation at 1500 mW/cm2 for 20 seconds to
zirconia (Z-H20) can decrease temperatures by
7.78C compared with irradiation at 1500 mW/cm2

for 60 seconds to zirconia (Z-H60).

In this study, a single LED light LCU was used,
and the output of the LCU was manually adjusted
with a radiometer. Using a single light source and
LCU is important to draw concise conclusions for
evaluating the effects of light intensity. Despite
similar irradiances among different LCUs, poly-
merization kinetics can be affected by the type of
LCU.12,38 Irradiating kinetics are affected by the
design of the LCU; for example, tip diameter affects
light dispersion distances from the light tip,38 and
collimating irradiance with distance was different
due to commercial differences in LCUs. Moreover,
the time to peak output irradiance or homogeneity
of irradiance also can differ according to the type of
LCU.12 In addition, the radiant to active light beam
area is less than the LCU tip area,39,40 and
measuring the irradiance of light simulating the
experimental situation may prevent errors. In this
study, all experimental procedures of light exposure
were performed with Teflon molds, providing
determined distances from curing unit tips to
objects. A control group was necessary in this study
to provide comparable data and to evaluate the
effects of ceramic materials on the resin cement.
Measuring temperature on the surface of objects
and in the air is technically different; a different
thermometer should be used, and measuring tem-
perature in the air is much more sensitive. To use
the same method for measuring temperature,
transparent acryl was used as a control group
instead of direct irradiation, although it is not used
in clinical situations.

However, the limitations of this study were the
differences in experimental conditions compared
with the patients’ intraoral conditions. Flat attenu-
ating materials were used, and the irradiation
angles and distances in this study may be different
from those through anatomic fixed prostheses.
Therefore, laboratory research with anatomic
crowns or clinical research may be necessary to
verify these results. Although irradiating with 500
mW/cm2 achieved lower DC than the control group
and did not affect the temperature in this study
design, providing longer exposure durations can
derive different results as they provide more energy.
More studies with various exposure times may be
beneficial to verify the results.

Shim & Others: Irradiating Methods for Dual-Cure Resin Cement E285

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



CONCLUSIONS

1. Providing longer exposure durations is more
efficient to achieve higher DC compared to
irradiating with higher irradiances.

2. While longer exposure durations with 500 mW/
cm2 of irradiance do not cause temperature rises,
an irradiance with greater than 1000 mW/cm2 for
longer exposure yields higher temperature chang-
es, which can cause clinically unfavorable results.

3. LED irradiance with 1000 mW/cm2 for 60 seconds
achieves appropriate DC of dual-cure resin ce-
ment underlying lithium disilicate or zirconia
crown with 1-mm thickness, but providing a
pause between irradiances may be necessary to
prevent temperature rise.
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Benefits of Nonthermal Atmospheric
PlasmaTreatmentonDentinAdhesion

AP Ayres � PH Freitas � J De Munck � A Vananroye � C Clasen
CT dos Santos Dias � M Giannini � B Van Meerbeek

Clinical Relevance

After two years of water aging, the application of nonthermal atmospheric plasma onto
dentin for 30 s showed higher microtensile bond strength of a multimode adhesive applied
in etch-and-rinse mode. Plasma-treated dentin also resulted in higher nanohardness and
Young’s modulus of the hybrid layer in immediate evaluation and greater hydrophilicity.

SUMMARY

Objectives: This study aimed to evaluate the
influence of two nonthermal atmospheric plas-
ma (NTAP) application times and two storage
times on the microtensile bond strength (lTBS)
to dentin. The influence of NTAP on the
mechanical properties of the dentin-resin in-
terface was studied by analyzing nanohard-
ness (NH) and Young’s modulus (YM). Water
contact angles of pretreated dentin and hy-
droxyapatite blocks were also measured to
assess possible alterations in the surface hy-
drophilicity upon NTAP.

Methods and Materials: Forty-eight human
molars were used in a split-tooth design
(n=8). Midcoronal exposed dentin was flat-
tened by a 600-grit SiC paper. One-half of each
dentin surface received phosphoric acid con-
ditioning, while the other half was covered
with a metallic barrier and remained unetch-
ed. Afterward, NTAP was applied on the entire
dentin surface (etched or not) for 10 or 30
seconds. The control groups did not receive
NTAP treatment. Scotchbond Universal (SBU;
3M ESPE) and a resin-based composite were
applied to dentin following the manufacturer’s
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instructions. After 24 hours of water storage at
378C, the specimens were sectioned perpendic-
ular to the interface to obtain approximately
six specimens or bonded beams (approximate-
ly 0.9 mm2 in cross-sectional area) represent-
ing the etch-and-rinse (ER) approach and
another six specimens representing the self-
etch (SE) approach. Half of the lTBS speci-
mens were immediately loaded until failure,
while the other half were first stored in deion-
ized water for two years. Three other bonded
teeth were selected from each group (n=3) for
NH and YM evaluation. Water contact-angle
analysis was conducted using a CAM200 (KSV
Nima) goniometer. Droplet images of dentin
and hydroxyapatite surfaces with or without
10 or 30 seconds of plasma treatment were
captured at different water-deposition times (5
to 55 seconds).

Results: Two-way analysis of variance revealed
significant differences in lTBS of SBU to
dentin after two years of water storage in the
SE approach, without differences among treat-
ments. After two years of water aging, the ER
control and ER NTAP 10-second groups
showed lower lTBS means compared with the
ER NTAP 30-second treated group. Nonther-
mal atmospheric plasma resulted in higher NH
and YM for the hybrid layer. The influence of
plasma treatment in hydrophilicity was more
evident in the hydroxyapatite samples. Dentin
hydrophilicity increased slightly after 10 sec-
onds of NTAP, but the difference was higher
when the plasma was used for 30 seconds.

Conclusions: Dentin NTAP treatment for 30
seconds contributed to higher lTBS after two
years of water storage in the ER approach,
while no difference was observed among treat-
ments in the SE evaluation. This result might
be correlated to the increase in nanohardness
and Young’s modulus of the hybrid layer and to
better adhesive infiltration, since dentin hy-
drophilicity was also improved. Although some
effects were observed using NTAP for 10 sec-
onds, the results suggest that 30 seconds is the
most indicated treatment time.

INTRODUCTION

One of the most recent innovations in adhesive
dentistry involves the treatment of different dental
surfaces using nonthermal atmospheric plasma
(NTAP), a novel technology that delivers highly
reactive species in a gaseous medium at or below

physiologic temperature. This technology tries to
solve challenges commonly associated with hybrid-
ization of dentin during bonding procedures, there-
fore influencing the quality and longevity of the
tooth-resin interface. A recently published review
collected and summarized the current advances of
NTAP in improving the durability of dentin bond-
ing.1 The studies have demonstrated that NTAP
applied on the dentin surface enhanced the bond
strength of etch-and-rinse (ER) adhesives,2-4 but the
results were more product dependent when em-
ployed to self-etch (SE) adhesives.5,6

Overall, NTAP has demonstrated efficacy in
improving different properties of dental bonding
because it provides higher wettability of the dentin
surface,2,6-9 improves resin polymerization,10,11 and
allows deeper adhesive penetration.2,4,11 For the ER
bonding technique, it was reported that a short
plasma treatment could change the chemical struc-
ture of the exposed collagen fibrils and increase the
hydrophilicity of the dentin surface, which allows
better adhesive penetration into the dental collagen
fibrils and enhances the dentin bond strength.11

A complex biomechanical entity is formed in the
adhesive dental restoration that consists of the tooth
substrate and the biomaterial. To predict the long-
term performance of dental adhesives, it is necessary
to understand their mechanical properties. The
bonding area between the restorative resin compos-
ite and the dentinal cavity wall presents a gradual
transition of different components, resulting in a
heterogeneous gradient of physico-mechanical prop-
erties.12 Nevertheless, acid pretreatment modifies
the hardness of the dentin surface, and the bonded
interface zone might allow some flexibility with the
hybridization process after resin polymerization.
Such an elastic bonding area might have a strain
capacity sufficient to relieve stresses between the
composite shrinkage and the rigid dentin sub-
strate,12,13 thereby preserving the integrity of mar-
ginal adaptation and consequently increasing the
durability of the restoration.

The influence of the NTAP application on the
mechanical properties of the adhesive-dentin inter-
face is not established yet. The NTAP effect depends
on treatment time, working gas, input power, pulse
frequency of the plasma device, and also on other
factors related to the substrate.1 Some investigations
relate wettability enhancement associated with the
NTAP treatment in different dental substrates.2,6-9

The plasma device of the present study (Surface
Plasma Tool Model SAP; Surface–Engineering and
Plasma Solution, Campinas, Brazil) improved the
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wettability of the zirconia surface, decreasing the
contact angle (CA) by approximately 50%.14 There is
still a lack of information of the influence of this
specific equipment and settings on the hydrophilicity
of dentin tissue.

Therefore, this study aimed to assess the extent
two application times of NTAP, 10 and 30 seconds,
affect the long-term microtensile bond strength
(lTBS) of one commercial multimode adhesive
system. The influence of NTAP on the mechanical
properties of the dentin-resin interface was studied
by analyzing nanohardness, Young’s modulus, and
CA. The following null hypotheses were tested: 1)
plasma treatment does not affect the dentin-bond
strength tested immediately or after two years of
aging, 2) NTAP treatment does not produce differ-
ences in the nanohardness and Young’s modulus of
the resin-dentin interface’s structures (dentin, hy-
brid layer, and adhesive layer), and 3) the CA of the
dentin and hydroxyapatite surfaces is not affected by
the NTAP treatment.

METHODS AND MATERIALS

The distribution of specimens for each research
subproject is detailed in Table 1. All statistical
testing was performed at a preset alpha of 0.05,
and the values were calculated using SAS 9.3
Software (SAS Institute, Cary, NC, USA). Kolmogor-
ov-Smirnov and Cramer–von Mises tests were used
to verify normal distribution, and the Brown-For-
sythe test was applied to homoscedasticity analysis.

lTBS

Forty-eight noncarious human third molars (two
groups per tooth; n=8 per experimental group) were
stored in 0.5% chloramine/water immediately after
extraction, then cleaned and stored in distilled water
at 48C to be used within three months. The occlusal
third of the crowns was removed with a diamond
saw, exposing the occlusal dentin surface (Isomet

100, Buehler, Lake Bluff, IL, USA). A standardized
smear layer was produced under water irrigation
using 600-grit SiC paper (Buehler-Met II, Buehler),
and the flat surface was divided into two parts with
similar areas using a thin diamond blade. One-half
of each dentin surface was demineralized for 15
seconds with 34% phosphoric acid (Scotchbond
Etchant, 3M ESPE, St Paul, MN, USA) in an ER
approach, while the other half was covered with
metallic paper and not etched in the SE approach.
Afterward, NTAP was applied on the entire dentin
surface (etched or not) for 10 or 30 seconds.

The plasma equipment used in this study (Surface
Plasma Tool Model SAP, Surface–Engineering and
Plasma Solution) consisted of a handheld unit using
argon as the operating gas at a flow rate of 5.0 L/min.
The plasma torch emerging at the exit nozzle was
about 1.0 mm in diameter and was operated at room
temperature (228C). A mobile base allowed keeping a
distance of 10 mm between the nozzle and the dentin
surface. Control groups did not receive NTAP
treatment. Thus, the following groups were investi-
gated (n=8):

1. SE control (unetched dentin, NTAP untreated)
2. SE NTAP 10 seconds

3. SE NTAP 30 seconds
4. ER control (etched dentin, NTAP untreated)

5. ER NTAP 10 seconds
6. ER NTAP 30 seconds

After the respective treatments, a multimode
adhesive system (Scotchbond Universal, 3M ESPE;
Table 2) was applied following the manufacturer’s
instructions and light-cured with a multiwavelength
LED unit (VALO, Ultradent Products Inc, South
Jordan, UT, USA) in standard mode with an output
of about 1200 mW/cm2, as measured by the MARC
Patient Simulator (BlueLight Analytics, Halifax,
NS, Canada).

Table 1: Number of Specimens (n) and Repetitions (r) per Specimen Analyzed in Each of the Assays

Etching NTAP lTBS Nanohardness Young’s Modulus Contact Angle: Dentin Contact Angle: Hydroxyapatite

1-wk 2-y

None n/r n/r n/r n/r n/r n/r

None 8/6 8/6 3/5 3/5 5/1-3 5/1-3

10 s 8/6 8/6 3/5 3/5 5/1-3 5/1-3

30 s 8/6 8/6 3/5 3/5 5/1-3 5/1-3

Phosphoric acid None 8/6 8/6 3/5 3/5 — —

10 s 8/6 8/6 3/5 3/5 — —

30 s 8/6 8/6 3/5 3/5 — —
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A composite buildup (Filtek Supreme Ultra, shade
A2 enamel, 3M ESPE) was made in layers (6-mm
high), and each 2-mm layer was light-cured for 20
seconds with the VALO. The tooth root was removed
4 mm below the adhesive-dentin interface. After 24
hours of storage in deionized water (378C), the
specimens were sectioned perpendicular to the
interface into 0.9-mm-thick bonded beams with a
diamond saw under water cooling (Isomet, Buehler).

Approximately six specimens representing the ER
approach and another six specimens representing
the SE approach were obtained after sectioning the
teeth. After one week, the beams were attached to a
BIOMAT jig15 with cyanoacrylate glue (Model
Repair II Blue; Dentsply-Sankin, Tochigiken, Japan)
and tested in tension at a crosshead speed of 1 mm/
min until failure in a universal testing machine
(LRX, Lloyd, Hampshire, UK). The specimens from
the other 24 teeth were stored in deionized water for
two years. The storage medium was replaced every
15 days by deionized water at room temperature,
and then the samples were kept at 378C until the
next water replacement.

A single failure stress value was calculated for
each half of the tooth by averaging all beams
obtained from that half tooth. The lTBS (MPa) was
derived from dividing the force (Newton) applied at
the time of fracture by the bonded area, of which the
cross-sectional area was measured with a digital
caliper (Starrett, Itu, SP, Brazil). The bond strength
data (MPa) was then analyzed by two-way analysis
of variance (ANOVA) and Tukey’s multiple compar-
ison test for each adhesive technique (SE and ER).

After failure, the specimens were mounted on
brass stubs and observed using a digital microscope
system (Hirox KH-8700, Tokyo, Japan). The failure
mode of each beam was classified into one of the
following categories: cohesive failure in composite
resin (C), cohesive failure in dentin (D), adhesive
failure (A), or mixed failure of composite resin,
adhesive, and dentin (M). Representative areas were

photographed at 2003 magnification. Data were
submitted to chi-square analysis to demonstrate
the effect of the factor ‘‘time’’ on failure mode.

Nanohardness and Young’s Modulus

The same groups were used in this part of the study.
Three bonded teeth from each group (n=3) were
longitudinally sectioned through the sample center
with a diamond saw, under water cooling (Isomet,
Buehler), to obtain two 1.5-mm-thick bonded slices.
Each central slab was individually embedded in an
epoxy resin (EpoxiCure, Buehler) and manually
polished under water irrigation using SiC paper
(Buehler-Met II, Buehler) with decreasing abrasive-
ness (600, 1000, 1200, 1500, and 2000). Special soft
discs (Apex Diamond Grinding Disks, Buehler) were
associated with diamond polishing suspensions
(MetaDi, Buehler) of 9-, 6-, 3-, 1-, and 0.5-lm grit
size. Samples were ultrasonically cleaned with
distilled water for five minutes between each
polishing step.

The computer-controlled nano-indenter Hysitron
Custom Triboindenter (Hysitron, Minneapolis, MN,
USA) was used with a cell Berkovich point for the
nanohardness and Young’s modulus evaluation.
Samples were individually placed on a computer-
controlled X-Y table and were kept hydrated during
the test. To ensure a precise transfer of the
preprogrammed positions to the nanoindenter, an
accurate calibration of the probe was performed on
the standard fused quartz sample before the test’s
start. Five equally spaced (10-lm) indentations were
preprogrammed and performed on the dentin, hybrid
layer, and adhesive layer, totaling 15 per specimen
(n=3, representing three specimens per group) with
a load of 1000 lN and a standard trapezoidal load
function of 5-2-5 s. The nanohardness and Young’s
modulus of each area were computed as described
elsewhere.16 Data were analyzed using one-way
ANOVA (dentin treatment as factor; dentin, hybrid

Table 2: Composition of Scotchbond Universal (3M ESPE) and Its Application Modes

Composition (Batch No.) Adhesive Mode Application Method

Scotchbond Universal Etchant: 34% phosphoric acid,
water, synthetic amorphous silica, polyethylene glycol,
aluminum oxide (N489165)

Two-step etch and
rinse (ER)

Application of phosphoric acid gel etchant on dentin for
15 s and gentle air drying; rubbed application of the
adhesive for 20 s, followed by 5-s gentle air-drying and
10-s light curing

Scotchbond Universal: 10-MDP, dimethacrylate resins,
HEMA, methacrylate-modified polyalkenoic acid
copolymer, filler, ethanol, water, initiators, and silane
(621418), pH = 2.7

One-step self-etch
(SE)

Rubbed application of the adhesive for 20 s, followed by
5-s gentle air drying and 10-s light curing

Abbreviations: 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; HEMA, 2-hydroxyethyl methacrylate.
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layer, and adhesive as levels) and Tukey’s test for
the SE and ER approaches.

CA by Sessile Drop Method

Human Teeth—Ten noncarious human third mo-
lars (n=5) were selected and stored in 0.5% chlora-
mine/water (48C) immediately after extraction, then
cleaned and stored in distilled water at 48C to be
used within three months after extraction. The teeth
had their root and occlusal third removed using a
diamond wafering blade (Buehler-Series 15HC Dia-
mond, Buehler) on an automated sectioning device
(Isomet 2000, Buehler) under running water. The
exposed surface was ground with 600-grit SiC paper
(Buehler-Met II, Buehler) under water irrigation. All
surfaces of the dentin slices were carefully verified
by stereomicroscopy for the absence of enamel/pulp
tissue (Wild M5A, Wild, Heerbrugg, Switzerland).

Half of each tooth was treated with an NTAP
brush for 10 or 30 seconds while a blade was used to
separate and protect the other half, which was used
as the untreated same-tooth control. This split of the
sample was considered important since the standard
deviation within dentin is large as it depends on
different factors such as depth, age of the teeth, and
number of tubules.17

Hydroxyapatite Plate—A commercially available
hydroxyapatite plate (10 3 10 3 2 mm; APP100,
Hoya, Tokyo, Japan) with a total area similar to an
entire dentin flat slice dimension was prepared for
CA evaluation. The purpose was to analyze an
inorganic material present in dentin with and
without the NTAP application. Comparing the
results with dentin hydrophilicity should then
estimate the plasma’s influence on total and partial
inorganic material. The blocks were also divided into
two halves, and a blade protected one-half (control)
from plasma treatment during the 10- or 30-second
application.

CA Measurement: Three Repetitions in the Same
Spot—Excess water on the dentin surfaces was
gently blot dried with Kimwipes tissues (Kimberly-
Clark, Roswell, GA, USA) before water CA measure-
ment. Hydroxyapatite blocks were air-blown clean
and kept dried before the experiment. The CA of
distilled water was measured by the sessile drop
technique with the use of a CAM200 goniometer
(KSV Nima, Espoo, Finland), and the samples were
kept in a 100% humidity chamber during measure-
ment.

A drop of water (approximately 1.0 lL) was placed
on one of the halves of the dentin surface (n=3), and

the image was immediately sent via the camera to
the computer for analysis. Images were captured
every five seconds at different water-deposition
times (5-55 seconds).

The specimen images were analyzed by a comput-
er program (Image J software) with an angular
dimension tool to measure the static CA. Right and
left angles were measured to obtain a mean CA
value. One drop of water was applied on each half of
the sample surface: treated side and control side.
After the first CA measurement, the sample was
kept in position and blot-dried, and another drop of
water was applied in the same spot following the
same protocol. All measurements were done in
triplicate.

CA Measurement: Immediate Analysis (Unre-
peated)—The intriguing results of CA data after
three repetitions led us to the decision to perform
another test, recording the CA immediately after the
plasma treatment, evaluating only one drop of
water. In this way, it was possible to better assess
the surface hydrophilicity change upon the treat-
ment, without water intake interference. Therefore,
10 dentin and hydroxyapatite samples (n=5) were
prepared as described before, and the CA was
individually evaluated in each half of the specimens.

RESULTS

lTBS

All assumptions related to normal distribution and
homoscedasticity were attended. No significant
difference was found for the evaluation time factor
(p=0.22) in the ER approach, while the treatment
factor (p=0.02) and the interaction between the
‘‘evaluation time’’ and ‘‘treatment’’ (p,0.0001)
showed statistical differences. In the SE approach,
the evaluation time factor was statically significant
(p,0.0001), while no difference was found for the
treatment factor (p=0.20) or the interaction between
the ‘‘evaluation time’’ and ‘‘treatment’’ (p=0.17). At
the one-week evaluation, no differences among the
treatments were found in either adhesive technique
(Table 3). After two years of water storage in the ER
evaluation, the NTAP 30-second group presented a
higher mean lTBS compared with the other groups.
There were no pretest failures.

Cohesive failure within the composite resin was
the most predominant failure pattern observed in all
groups at both evaluation times (Figure 1). However,
after aging, the incidence of adhesive and mixed
failure increased, regardless of whether or not there
was a plasma application. The factor ‘‘time’’ caused a
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statistically significant difference in failure mode
distribution (p,0.0001). After 24 hours of storage,
adhesive failures ranged between 7% and 15%,
increasing to between 20% and 46% after two years,
whereas cohesive failures ranged from 65% to 85% at
24 hours, decreasing to 32% to 50% after aging.
These higher ratios of adhesive failure after direct
water exposure for a long time indicates degradation
of the interfacial area, although the 30-second
NTAP-treated groups did not show a significant
statistical lTBS reduction after two years of aging in
ER mode.

Nanohardness and Young’s Modulus

All assumptions related to normal distribution and
homoscedasticity were attended. The mean values
and standard deviation of nanohardness and
Young’s modulus are shown in Tables 4 and 5,
respectively. The nanohardness of adhesive layer
(p=0.181) did not show significant differences among
the groups. In the hybrid layer, the control groups
showed lower nanohardness than their correspond-
ing experimental groups. Lower dentin nanohard-
ness was reported for NTAP 30-second groups.

The lowest dentin Young’s modulus was recorded
for the NTAP 30-second SE and ER groups, although
it did not differ from the NTAP 10-second SE group.
For both approaches (ER and SE), the groups treated
with NTAP (10 and 30 seconds) showed a higher
Young’s modulus in the hybrid layer than their
respective controls. There was no statistical differ-
ence among groups in the ‘‘adhesive layer’’ evalua-
tion (p=0.062).

CA by Sessile Drop Method

CA Measurement: Three Consecutives Repetitions
in the Same Spot—The CAs of specimens treated
with NTAP for 30-seconds were significantly lower
than those on the untreated dentin/hydroxyapatite
surfaces (Figures 2 and 3). The dentin hydrophilicity
slightly decreased after the 10-second plasma treat-

Table 3: Microtensile Bond Strength (MPa) as a Function
of Dentin Treatment and Storage Time for Each
Adhesive Modea

Treatment Storage Time

1 wk 2 y

SE Control 49.5 (10.0) Aa 35.14 (10.5) Ba

SE NTAP 10 s 48.5 (9.0) Aa 42.09 (4.2) Ba

SE NTAP 30 s 47.1 (8.3) Aa 46.47 (10.7) Ba

ER Control 48.8 (6.4) Aa 38.7 (8.0) Ab

ER NTAP 10 s 53.9 (11.2) Aa 44.9 (7.9) Ab

ER NTAP 30 s 46.7 (7.0) Aa 59.0 (11.6) Aa

a Values are given as mean (SD). Different uppercase letters indicate
significant differences (p�0.05) between different storage times within the
same treatment, and different lowercase letters indicate significant
differences (p�0.05) between different treatments within the same aging
condition, for the same adhesive mode (self-etch [SE] or etch and rinse
[ER]). NTAP, nonthermal atmospheric plasma.

Figure 1. Distribution (%) of failure
modes of the groups tested after one
week and two years of water storage.
C, cohesive failure in composite resin;
D, cohesive failure in dentin; A, adhe-
sive failure; M, mixed failure of com-
posite resin, adhesive, and dentin.

Ayres & Others: Effect of Plasma on Dentin Adhesion E293

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



ment time, but the difference from the dentin control
group was higher when the plasma was used for 30
seconds (Figure 2). The influence of the NTAP
treatment in hydrophilicity was more evident in
the hydroxyapatite samples (Figure 3), in which the
CA deeply decreased even with just 10 seconds of the
NTAP application. In CA measurement repetitions,
the dentin/hydroxyapatite control groups remained
close to the first CA means, while the NTAP 30-
second groups showed gradually higher CA results,
both in the dentin and the hydroxyapatite.

CA Measurement: Immediate Analysis (Unre-
peated)—Figure 4 shows the CA means of dentin
and hydroxyapatite of the immediate plasma-treated
and untreated (control) surfaces. In dentin, the
discrepancy between the NTAP 30-second group
and the control group was greater than the differ-
ence between the NTAP 10-second group and its
control group. However, for the hydroxyapatite
substrate, both treatment times produced a large
difference in CA compared with the means in the
control groups.

DISCUSSION

The benefits of applying plasma to dentin tissue are
expected to act primarily on the longevity of

adhesive restoration. Therefore, it is necessary to
evaluate such effects as the function of the aging of
the tooth-restoration interface. The first null hy-
pothesis was partially accepted because the lTBS of
the plasma-treated dentin differed from the untreat-
ed group only in the evaluation of two years of aging
when plasma was applied for 30 seconds in etched
dentin.

Regarding the multimode adhesive evaluated in
the present study, two years of water aging did not
produce a statistically significant lTBS reduction in
values in the ER approach; however, the evaluation
time factor was significant in the SE evaluation.
Scotchbond Universal (SBU) adhesive’s long-term
effectiveness presents some conflicting results in the
literature,6,18-21 although none of them evaluated
such a long period of aging. The differences in the
test design might explain such controversies; how-
ever, this multimode adhesive showed great dura-
bility under the present study conditions, especially
in the ER approach, and no pretest failures were
recorded for both times of evaluation.

On the contrary, unlike most investigations using
plasma,2-6,11 in this study the NTAP treatment did
not cause any difference in the immediate (one-
week) results of lTBS. In the SE approach, no

Table 4: Nanohardness (GPa) Means (Confidence Interval) of the Dentin, Hybrid Layer, and Adhesive Layer (n=3) of a
Multimode Adhesivea

Treatment Dentin Hybrid Layer Adhesive Layer

Control SE 2.5 (2.5-2.6) a 1.4 (1.3-1.5) b 1.3 (1.2-1.3) a

SE NTAP 10 s 2.4 (2.4-2.5) ab 1.6 (1.5-1.7) a 1.3 (1.3-1.3) a

SE NTAP 30 s 2.3 (2.2-2.4) b 1.6 (1.5-1.8) a 1.4 (1.3-1.4) a

Control ER 2.5 (2.4-2.5) a 1.2 (1.2-1.3) b 1.3 (1.3-1.3) a

ER NTAP 10 s 2.6 (2.5-2.7) a 1.5 (1.5-1.6) a 1.3 (1.3-1.4) a

ER NTAP 30 s 2.0 (2.0-2.1) b 1.4 (1.4-1.5) a 1.3 (1.3-1.4) a
a The dentin was either plasma treated (NTAP 10 or 30 seconds) or untreated (control) in self-etch and etch-and-rinse approaches. Identical letters in the same column
did not differ by Tukey test (p.0.05). control ER, etch-and-rinse dentin specimens without NTAP; control SE, self-etch dentin specimens without NTAP; NTAP,
nonthermal atmospheric plasma.

Table 5: Young’s Modulus (GPa) Mean Values (Confidence Interval) of the Dentin, Hybrid Layer, and Adhesive Layer (n=3) of a
Multimode Adhesivea

Treatment Dentin Hybrid Layer Adhesive Layer

Control SE 36.7 (34.0-39.4) a 15.6 (14.5-16.8) b 9.9 (9.6-10.3) a

NTAP 10 s 35.5 (33.0-38.0) ab 20.1 (19.3-21.0) a 10.1 (9.8-10.5) a

NTAP 30 s 31.4 (28.3-34.5) b 20.1 (19.3-21.0) a 10.1 (9.6-10.7) a

Control ER 37.3 (35.9-38.7) a 12.2 (11.9-12.4) b 10.1 (10.0-10.3) a

NTAP 10 s 37.7 (36.5-38.9) a 15.1 (14.0-16.1) a 10.4 (10.4-10.5) a

NTAP 30 s 33.4 (31.1-35.6) b 14.7 (14.0-15.3) a 10.7 (10.0-11.4) a
a The dentin was either plasma treated (NTAP 10 or 30 seconds) or untreated (control) in self-etch (SE) and etch-and-rinse (ER) approaches. Identical letters in the
same column did not differ by Tukey test (p.0.05). control ER, etch-and-rinse dentin specimens without NTAP; control SE, self-etch dentin specimens without NTAP;
NTAP, nonthermal atmospheric plasma.
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statistical differences among treatments were ob-

served after two years of water storage. Hirata and

others6 also found the same performance in one-year

aged plasma-treated groups associated with SBU in

the SE approach.

In the present study, two years of water storage

did not decrease dentin lTBS for ER groups, and the

two-year aged control group and NTAP 10-second

group presented significantly lower lTBS when

compared with the NTAP 30-second group. There is

today no clear consensus about the potential bene-

ficial effects of NTAP, especially because most of the

investigations did not evaluate long-term results.

Different factors, such as specifications of the plasma

device and the adhesive system used, makes it

difficult to draw a direct comparison with other

plasma studies, and this fact justifies the evaluation

of a longer aging using the same parameters

(adhesive system, direct water storage, NTAP appli-
cation time/specifications).

However, studies from our research group using
the SBU adhesive associated with the same plasma
equipment (Surface Plasma Tool Model SAP) in
standard specifications were recently published.
SBU maintained its lTBS strength to dentin after
one year of direct water exposure and exposure to
simulated pulpal pressure, although remarkable
statistical differences between treatments were
observed depending on the aging condition.22 A more
recent method, mini-interfacial fracture toughness,
showed no difference among plasma-treated and
-untreated groups upon 6 months of aging, which
could be explained by the short-time aging evalua-
tion, once SBU also showed bonding stability in the
present study even after two years of water aging.23

Although nanohardness and Young’s modulus
assessments were performed only one week after

Figure 2. Means of water contact angle on dentin treated with NTAP for 10 or 30 seconds and compared with those on untreated dentin (control).
CA1, CA2, CA3 = first, second, and third contact angle measurements, respectively.

Figure 3. Means of water contact angle on hydroxyapatite treated with NTAP for 10 or 30 seconds and compared with those on
untreated hydroxyapatite (control). CA1, CA2, CA3 = first, second, and third contact angle measurements, respectively.
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applying NTAP, adhesives, and composite, they
provided consistent and very rich information to
explain the beneficial effects of NTAP on resin/
dentin-treated interfaces. When evaluating the
hybrid layer, both application times of NTAP (10
seconds and 30 seconds) presented values of nano-
hardness and Young’s modulus that were statisti-
cally higher than the respective untreated (control)
groups. Thus, the second hypothesis was rejected
because NTAP produced significant stiffening of the
hybrid layer.

Another important observation was that no differ-
ence in nanohardness or Young’s modulus was found
in the adhesive layer (Tables 4 and 5). This result
was also expected since the same adhesive resin was
used in all the groups. However, the differences
found in the hybrid layer raise the question about
what caused the hardness increase in the specific
area where the adhesive was in intimate contact
with the plasma-modified surface.

The findings in the mechanical properties of the
resin-dentin interface might be related to two
possible alterations promoted by the NTAP applica-
tion. One is the possible promotion of a higher cross-
link density of the adhesive system, which may have
originated from a greater number of chemical
reactions, promoting the breaking of carbon chains.
The plasma-treated dentin receives a jet of electrons,

free radicals, and ions and therefore produces a more
reactive surface, which can trigger more chemical
reactions of the monomer components of the adhe-
sive system. Chen and others10 applied a plasma
brush in a model adhesive under different water/
HEMA mass ratios and demonstrated the plasma’s
effectiveness in inducing polymerization. Conversion
values of the plasma-cured groups were higher than
those of light-cured samples with the same mass
ratio and water content.

Another possible explanation is that the adhesive
system is able to interact strongly with partially
demineralized dentin (in the SE mode) and fully
demineralized dentin (in the ER technique), leaving
less voids or water-filled spaces. An in situ zymog-
raphy assay showed a progressive decline of enzy-
matic activity with increase of NTAP exposure
time.22 Application of NTAP apparently inhibited
the enzymatic activity in the ER specimens, espe-
cially in the hybrid layer area. The NTAP-treated
dentin should demonstrate better infiltration and
polymerization of resin monomers, corroborating the
present findings of mechanical properties in the
hybrid layer.

These theories might be confirmed by additional
evaluations, such as transmission electron microsco-
py and Fourier transform infrared spectroscopy, in
which the ultramorphology interaction between the

Figure 4. Means of water contact
angle immediately after NTAP appli-
cation for 10 or 30 seconds on the
surfaces of dentin and hydroxyapatite
surfaces compared with those on
untreated (control) substrates.
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adhesive and plasma-treated dentin can be observed
as well as the degree of conversion of resin-based
materials, respectively. In addition, long-term aging
evaluation of nanohardness and Young’s modulus of
the resin-dentin interface’s structures are incentiv-
ized. The correlation between lTBS and nanome-
chanical properties of the resin-adhesive interface
might be controversial. According to Freitas and
others, this correlation was reported as inverse,
suggesting that a lower Young’s modulus for the
adhesive layer offers more adequate resistance of the
adhesive to elastic deformation under stress, al-
though the difference was statistically significant
only for the adhesive layer and the SBU adhesive
was not evaluated.24 In the present study, the higher
nanohardness and Young’s modulus were related to
the NTAP application effect on the hybrid layer,
which also presented the highest lTBS absolute
means when applied for 30 seconds in dentin,
indicating a positive correlation.

The supposition of a higher interaction of the
adhesive system with the plasma-treated substrate
was corroborated by the findings in the CA analysis
by the sessile drop method. The NTAP treatment
had a much stronger influence on the hydrophilicity
of hydroxyapatite than of dentin. This finding
indicates that the plasma effect is stronger on the
inorganic content of the substrate. However, it is
worth mentioning that the hydroxyapatite arrange-
ment in the dentin substrate is much more complex,
involving tubules with different distributions and
diameters.16 In dentin, the NTAP application time of
10 seconds promoted a slightly lower CA mean than
the control group, while the application for 30
seconds showed a more significant difference. Thus,
the third hypothesis was also rejected.

In the triplicate test, every time that the applica-
tion of the water droplet was repeated, the hydro-
philicity decreased in the NTAP 30-second groups.
Apparently, the presence of moisture on a surface
after the NTAP application is likely to decrease the
hydrophilicity potential. The highly reactive parti-
cles produced on the surface by NTAP can cross-link
rapidly to form various chemical functional groups.10

The authors hypothesize that the droplets of water
molecules may have acted as a contaminant, pre-
venting the new water droplets from reacting with
the plasma-modified surface, jeopardizing the wet-
tability. This would also explain why the NTAP
effect was more evident in the hydroxyapatite dry
sample than in the partially wet dentin.

Therefore, it seems reasonable to counteract
rehydration of the dentin after the NTAP application

and to avoid contamination by water/saliva, letting
only the adhesive system have direct contact with
the plasma-treated substrate, allowing for a good
infiltration. The NTAP application for longer time
(30 seconds) produced higher hydrophilicity in
dentin than the shorter time (10 second) in the first
CA assessment and was more negatively affected in
the third water droplet application. But it is worth
noting that even after three water drop exposures,
the NTAP treatment still maintained a higher
hydrophilicity than the control groups in all water
deposition times, especially on the hydroxyapatite
substrate, which indicates the partial maintenance
of hydrophilic properties.

Aiming to evaluate only the immediate effect of
the NTAP treatment on surface hydrophilicity, the
sessile drop CA method was performed again on new
samples, but with only one measurement per spot. A
larger number of samples were prepared to obtain a
more representative mean since there were no
repetitions. Once again, the NTAP effect on hy-
droxyapatite’s hydrophilicity was much stronger
than on the dentin’s, even using the shorter
treatment time (10 seconds), whose effect did not
differ from the longer treatment time (30 seconds) in
this particular substrate. In dentin, the application
time for 30 seconds produced a more significant
difference in the CA comparison with the control
group.

Besides adhesion by contact, the presence of the
10-MDP monomer in the composition of the multi-
mode adhesive tested in this study produces chem-
ical reactions with calcium from hydroxyapatite,
forming a hydrolytic stable dentin-resin interac-
tion.25 Yoshida and others revealed Ca-salt forma-
tion and nanolayering within the hybrid layer;
however, this additional bonding mechanism was
not always equally consistent for SBU nor Clearfil
SE Bond (Kuraray Noritake).26 According to those
authors, more intense nanolayering was found in the
areas with more demineralization. Because the
dentin is a moist substrate, the preexisting and/or
remaining water may result in more ionization of the
acidic functional monomer once intense nanolayer-
ing is observed in the neighborhood of the dentin
tubules.

Regarding the chemical surface characterization of
NTAP-treated dentin surfaces, a study using Raman
confocal microscopy showed no statistical difference
in carbonate and collagen type I spectra in etched
and unetched dentin groups after plasma applica-
tion.22 They also reported no remarkable topograph-
ical alteration at the dentin surface when character-
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ized by atomic force microscopy. One could expect
that the NTAP effect on surface hydrophilicity,
especially on inorganic substrate, could also influ-
ence the chemical interaction potential of 10-MDP
with hydroxyapatite. A dense nanolayered structure
with a hydrophobic nature would help in protecting
the resin-dentin interface against hydrolytic degra-
dation effects.

CONCLUSIONS

Dentin NTAP treatment for 30 seconds influences
the lTBS of the multimode SBU adhesive in the ER
approach after two years of water aging. This
positive result might be correlated with the increase
in nanohardness and Young’s modulus of the hybrid
layer and to the greater dentin hydrophilicity, two
phenomena observed in short-time evaluation. Al-
though some effects were observed using a plasma
application for 10 seconds, the results suggest that
30 seconds is the most indicated treatment time.
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Cuspal Flexure and Stress
in Restored Teeth Caused by

Amalgam Expansion

BT Danley � BN Hamilton � D Tantbirojn � RE Goldstein � A Versluis

Clinical Relevance

Although amalgam is being phased out, existing amalgam fillings will still be present for
many years. Clinicians should be aware that amalgam expansion may create stress
conditions that accelerate tooth cracking.

SUMMARY

Objective: Cracks in amalgam-filled teeth may
be related to amalgam expansion. This study
measured cuspal flexure and used finite ele-
ment analysis to assess associated stress levels

in amalgam-filled teeth.

Methods and Materials: External surfaces of 18
extracted molars were scanned in three di-

mensions. Nine molars were restored with
mesio-occluso-distal amalgam fillings; the oth-

er teeth were left intact as controls. All teeth
were stored in saline and scanned after two,
four, and eight weeks. Cuspal flexure and
restoration expansion were determined by
calculating the difference between scanned
surfaces. Stresses in a flexed tooth were calcu-
lated using finite element analysis.

Results: Cusps of amalgam-filled teeth flexed
outward approximately 3 lm, and restoration
surfaces expanded 4 to 8 lm during storage.
Cuspal flexure was significantly higher in the
amalgam group (multivariate tests, p,0.05),
but storage time had no significant effect
(repeated measures, p.0.05). Expansion
caused stress concentrations at the cavity line
angles. These stress concentrations increased
stresses due to mastication 44% to 178%.

Conclusions: Amalgam expansion pushed cav-
ity walls outward, which created stress con-
centrations at the cavity line angles. Expan-
sion stresses can raise stresses in amalgam-
filled teeth and contribute to incidentally
observed cracks.

INTRODUCTION

Dental amalgam was introduced in dentistry in the
early 1800s and has accumulated an impressive
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record as a tooth-filling material. However, because
of environmental, health, and esthetic concerns,
amalgam is being replaced by resin-based alterna-
tives as the material of choice for direct restorations.
In 2005, an estimated 52 million amalgam fillings
were placed in the United States versus approxi-
mately 96 million in 1990.1,2 According to a projec-
tion from the United States Food and Drug Admin-
istration, more than 30 million amalgam
restorations are expected to be placed up to the year
2023.3 Although the use of amalgam is thus
declining, millions of amalgam-restored teeth are
still in function today and will be for many years
depending on their durability.

Despite the respectable life span of amalgam
fillings, often surpassing that of resin-based compos-
ite restorations,4-6 their ultimate failure can have
serious consequences for the longevity of a tooth.
Common reasons for restoration failures are second-
ary caries, fracture of the filling, or tooth fracture.6-8

Secondary caries or fractured fillings can be treated
by replacing the filling, but a fractured tooth will
require complex or costly indirect restoration or even
become unrestorable.

Cracks are a common sight in teeth. Dental
practitioners often observe cracks developing at a
marginal ridge or radiating from amalgam fillings,
as shown in Figure 1. Fractures are the final stage of
crack propagation. Teeth restored with nonbonded
amalgam were found to be more likely to have cracks
or fractured tooth structures than adhesive compos-
ite restorations.6,8,9 Restoration, cavity design, ex-
cursive occlusal interference, and age have all been
identified as factors that predispose a tooth to
cracking.9-11

Another factor that may also play a role is
expansion of the amalgam restoration, which would
introduce stresses in a restored tooth. Amalgam is
known to expand due to phase changes and corro-
sion.12,13 Expansion of amalgam in a confined cavity

coupled with creep and corrosion products has been
proposed to close the interfacial gap and cause the
amalgam extrusion that can be observed after years
of service.14 The observation of creep implies the
presence of continuous pressure imposed on the
restoration by the confining tooth structure, which
in turn implies the presence of stresses in the tooth
structure. It is conceivable that the presence of such
stresses has consequences for the longevity of teeth
with amalgam fillings if it elevates stress levels in
the tooth structure.

Considering the large pool of aging amalgam
restorations present in the population, understand-
ing how they may affect stresses in a tooth will
remain a clinical concern for many years. The
objective of this study was to investigate whether
amalgam fillings could add stresses in the tooth-
restoration complex and, if so, how significant those
stresses could be. To verify that an amalgam
restoration can stress a tooth, we measured cuspal
flexure of teeth with an amalgam filling. The
significance of expansion on stress levels was
assessed by evaluating restored teeth with similar
cuspal flexure in a finite element analysis.

METHODS AND MATERIALS

Cuspal Flexure and Restoration Expansion

Eighteen extracted human maxillary and mandibu-
lar molars (approved by the Institutional Review
Board) were mounted in stainless steel rings with
embedded reference spheres (Figure 2). The mean
and standard deviation of the buccal-lingual widths,
measured at the height of contour, were 10.0 6 0.6
mm. Nine teeth were filled with amalgam, and the
other nine teeth were left intact (no preparation). A
sample size of nine had 95% confidence to detect a
difference of 0.65 standard deviation between
groups. The external enamel surfaces were etched
with 37% phosphoric acid solution to obtain dull
surfaces. A mesio-occluso-distal (MOD) cavity (4-mm
deep, 4-mm wide) was prepared in nine teeth and
was restored with zinc-containing amalgam (Per-
mite, SDI, Bayswater, Victoria, Australia). The
external tooth surfaces and reference spheres were
scanned from eight directions following restoration
using a three-dimensional optical scanner (COMET
xS, Steinbichler Optotechnik GmbH, Neubeuern,
Germany). This scan was used as a baseline. After
scanning, the restored teeth were immersed in
normal saline solution (0.9% sodium chloride irriga-
tion USP; B. Braun Medical Inc, Bethlehem, PA,
USA) for eight weeks and rescanned at two, four,
and eight weeks. Nine unprepared teeth were used

Figure 1. Cracks on marginal ridges and triangular ridges next to
amalgam restorations.
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as a control. They were scanned and stored using the
same procedure as the restored teeth. Scanned
surfaces were aligned with the baseline scans by
means of the reference spheres on the mounting
rings using Cumulus software (Regents of the
University of Minnesota; Figure 2). Buccal and
lingual tooth surface areas (from height of cavity
floor to just below the cuspal ridges) as well as
occlusal and proximal amalgam filling surfaces were
separately selected on the baseline scans. Custom-
developed software compared each of the selected
baseline surface areas with the follow-up surface
scans. Differences between the baseline and follow-
up surfaces, which geometrically constitute a vol-
ume, were calculated and divided by the selected
surface areas to obtain the buccal and lingual cusp
flexure and the occlusal and proximal amalgam
filling expansion. Total cuspal flexure was the sum
of the buccal and lingual flexure; proximal expansion
was the average of the mesial and distal amalgam
filling expansion. Effects of amalgam restoration on
cuspal flexure were compared with the control group
at each time interval with multivariate tests and
post hoc multiple comparisons using the Games-
Howell test (equal variances not assumed; IBM
SPSS Statistics, version 25.0, Armonk, NY, USA).
Effects of storage time on cuspal flexure of the
amalgam-restored teeth and control teeth were
analyzed using general linear model repeated mea-
sures (IBM SPSS Statistics).

Finite Element Analysis

Volumetric expansion was applied in a finite element
model of an MOD-restored tooth to evaluate the
stress distribution associated with experimentally
measured cuspal flexure. The finite element model
was based on an image of a cross-sectioned tooth.
The outlines of the dentin and enamel were traced
and imported into a finite element program (Marc/
Mentat, MSC Software, Palo Alto, CA, USA). Three
cavity shapes were created using the Mentat

preprocessor software, with 08, 58, or 108 of wall
convergence. Each cavity was 4-mm deep and 4-mm
wide, as shown in Figure 3. The outlined dentin,
enamel, and restoration were meshed manually
using quadrilateral elements, using an element
relaxation option that maintained optimal element
shapes. The root was not modeled because restora-
tion expansion affected only the tooth crown. The
tooth models were therefore fixed below the cemento-
enamel junction. Amalgam restoration surfaces were
free to separate or slide along the surrounding cavity
surfaces with an arbitrary 0.5 coefficient of friction.

Material properties were assigned to the dentin,
enamel, and restoration elements. The applied
elastic moduli (84 GPa for enamel, 18 GPa for
dentin, and 28 GPa for amalgam) as well as the
Poisson’s ratios (0.30 for enamel, 0.24 for dentin, and
0.35 for amalgam) were obtained from the litera-
ture.15 Transverse isotropic conditions were pre-
scribed for the enamel, assuming the 84 GPa elastic
modulus value along the principal enamel axis,
perpendicular to the enamel-dentin junction, where-
as the value was 42 GPa in lateral directions. Since
the objective of this analysis was stress in the tooth
structure for a specific experimentally measured
cuspal deflection value, creep of the amalgam did not
need to be modeled.

To produce the specific cuspal deflection, volumet-
ric expansion was prescribed for the modeled
amalgam restoration using thermal analogy. This
involved increasing notional temperature in the
amalgam to induce expansion. The resulting volume
change pressed the amalgam restoration against the
surrounding cavity floor and walls, generating
deformation and stress in the tooth, outward flexure
of the cusps, and an elevation of the occlusal surface
as it was extruded. In addition, occlusal forces were
applied on the lingual or buccal cuspal inclines to
simulate a chewing load of 20 N distributed over a
1.5-mm2 surface area.

Figure 2. Teeth were secured in stainless steel rings with embedded reference spheres. The scans were aligned with their baseline using the
reference spheres (yellow). Cuspal flexure and expansion of the amalgam restoration on the occlusal, mesial, and distal surfaces are shown
according to the color scale.
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Stresses in three directions (cross-sectional plane
and perpendicular to the cross section according to
plane strain conditions) were collected in the dentin
and enamel elements during the simulation of
amalgam expansion and cuspal flexure. The combina-
tion of these three stress components was expressed in
an equivalent stress value according to the modified
von Mises criterion. This criterion is based on the
common von Mises criterion but modified such that it
can account for the higher compressive and lower
tensile strengths of enamel, dentin, and amalgam.
The modification assigns tensile stresses higher
‘‘weight’’ in the equivalent stress expression than
compressive stresses.16 The compressive/tensile
strength ratios used were 384/10 for enamel, 297/99
for dentin, and 388/66 for amalgam.15

RESULTS

Displacements were measured across all external
surfaces (Figure 2) after two-, four-, and eight-week
storage. Mean cuspal flexure and expansion values

of the occlusal, mesial, and distal amalgam surfaces
were calculated over each affected surface (Table 1).
Positive values indicate outward movement (expan-
sion). Multivariate tests showed that the amalgam
restoration caused significant cuspal flexure at each
time interval. The repeated-measures tests indicated
that the storage time had no significant effect on
either the amalgam (p=0.202) or control groups
(p=0.069). Amalgam on proximal surfaces expanded
more than those on the occlusal surface.

To match the experimentally determined cuspal
flexure of about 3 lm, a 0.3% volumetric (=0.1%
linear) expansion was applied in the finite element
analysis. The simulated amalgam expansion caused
stresses in the tooth structure, with stress concen-
trations at the cavity floor and line angles (Figure 3).
The occlusal surface extruded 3.5 to 4 lm due to the
amalgam expansion. The 58 of wall convergence
increased cuspal flexure by 26% compared with a
cavity with straight walls and 29% when the wall
convergence was 108. Stress concentrations in dentin

Figure 3. Calculated displacements and stresses in the cross section of an amalgam-filled tooth with 3-lm cuspal flexure due to amalgam
expansion. Stress concentrations are seen at the cavity line angles. Stress concentrations intensified when a masticatory load was added on the
lingual or buccal cusp (20 N over 1.5 mm2 area, indicated with arrows).
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due to amalgam expansion were 3% to 14% higher
with convergent cavity walls. The expansion of the
amalgam filling caused an increase in stress values
in dentin at the lingual line angle by 131% to 178%
when a 20-N masticatory load was simulated on the
lingual cusp and 44% to 45% in the buccal line angle
when the load was applied on the buccal cusp. These
percentages corresponded with an average stress
increase at the cavity line angles of 10 to 15 MPa.
Stresses at the opposite cavity line angle decreased
during cuspal loading.

DISCUSSION

A study about amalgam fillings may seem obsolete in
the 21st century. However, considering the longevity
of amalgam fillings, which can be 30 to 40 years,
hundreds of millions are currently in function all
over the world. In 2009, a meeting convened at
World Health Organization headquarters in Geneva,
Switzerland, encouraged a global ‘‘phase down’’ of
the use of amalgam due to environmental health
concerns and in response to global initiatives on
mercury reduction from the United Nations Envi-
ronment Programme.17 However, complete phase
out of amalgam has not yet happened, as it is still the
most affordable restorative option.2,17 Amalgam
restorations will therefore have a presence in
dentistry for many years to come.

Although it is well-known that amalgam expands
and amalgam extrusion is observed at the mar-
gins,12-14 the mechanism of crack initiation by such
expansion has not been studied directly. In this
study, we explored expansion as one of the mecha-
nisms contributing to the cracks and fractures that

are often observed in aging amalgam-filled teeth.
Cracks that could be detected with an explorer were
found to be twice as likely in teeth restored with
amalgam compared with resin-based composites.9 In
370 patients with cracked tooth syndrome, 82% of
those were found in amalgam-filled teeth.18 In
addition, a 12-year survival study reported more
than 10% of 1200 amalgam fillings failed because of
tooth fracture or cracked tooth.8 Cracks in the tooth
structure are in response to stresses, which can
originate from masticatory forces, environmental
effects, or pressure exerted by an expanding resto-
ration. Amalgam expansion due to phase changes or
corrosion is well documented,12,13 and cuspal flexure
of amalgam-filled teeth has been observed in vitro.19

Under clinical conditions, amalgam expansion is also
confirmed by the observation of occlusal extrusion of
aging fillings.14,20,21 Nevertheless, stresses in the
tooth structure due to amalgam expansion have been
largely dismissed with reference to creep as an
alleviating mechanism.14 Although amalgam creep
would lessen stress levels, creep does not occur
without the presence of continuous stress.

The most obvious source for continuous stress is
pressure imposed on the amalgam filling by the
confining tooth structure if amalgam would expand.
If amalgam is under pressure from the tooth
structure, the tooth must also be under stress. To
evaluate the hypothesis that a tooth structure can be
stressed by an amalgam filling, we measured cuspal
flexure. The experimental method for measuring
tooth cusps bending in- or outward is well estab-
lished for determining the effects of polymerization
shrinkage or hygroscopic expansion stresses in
restored teeth.22-24 We used saline storage in an
attempt to accelerate the aging of our amalgam
fillings because reference surfaces necessary for
accurately determining tooth surface changes cannot
be kept stable for long. We measured significant
cuspal flexure for the amalgam-filled teeth of more
than 3 lm after two weeks of storage. This value is
comparable to the 2.7 lm previously reported for
teeth with 4-mm-wide amalgam MOD fillings after
one week.19 Since unsupported cusps after cavity
preparation have been shown to flex in random
directions,25 the consistently outward cuspal flexure
supports the hypothesis that the amalgam fillings
expanded and stressed the tooth structure. More-
over, we measured 4- lm to 8-lm expansion on the
occlusal and proximal amalgam surfaces, which
confirmed an expanding amalgam filling and indi-
cated that the reason for the cuspal flexure was
likely expansion of the filling.

Table 1: Cuspal Flexure and Amalgam Expansion on
Occlusal and Proximal (Averaged From Mesial
and Distal) Surfaces (Mean 6 Standard
Deviation; lm)a

2 wk 4 wk 8 wk

Cuspal flexure,
amalgam

3.18 6 2.72* 3.55 6 2.14* 3.70 6 2.42*

Cuspal flexure,
control

�0.40 6 0.77§ �0.53 6 1.00§ �0.41 6 0.49§

Amalgam
expansion,
occlusal

4.69 6 1.38 5.05 6 1.37 5.02 6 1.35

Amalgam
expansion,
proximal

8.66 6 1.40 8.36 6 1.43 8.40 6 1.51

a Positive values indicate outward flexure (expansion). The symbols * and §
indicate significantly different mean cuspal flexure values between the
control and amalgam-restored teeth (multivariate tests, p=0.002, p=0.001,
p,0.001 for the two-week, four-week, and eight-week time intervals,
respectively).

E304 Operative Dentistry

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-09-01 via free access



Amalgam expansion and creep are generally
considered positive effects because they close the
interfacial gap,14 thereby tacitly assuming that
expansion is an insignificant factor in tooth frac-
tures. In a photoelastic study, cylindrical amalgam
fillings caused only minimal stresses in a block of
photoelastic material.26 To test the significance of
the measured flexure values, we calculated the
stress level associated with 3-lm cuspal flexure of
a tooth with MOD filling using finite element
analysis. The analysis showed stress concentrations
at the cavity line angles. Stress concentrations are
areas where stresses are higher compared with
surrounding areas (indicated by orange and yellow
colors in Figure 3) and therefore identify locations
where maximum stress will be exceeded first and
crack initiation is thus most likely. The analysis thus
confirmed clinical observations that line angles are
usually involved in cuspal fractures. Nevertheless,
there is no clinical or experimental evidence that
amalgam expansion stress is sufficient to cause cusp
fracture.21 In our finite element analysis, the highest
(principal) stresses at the cavity line angles were in
the range of 10 to 25 MPa, which is well below the
tensile strength of dentin and thus supports the
notion that amalgam expansion alone is not suffi-
cient to cause tooth fracture.

Cuspal fracture usually occurs during functional
or parafunctional loading, often when no excessive
forces are applied. Anecdotes of cuspal or tooth
fractures when chewing on soft food are very
familiar. Such fracture behavior has all the charac-
teristics of fatigue failure, which is a process of crack
propagation under repetitive loading that is lower
than the original structural strength. Amalgam
expansion stresses may not be sufficient to fracture
a cusp, but they may accelerate fatigue crack
initiation and propagation by raising stress levels
in a tooth. We used the finite element analysis to test
this hypothesis and found that amalgam expansion
stresses associated with a 3-lm cuspal flexure
increased stress concentrations at the cavity line
angles 44% to 178% compared with a nonexpanding
amalgam filling. According to the classic crack
growth equation known as Paris’ law, the fatigue
crack rate is essentially a power function of the
stress amplitude.27 Increases in the level of repeti-
tive stress values could thus result in significant
acceleration of crack propagation and in higher
incidence of fatigue fractures. The clinical signifi-
cance of amalgam expansion is therefore not its
inability to break a cusp but rather the effect it has
on increasing the stress levels.

Stress levels in restored teeth depend on many
factors, where each combination of amalgam alloy,
cavity configuration, and tooth will affect the stress
development and distribution. Not all variations could
be covered in this study. The amalgam we used is a
high-copper, non-gamma-2 admixed alloy containing
0.2% zinc.28 High-copper amalgam associated with
expansion and low creep is thought to have contrib-
uted to an increased incidence and severity of cusp
fracture of endodontically treated posterior teeth.29

Other amalgams, for example, zinc-containing low-
copper alloys, could have caused more expansion if
contaminated with moisture,30 or amalgams exhibit-
ing more creep could have resulted in lower cuspal
flexure values.14 We chose the zinc-containing high-
copper alloy because it allowed us to accelerate the
aging process needed to assess cuspal flexure before
reference surfaces became unstable. The controls
showed that after eight weeks in saline, the stability
of the reference surfaces became unreliable. Note that
moisture contamination was not an issue because the
fillings were placed in a dry in vitro environment.

The choice of cavity configuration also affected our
outcomes. A large MOD cavity significantly weakens
the tooth structure, which increases the tooth
deformation and thus stresses in the tooth. The slot
cavity design in this study had a constant 4-mm
depth without proximal boxes to achieve maximal
cuspal deformation. A small occlusal cavity or
conventional Class II cavity is less injurious to the
tooth stiffness, which results in less tooth deforma-
tion from amalgam expansion and thus lower
stresses in the tooth. This may explain the previ-
ously mentioned low stresses in a block of photoe-
lastic material with cylindrical cavity.26 Note, how-
ever, that stress concentrations will change
depending on the cavity configuration. In occlusal
fillings, stress concentrations due to expansion are
likely to shift to the occlusal surface where the lower
tensile strength and fracture toughness of enamel
may predispose occlusal margins to increased risk of
crack initiation and propagation. In this study, we
considered three levels of convergence for our MOD
cavities (08, 58, and 108). Generally, stress concen-
trations intensified with increasing convergence.
However, the value did not only depend on conver-
gence, but also the surrounding, remaining tooth
structure. For example, a smaller cavity with higher
conversion angle may generate lower stress concen-
trations than a large cavity with less convergence.
Similarly, stress distributions are affected by the
location and distribution of occlusal loading. Two
load conditions were examined in this study. They
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showed that loading of unsupported cusps creates
significant stress concentrations at the cavity line
angles. Those stress concentrations caused by mas-
ticatory loading can be avoided by bonding a filling to
the cavity walls.31 However, stress concentrations at
cavity line angles that are generated by restoration
expansion will not be prevented by bonding. Note
also that expansion stresses differ from more
familiar polymerization shrinkage stresses because
stresses caused by the expansion of Class II
restorations tend to concentrate on internal tooth
surfaces, whereas stresses caused by shrinkage tend
to concentrate on external tooth surfaces.31 Restora-
tion expansion stress concentrations thus coincided
with the location where stresses generated by
masticatory loading also concentrated.

Clearly, predicting stresses is complex and should
notbe generalized becauseunique factors ofeach tooth-
restoration complex need to be taken into account. The
results of this study should therefore not be applied
blindly to other alloys or cavity configurations. The
significance of our experiment, however, is the dem-
onstration that amalgam has the potential to signifi-
cantly raise stress levels in filled teeth. Even though
the life span of amalgam fillings is respectable,4,6,8

cracks in the tooth structure can lead to extensive re-
restoration or render a tooth unrestorable.

Clinicians should therefore be aware that cracks
associated with amalgam restorations are likely to
propagate in a fatigue process that eventually leads to
catastrophic fracture. Viewing teeth with amalgam
filling up close with an intraoral camera helps to verify
the presence of microcracks, especially when using a
bright light to transilluminate the tooth. Moreover,
clinicians should be aware that higher convergent
cavity walls as well as sharp cavity line angles
intensify the local stress concentrations, which are
likely to accelerate crack propagation, and that
bonding an amalgam filling may restore structural
integrity but will not eliminate the effect of amalgam
expansion stresses. Amalgam fillings have a good
track record for longevity and technique insensitivity,
but if clinicians are concerned about maintaining
tooth integrity, amalgam may not be the best choice.
Amalgam fillings may create stress conditions that
accelerate tooth cracking. Amalgam fills a cavity but
does not restore the tooth.31

CONCLUSION

During the eight-week storage in normal saline
solution, amalgam fillings expanded and pushed
cavity walls outward. Finite element analysis
showed that the expansion caused stress concentra-

tions in the tooth structure at the lingual and buccal
internal line angles. These expansion stresses added
to stresses generated by masticatory loads and were
hypothesized to contribute to initiation and propa-
gation of tooth cracks incidentally observed around
amalgam restorations. Results from the finite ele-
ment analysis suggested that cavity convergence
may be a contributing factor.
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Comparison of the Efficacy of
Different Fluoride Varnishes
on Dentin Remineralization

During a Critical pH Exposure
Using Quantitative

X-Ray Microtomography

A Sleibi � A Tappuni � D Mills � GR Davis � A Baysan

Clinical Relevance

The application of dental varnish containing fluoride on demineralized dentin can
remineralize and protect dentin lesions, but there might be no additional benefit to
incorporating calcium and phosphate to enhance the remineralization of dentin caries.

SUMMARY

Objectives: The objective of this in vitro study
was to quantify the amount of mineral change
in demineralized dentin at pH 5.5 after the
application of dental varnishes containing
fluoride with casein phosphopeptide–amor-
phous calcium phosphate, fluoride and bio-
glass, or fluoride alone.

Methods and Materials: A total of 12 extracted

human sound mandibular premolar root sam-

ples were coated with an acid-resistant var-

nish, leaving a 2 3 3 mm window at the outer

root surface. These root specimens were then

randomly divided into four groups and sepa-

rately subjected to the demineralizing cycle at

a pH of 4.8 for five days to create artificial

caries-like lesions in dentin. Subsequently,

each sample was imaged using quantitative x-

ray microtomography (XMT) at a 15-lm voxel

size. Each test group then received one of the

following treatments: dental varnish contain-
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ing casein phosphopeptide–amorphous calci-
um phosphate and fluoride (CPP-ACP, MI
varnish, GC Europe), bioglass and fluoride
(BGA, Experimental, Dentsply Sirona), or fluo-
ride alone (NUPRO, Dentsply Sirona), as well
as a control group, which received no treat-
ment. These samples were kept in deionized
water for 12 hours. The thin layer of varnish
was then removed. All samples including the
nonvarnish group were subjected to the sec-
ond demineralizing cycle at pH 5.5 for five
days. The final XMT imaging was then carried
out following the second demineralizing cycle.
XMT scan was also carried out to varnish
samples at 25 lm voxel size. The change in
mineral concentration in the demineralized
teeth was assessed using both qualitative and
quantitative image analysis.

Results: There was an increase in radiopacity
in the subtracted images of all varnish groups;
a significant increase in mineral content, 12%
for the CPP-ACP and fluoride (p�0.05 and
p�0.001), 25% BGA (p�0.001), and 104% fluoride
alone varnish (p�0.001). There was an increase
in the size of radiolucency in the lesion area
with a significant decrease in mineral content
in the nonvarnish group, 10% (p�0.05 and
p�0.001).

Conclusions: There was encouraging evidence
of a remineralization effect following the appli-
cation of dental varnish on dentin and also an
observed resistance to demineralization during
the acidic challenge in all cases. However, a
dental varnish containing fluoride alone ap-
peared to have a much greater effect on dentin
remineralization when compared with CPP-
ACP with fluoride and bioglass with fluoride.

INTRODUCTION

Remineralization is a continuous process of mineral
exchange within the demineralized tooth structure.
The newly formed crystals (Ca10(PO4)6F2) are com-
paratively more resistant to dissolution.1 This could
be seen in both enamel and dentin and achieved
either as part of routine daily plaque control or
through the application of various remineralization
agents.2 In this respect, there is considerable
evidence supporting the use of fluoride-based treat-
ments to remineralize tooth structure.3,4 However,
the effectiveness of fluoride alone (F) with an
inadequate source of calcium (Caþ2) and phospho-
rous (PO4

3�) could be limited.5-7

It has been reported that providing both Caþ2 and
PO4

�3 together with fluoride had a superior impact
in preventing dentin caries when compared with F in
populations with high caries risk.8 In this respect,
different formulations of calcium phosphate have
been incorporated into fluoride products, including
casein phosphopeptide–amorphous calcium phos-
phate (CPP-ACP) and bioglass (calcium sodium
phosphosilicate).5,9 These formulations were recent-
ly introduced as part of fluoride varnish where there
is a chance to act as slow-release fluoride reservoirs
due to adherence to the tooth surface for longer
periods of time.10 A recent in vitro study reported a
significant remineralization effect using fluoride
with CPP-ACP on caries-like lesions in bovine dentin
that received no toothbrushing in comparison with a
dental varnish containing F.11

Despite the promising results from several studies,
there was a low level of evidence to suggest either CPP-
ACP or bioglass plus fluoride formulation to enhance
the remineralizaton on dentin lesions.12-15 In addition,
none of the conducted studies compared these formu-
lations in more challenging conditions, such as a
constant demineralizing cycle at pH 5.5. This could be
valid for individuals who have an impairment in the
salivary function, where saliva is unable to maintain
the natural pH during an acidic challenge, or for those
with a resting pH of 5.5 combined with a high-caries
risk.16 In addition, the significantdrop insalivary pH is
more likely to be seen in individuals with excessive
sugar and fermentable carbohydrate intake who are
metabolized by micro-organisms to produce acids.17

Therefore, the aim of this study was to compare the
mineral deposition of different dental varnishes con-
taining CPP-ACP with fluoride, bioglass with fluoride,
and F on dentin-like lesions at a critical pH using
quantitative x-ray microtomography (XMT).

METHODS AND MATERIALS

Twelve human sound mandibular premolars that
were extracted for orthodontic purposes were col-
lected, cleaned, and polished using nonfluoridated
pumice and a slow handpiece. The teeth were then
stored in 1% thymol prior to sample preparation.

Preparation of Demineralized Solution

The demineralization buffer solution was prepared
using 0.2205 g/L CaCl2�2H2O, 0.1225 g/L KH2PO4,
and 50 mmol/L acetic acid. The pH was adjusted to
4.8 using 0.05 g/L KOH for the first demineralization
cycle, to create artificial-like caries in dentin.18 An
Oakton pH meter (Oakton Instruments, Nijkerk, the
Netherlands) was used to measure the pH of the
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demineralized solution. All chemical reagents were
obtained from Sigma-Aldrich (Gillingham, Dorset,
UK). The same buffer solution with pH 5.5 was
prepared to immerse the specimens following dental
varnish application.

Preparation of Artificial Caries-like Lesions

The crowns of collected teeth were removed 1 mm
below the cemento-enamel junction using a 0.3-mm-
thick diamond disc under running water at 3000 rpm
speed (Struers, Copenhagen, Denmark). Adhesive
tapes of 2 3 3 mm were placed coronally 2 mm
beyond the cutting side of the root samples, and then
an acid-resistant varnish (Revlon, New York, NY,
USA) was applied. A dentin window of 2 3 3 mm was
then exposed by removing the piece of tape on each
sample. These allocated areas represented the lesion
sites. The root specimens were separately immersed
in 10 mL of demineralizing solution at pH 4.8 and
then kept in a shaker incubator for five days at 378C
to simulate body temperature.18,19 The solution was
replaced every 24 hours to keep the demineralization
process under fresh solution.20

XMT Baseline Scan

Following the first demineralization cycle, each root
specimen was washed thoroughly with deionized
water and placed vertically inside a clear plastic tube
(Sterilin, Newport, UK) and held with soft wax (6969
from Poth Hille & Co Ltd, Rainham, Essex, UK) to
prevent any possible movement. The tube was then
filled with deionized water to keep the samples
hydrated during the scanning procedure. Subse-
quently, each prepared sample was placed on a
movable kinematic stage, ensuring the long axis of
the tooth was parallel to the XMT rotational axis.
The XMT scanner was set to produce a 15 lm voxel
size reconstruction, and the x-ray generator was set
to 90 kV and 180 lA. Each XMT scan took around
seven hours to complete.20 A calibration carousel
was repeatedly scanned at the end of each tomogra-
phy scan.21,22 The baseline XMT scan was subse-

quently carried out following the first demineraliz-
ing cycle at pH 4.8 and before the application of
dental varnish.

Dental Varnish Application

Following the baseline scan, the root specimens were
randomly divided into four groups (three samples
each) to receive one of the allocated treatments
(Table 1). The specimens were dried using a three-in-
one dental syringe. A thin and uniform layer of
dental varnish was applied to each specimen
covering the 2 3 3 mm exposed window. The
specimens were then kept separately in deionized
water (10 mL) and placed in a shaker incubator at
378C for 12 hours. The thin layer of varnish was then
carefully removed using a scalpel blade (Swann-
Morton, Sheffield, UK),23 and each area was visually
inspected using a 43 magnification lens to confirm
the removal of all varnish remnants.

Second Demineralizing Cycle and the Final
XMT Scan

All root specimens, including the nonvarnish group,
were subjected to the second demineralizing cycle at
pH 5.5 for five days. The specimens were then placed
in a shaker incubator in 10 mL of demineralizing
solution at 378C. This solution was changed every 24
hours to keep the lesion area in contact with the
fresh demineralizing solution.20 All root specimens,
including the nonvarnish group, were then prepared
for the final XMT scan using the same settings as in
the baseline scans.

Image Analysis

The obtained 2D images (.1000 projections) from
the XMT scan were corrected for beam hardening,4

and reconstructed to create the three-dimensional
(3D) image. The 3D image from the baseline scan of
each sample was aligned with the 3D image from the
final scan using the in-house–developed alignment
software running under International Date Line
(IDL, Exelis Visual Information Solutions, Boulder,

Table 1: Dental Varnish Used for the Study

Group Varnish Name Company Active Ingredients Other Ingredients

CPP-ACP MI varnish GC, Japan 5% NaF and CPP-ACP Polyvinyl acetate, hydrogenated rosin, ethanol,
silicon dioxide

BGA Experimental Dentsply Sirona, USA 5% NaF and bioglass Urethane methacrylate, hydrogenated rosin, resin,
alcohol, sodium, sucralose, flavor, titanium dioxide

F NUPRO White Dentsply Sirona, USA 5% NaF Urethane methacrylate, hydrogenated rosin, resin,
alcohol, sodium, sucralose, flavor, titanium dioxide

NC Negative control non-varnish — —
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Colorado, USA) The initial 3D image was then
subtracted from the final 3D image using in-house–
developed IDL software. The volumetric subtraction
was carried out to detect the mineral gain/loss as
visually detected as an increase in the radiopacity/
radiolucency in the demineralized area. To quantify
mineral change in the demineralized area, the
average linear attenuation coefficient (LAC) from a
total of 15 points from the baseline scans that were
randomly selected from the demineralized area was
compared with the corresponding average of 15
points from the final scan. These points were chosen
in five slices, with three points in each, and
subsequent analyses were carried out separately
for each sample.

The obtained LAC value of each point was
converted to mineral concentration (g cm�3) using
the following equation15:

c ¼ l� lo

lm � lo

qm

where l is the measured LAC, lo is the LAC of the
deionized water and plastic that assumed soft tissue
(0.268 cm�1), lm is the pure sample material LAC
that presumed a pure hydroxyapatite (3.12 cm�1),
and Pm is the concentration of the pure hydroxyap-
atite (3.16 cm�3).

XMT Scan for the Test Varnishes

The contents of each varnish were mixed and placed
into small centrifuge tubes and positioned on a
movable kinematic stage with the long axis of the
tube parallel to the XMT rotational axis. The x-ray
generator was set at 90 kV and 180 lA, and to
produce 25-lm voxel resolution using the high-
definition XMT scanner, each scan took about 60
min.

Power Calculation

Sample size calculation was based on the data from a
previous study, where the mean difference between
baseline and final scans was 0.32 and the standard
deviation of the differences was 0.02.15 The statisti-
cal power was set to 80% at a level of significance of
0.05 (two sided).

Statistical Analysis

One-way analysis of variance (ANOVA) was per-
formed to find the differences in mineral change
between the groups. Paired t-test was used to
analyze the mineral change following the application
of varnish for each sample by comparing the 15

points between baseline and final scans. The mean
percentages in mineral change of each group were
then calculated. Data analysis was performed using
IBM SPSS Statistics 24.0 (SPSS Inc, Chicago, IL,
USA).

RESULTS

Qualitative Assessment of Mineral Change

The subtracted images of the root specimens that
received dental varnishes showed an increase in the
radiopacity in the demineralized area, whereas there
was an increase in the radiolucency for the negative
group (Figure 1).

Quantitative Mineral Concentration Change

One-way ANOVA showed that there was a signifi-
cant difference between the test groups (p,0.001).
Paired t-test revealed a significant increase in
mineral content in all samples for the varnish
groups. The mean percentage of mineral gain was
higher in samples treated with the dental varnish
containing F 104% (p�0.001) then bioglass and
fluoride (BGA) with fluoride 25% (p�0.001) and
finally CPP-ACP with fluoride 12% (p�0.05 and
p�0.001). There was a significant decrease of 10%
(p�0.05 and p�0.001) in mineral content for the
nonvarnish samples (Table 2).

XMT Scans for Dental Varnishes

The XMT scans of the dental varnish containing
CPP-ACP and fluoride showed a homogenous mix-
ture of fine particles with a density of approximately
0.2 to 0.3 LAC. However, the BGA varnish had a
non-homogenous mixture and more defined particles
that settled on the base of the tube, with a higher
density (0.4-0.8 LAC) when compared with the
former varnish. The images of the varnish contain-
ing F were less homogenous with more defined
particles when compared with images of the CPP-
ACP varnish. However, the density of the F varnish
was higher than the CPP-ACP formulation and
lower than the BGA varnish (0.3-0.5 LAC). Most of
the defined particles of the dental varnish in the F
group accumulated in the apical half of the tube.

DISCUSSION

The results of this laboratory-based study showed
that dental varnish containing F had a superior
remineralization effect on dentin when compared
with other varnishes formulated with either CPP-
ACP and fluoride or BGA. A constant demineralizing
model at pH 5.5 was carried out instead of
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demineralization/remineralization cycling. The rea-
son for this was to simulate an extreme clinical
condition, such as those with a critical saliva pH and
exposed dentin surfaces, where there is a risk of
mineral loss,16,17 and thus a periodic application of
fluoride varnish is recommended.2

In this study, the varnishes were removed after 12
hours to emphasize the chemical effect rather than
the mechanical effect and also to simulate the
clinical situation in which dental varnish could be
retained on the tooth surface prior to removal from
regular toothbrushing and mastication.25-27 In pre-
vious studies, it is noted that dental varnishes
containing fluoride were removed from the test
specimens within a period ranging from 6 to 24
hours following the application.13,28-30

The superior remineralization effect of the varnish
containing F in comparison to calcium phosphate
varnishes could be related to the ability of the latter
varnishes to release inorganic phosphorous in addi-

tion to calcium and fluoride, thereby decreasing the
bioavailability of fluoride ions through the formation
of a lower-soluble fluorapatite rather than loosely
bonded CaFþ and CaF2 in the immersion solu-
tion.13,31,32 In addition, it can be speculated that
both dental varnishes (CPP-ACP and BGA) with
calcium and phosphate had the ability to form
hydroxyapatite crystals on the lesion surface that
could restrict infiltration and deposition of fluoride
ions in the demineralized region in comparison with
the varnish containing F.

The lowest mineral deposition for the varnishes
containing CPP-ACP and fluoride could be related to
the higher ability of the CPP-ACP compound to
dissolve in the aqueous solution.33 This might assist
in releasing calcium, phosphate, and fluoride ions
into the aqueous solution rather than retaining them
in the demineralized area. This explanation was
supported by Sleibi and others, who confirmed that
the highest fluoride, calcium, and phosphate ion
release was seen in the varnish containing CPP-ACP
formulation with fluoride compared with the varnish
with BGA.34 In addition, the varnish containing F
showed the lowest fluoride ion release.34 These
results were also consistent with the findings of
previous studies that the dental varnish with
fluoride and CPP-ACP had the highest calcium and
fluoride ion release in comparison with the varnishes
with different calcium phosphate formulations.32,35

Similarly, bioglass facilitates rapid ionic exchange
of sodium ions with hydrogen cations in the aqueous
solution, allowing discharge of calcium and phos-
phate ions from the glass to the immersion solu-
tion.36 Although bioglass has the ability to retract
free ions, the time required for completion might be
insufficient for this process, since the immersion
solution was constantly changed. Therefore, this
process possibly then led to disposal of these free
ions. In this respect, it can be speculated that the
experimental BGA varnish released more ions and
had a minimum capability to retain them in the
lesion area in comparison to the varnish with F. This
explanation, however, should be interpreted with
caution, as the samples were immersed in deionized
water and then subjected to a constant demineral-
izing solution that would not simulate natural saliva
with regard to compositions and physical properties.

The mineral gain was higher with the BGA
varnish when compared with the CPP-ACP technol-
ogy. This might again be due to the presence of
silanols in the BGA structure that remain attached
to the tooth structure following release of ions from
the BGA. Subsequently, this process would act as a

Figure 1. The baseline XMT scan (left), final XMT scan (middle), and
subtracted image (right) of the test groups. The contrast of the
subtracted images had been increased by a factor of 8 to show subtle
differences in mineral concentration. The arrow refers to the lesion
area. The radiopaque area demonstrated an increase in the mineral
contents of all varnish samples, whereas the radiolucency in the
nonvarnish sample revealed more mineral loss following the second
demineralization cycle (bubbles presented in only one image showed
as the differences in the content between air and water).
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nucleation site on the tooth surface to retract
calcium and phosphorous, forming a calcium-phos-
phate–rich layer that can resist an acidic environ-
ment.37,38 In a previous study, BGA had more
favorable remineralization potential than CPP-ACP
on the enamel structure. Mehta and others suggest-
ed that CPP-ACP failed to be retained for a longer
period on the tooth structure, due to its amorphous
nature, such that it was unlikely to adhere to the
tooth surface when compared with the firmly
attached bioglass particles.39 The superior mineral
gain for the BGA formula over CPP-ACP was
consistent with the findings of a recent study in
which natural dentin caries specimens were as-
sessed under a constant remineralizing condition.15

Those authors proposed that BGA plus F had a
higher remineralization efficacy than the CPP-ACP
with F formula not only in the net-demineralizing
but also in the net-remineralizing condition.

Regarding the CPP-ACP plus F, the findings of the
present study were consistent with the results of
Mohd Said and others, who reported that the F had a
significant remineralization effect on CPP-ACP with
fluoride varnishes on enamel caries.13 Thereby,
within the limitations of this study, it could be
assumed that CPP-ACP failed to enhance the
remineralization effect of fluoride. However, these
results were in contrast to the findings of Shen and
others,35 who reported that CPP-ACP varnish had a
superior effect on the F varnish in protecting against
enamel demineralization. This could well be due to
the fact that the dental varnish in the later study

was applied to the area adjacent to the demineral-
ized area, whereas in this study, it was applied
directly onto the lesion. It can be speculated that it is
better to manage the already formed demineralized
lesions with the application of a dental varnish
containing F, rather than calcium phosphate–con-
taining fluoride varnishes, considering that the
application of the F varnish is in contact with the
lesion surface. The superior remineralization effect
of the F compared with the CPP-ACP formula was
also inconsistent with the findings of Wierichs and
others and Pithon and others.11,40 There was a
significant mineral gain observed for the CPP-ACP
plus fluoride varnish compared with F on artificial-
like enamel and dentin caries.11,40 However, in these
previous studies, the varnishes were not removed
from the samples, which might have led to an
additional remineralization effect as well as a
mechanical effect from the extended retention
period.

The decrease in mineral concentration in the
lesion area of the nonvarnish samples (negative
control) following the second demineralization cycle
that was also identified as an increase in the
radiolucency in the subtracted image (Figure 1)
confirmed the considerable effect of the fluoride
varnish application, not only to remineralize dentin
but also to prevent these dentin lesions from further
demineralization. These results were in agreement
with the finding of an in situ study by Zaura-Arite
and ten Cate, in which the application of a placebo

Table 2: Mean Mineral Concentrations (g cm�3) at Baseline and Final XMT Scans With Standard Deviations (SD), Mean
Differences in Mineral Content, p-Value of the Mean Differences for Each Sample, and the Overall Change in the Mean
Percentage of Mineral Gain/Loss for Each Test Group

Varnish Group Sample Baseline Scan Final Scan Mean Difference p-Value Overall Change
in PercentageMean 6SD Mean 6(SD)

CPP-ACP 1 0.22 6 0.08 0.24 6 0.1 0.02 0.05* 12% increase

2 0.22 6 0.05 0.25 6 0.06 0.03 ,0.001**

3 0.23 6 0.02 0.26 6 0.02 0.03 ,0.001**

BGA 1 0.26 6 0.04 0.32 6 0.06 0.07 ,0.001** 25% increase

2 0.2 6 0.02 0.25 6 0.04 0.05 ,0.001**

3 0.23 6 0.03 0.28 6 0.07 0.06 ,0.001**

F alone 1 0.25 6 0.03 0.47 6 0.05 0.22 ,0.001** 104% increase

2 0.19 6 0.01 0.45 6 0.03 0.26 ,0.001**

3 0.26 6 0.02 0.49 6 0.03 0.23 ,0.001**

NC 1 0.36 6 0.02 0.33 6 0.02 �0.03 ,0.001** 10% decrease

2 0.33 6 0.07 0.3 6 0.03 �0.03 0.03*

3 0.2 6 0.06 0.17 6 0.04 �0.02 0.01*

Abbreviations: CPP-ACP, casein phosphopeptideã amorphous calcium phosphate; BGA, Bioglass experimental varnish; F, Fluoride; NC, Negative control (non
varnish).
* Significant at p�0.05; ** Highly significant at p�0.001.
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varnish did not inhibit mineral loss in dentin
samples compared with fluoride varnish.41

Nevertheless, the variances in the physical prop-
erties and chemical composition, including the
presence of artificial resin in the composition of both
BGA and F varnishes, could be the cause of these
differences in mineral precipitation.42-44 In this
study, the XMT image of varnish liquid with CPP-
ACP showed the most homogenous and small-size
particles that could easily be detached from the
immersion solution, whereas the large particles of
both BGA and F varnishes might assist the ions to be
settled (attached) on the tooth structure following
the application. This probably led to a decrease in ion
detachments of both BGA and F varnishes. The
above explanation can be clearly seen in Figure 2,
where large defined particles were mostly accumu-
lated on the base and middle half of the bottle in both
BGA and F varnishes, whereas there was a homog-
enous mixture for the CPP-ACP varnish. This
explanation could also be applicable in a worse
scenario in which the large particles represented the
inactive ingredients only. This was due to the
possible entrapment of small active particles (ions)
underneath the large particles, restricting their
release in the aqueous solution.

The small sample size could be a limitation of this
study; however, the XMT scanner combined both
improved accuracy and contrast sensitivity, and with
its noninvasive nature, this scanner enables precise
analysis of mineral gain/loss.21 Each sample was also

evaluated and statistically analyzed through com-
paring 15 different points from the baseline and from
the final scans that had the same 3D positions. Each
sample took about 14 hours to complete for baseline
and finals scans (in total: 28 hours). In addition, the
samples were assessed using both qualitative and
quantitative measurements with consistent results,
which supported these findings. The power calcula-
tion was carried out by considering a previous study
as a reference, which employed the XMT technique.15

CONCLUSIONS

Within the limitation of this study, there was
encouraging evidence of a remineralization effect
with dental varnish containing fluoride on dentin in
all cases, and the ability of this varnish to resist
demineralization during the acidic conditions was
evident in this laboratory setting. However, a dental
varnish containing F seemed to be promising when
compared with the dental varnish containing fluo-
ride either with bioglass or CPP-ACP. Without the
application of dental varnish containing fluoride,
there was a risk of potential mineral loss. Further
studies are required to confirm whether these
results could be replicated in a clinical situation,
particularly for those who are at high risk for caries
initiation.
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