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With contributions, editorial team members in this special
issue hold great insight. For this special issue, we received
articles more than we expected from all over the world
and ended up with 20 original research articles. With these
articles, this issue offers comprehensive knowledge on bio-
materials which serve a main role in the engineering of
functional tissue replacements, both as supports for cell adhe-
sion, vehicles for cell transplantation, and systems for con-
trolled drug delivery and also provides studies on the appli-
cation of the novel biomaterials in dentistry. Authors focused
mainly on dental biomaterials especially with respect to their
basic biological and chemical properties as well as clinical
applications.

The development of new biocompatible materials and/or
existing material composition and progressing techniques
is expected to broaden the diversity of applications of
biomaterials in dentistry field in upcoming years [1]. The
progress in materials research including dentin bondings,
impression materials, luting cements, glass ionomers, glass
carbomers, composites, and ceramics clearly requires an
improved understanding in multiple disciplines, as well as
the development of new design methodologies in order to
obtain better properties in biologic performance and better
biocompatibility [2]. The objectives of all these biomaterials
and technologies not only are to replace missing or damaged

tooth tissues but are also now to promote tissue regeneration
and also prevent healthy tooth tissue.

Comprehension of recent advances in biomaterial of
dentistry would lead to appropriate applications of these bio-
materials in clinical cases and successful strategies to improve
dental treatment outcomes to better serve patients [3]. It is
important to choose most appropriate material for the regen-
eration of the tooth structure via biomimetic processes. In
other words, to choose the appropriate dental materials and
its successful clinical use directly affect treatment outcome
and long term results.

The biomaterials and technologies are not only replacing
missing or damaged tissues but also promoting the tissue
regeneration [4, 5].There are many areas of research that bio-
materials and dental stem cells were used.They offer potential
for tissue regeneration in dentin, periodontal ligament, dental
pulp, and even enamel. Also the use of dental stem cells as
sources of cells to facilitate repair of nondental tissues such
as bone and nerves has been introduced [5, 6]. In this issue,
some researches related toMTA or Biodentine were accepted
which have capability to stimulate tertiary dentin forma-
tion. However, as the cellular mechanisms behind successful
tertiary dentin formation are largely unknown, few materials
have been rationally designed to induce regeneration of root-
like structures.Therefore, the editorial team thinks that these
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published articles can help the studies for explanation of
unravelling cellular mechanisms behind dentin formation
by pulp-derived stem cells, and, by this way, some other
researcher may apply this knowledge to design novel bioma-
terials aimed at stimulating dentin formation by pulp-derived
stem cells.

In this special issue, new topics have described the
pediatric drugs on the color stability of dental materials, in
vitro studies about composites, glass carbomer and calcium
silicate cements, and some biomechanic research about oral
implants. Besides, regarding white spot lesions and their
treatment using with CPP-ACP paste, CAD/CAM systems
and laser applications topics have been discussed with origi-
nal articles.

In conclusion, we are now in the new era of bioma-
terials and biomaterial engineering including regenerative
medicine, and applications are numerous in themodern den-
tistry. Advanced biomaterials inspired by biological systems
and processes are likely to influence the development of novel
technologies for a wide variety of applications. On the basis of
these considerations, new biomaterials and technologies are
playing the key role in the development of modern dentistry,
and their development requires a multidisciplinary-based
high quality researches. Comprehension of recent advances
in biomaterial of dentistry would lead to finding the best
application and the most successful treatment strategies to
improve treatment outcomes of patients. The guest editorial
team hopes that the present special issue provides for this
aim and wish that this exciting topic would encourage other
researchers for their future works.

Elif Bahar Tuna
Yoshiki Oshida

Bugra Ozen
Elizabeta Gjorgievska

Tamer Tuzuner
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This study assessed the clinical acceptability of sintering metal-fabricated 3-unit fixed dental prostheses (FDPs) based on gap sizes.
Ten specimens were prepared on researchmodels bymilling sinteringmetal blocks or by the lost-wax technique (LWC group). Gap
sizes were assessed at 12 points per abutment (premolar and molar), 24 points per specimen (480 points in a total in 20 specimens).
The measured points were categorized as marginal, axial wall, and occlusal for assessment in a silicone replica. The silicone replica
was cut through the mesiodistal and buccolingual center. The four sections were magnified at 160x, and the thickness of the light
body siliconewasmeasured to determine the gap size, and gap sizemeanswere compared. For the premolar part, themean (standard
deviation) gap size was nonsignificantly (𝑝 = 0.139) smaller in the SMB group (68.6 ± 35.6 𝜇m) than in the LWC group (69.6 ±
16.9𝜇m). The mean molar gap was nonsignificantly smaller (𝑝 = 0.852) in the LWC (73.9 ± 25.6 𝜇m) than in the SMB (78.1 ±
37.4 𝜇m) group. The gap sizes were similar between the two groups. Because the gap sizes were within the previously proposed
clinically accepted limit, FDPs prepared by sintered metal block milling are clinically acceptable.

1. Introduction

At present, all-ceramic crowns that do not contain metal are
preferred for dental restorations, but metal-ceramic crowns
(porcelain fused tometal crown, PFM) remain widely used as
fixed dental prostheses (FDPs) [1, 2]. Gap is one of the most
important factors related to the oral lifespan of FDPs [3]. Fit-
ness refers to the gap between abutments and the FDPs.When
the gaps are large, there is a much higher chance of food
residue and plaque accumulation than when the gaps are
small, which increases the incidence of secondary caries [4].
Therefore, when the gaps are small, the oral lifespan of the
FDPs is extended.

There is a wide array of factors which can affect gap sizes.
This includes the 25 𝜇m cement space required for fixing
FDPs onto abutments [5], which is suggested as the ideal
value according to specification number 96 of the American
Dental Association (ADA) [6]. In addition, there are many
variables that affect the gap, such as the materials used, the
techniques in which the materials are used, the competency
of the operator, the area andmethodof gapmeasurement, and

abutment design. The clinically allowable gap value remains
debated, but many researchers are suggesting that a gap of
120 𝜇m is acceptable [7].

Gaps of PFM are dependent on themetal cores. Alloys are
commonly utilized as a substructure material, and the lost-
wax technique and casting method proposed by Taggart in
1907 are mainly used in FDP preparations containing alloys
[8]. This method is sensitive but possesses numerous limita-
tions and requires time-consuming manual preparation for
all procedures.

Currently, a variety of dental computer aided design-
computer aided manufacturing (CAD-CAM) systems have
been commercialized for preparation of prostheses, using
diverse materials. By utilizing such systems and materials,
many preparation steps can be omitted and the process can be
simplified as compared to conventional preparationmethods.
Currently, ceramic and metal crowns using dental CAD-
CAM systems are widely used with the fabrication of ceramic
crowns using a subtractive method. Comparative analyses of
the gaps between ceramic crowns fabricated through such
method and other conventional methods have been reported
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in a number of studies [9–11]. Few studies reported larger
gaps in ceramic crowns fabricated by CAD-CAM techniques
[9, 10], but the size of the gap remained within the clinically
acceptable range.

Hard metal block manufacturing, using the subtractive
method, or melting of metal powder through selective laser
sintering (SLS) while using an additive has been introduced
in dental CAD-CAM system-assisted preparation of FDPs
with metal materials [3]. Various studies have assessed gaps
of completed FDPs, using these two methods [12–15].

Earlier studies [13, 16] have reported that fabrication by
the SLS produced larger gaps than did fabrication by the
lost-wax technique. Moreover, the studies that evaluated the
gaps of FDPs fabricated by milling hard metal blocks indi-
cated that the marginal gap was smaller than that obtained
when using conventional fabrication methods [17], whereas
another study reported that conventional methods produced
smaller marginal gaps [14]. The reason for such conflicting
resultsmay be attributed to differences in the specimens used.

In recent years, sintering metal block manufacturing via
a subtractive method was introduced as a novel FDP prepa-
ration method. This method is almost identical to that pre-
viously used for hard metal block manufacturing. However,
given their hardness, hard metal blocks are difficult to man-
ufacture, while sintering metal blocks possess physical prop-
erties that are more similar to those of hard wax blocks than
those of hard metal blocks. Thus, sintering metal blocks are
convenient to manufacture and can be cut using a small pro-
cessor.Thematerial undergoes sintering after manufacturing
and thereafter retains its original physical properties.

Considering the physical properties of the material,
simple trimming is possible prior to sintering. Because the
manufacturing is based on a dry process, no additional time
is required to remove coolant, and there is less risk ofmaterial
contamination. Accordingly, overload of the manufacturing
devices in the CAD-CAM system is reduced, which therefore
prolongs the lifespan of the tools, such as burs, and shortens
themanufacturing time as compared to that required for hard
metal blocks.

Despite the multiple advantages described above, gap
assessments of FDPs fabricated via manufacturing of sinter-
ingmetal blocks have not yet been performed.Therefore, this
study aimed to evaluate the clinical acceptability of FDPs that
were prepared by sintering metal blocks, based on fitness.

2. Materials and Methods

2.1. Study Model Preparation. In this study, a main model,
consisting of a missing maxillary right 2nd premolar with
maxillary right 1st premolar and 1st molar abutments, was
prepared (Model #3017, Viade Products, Inc., Camarillo, CA,
USA).The abutments were removed at a depth of 1.2mm, and
a margin was created in a 360∘ deep chamfer form, with an
angle of 12∘. After formation of the abutments, individual
trays were prepared with dental resins (Trayplast, Vertex
Pharmaceuticals B.V., Haarlem, Netherlands) (Figure 1),
using this model. A total of 10 individual trays were prepared,
and 10 impressions were obtained with silicone (Fresh, Dreve
Dentamid GmbH, Unna, Germany) based on the main

Figure 1: Main model.

model. Ten study models were then prepared by injecting
dental epoxy into the impression (Modralit� 3K, Dreve
Dentamid GmbH, Unna, Germany).

2.2. Digital Model Preparation and 3-Unit FDP Design. To
develop study groups from the 10 prepared study models, a
digital model was prepared with a dental scanner (D-700,
3Shape A/S, Copenhagen, Denmark). The scanning proce-
dure was as follows. A study model was firmly fixed onto the
scanning holder. Once the scanning commenced, the laser
read themodel information in the form of lines, and a camera
inside the scanner obtained images of the lines in the model.

Exclusive dental software (3Shape Dental Designer,
3Shape A/S, Copenhagen, Denmark) was used to process the
images of model lines by triangulation, which were rear-
ranged based on the final information, yielding three-dimen-
sional (3D) digital models of the study model. In order to
prepare sensitive digital models, multiple scans were made
of each model. The entire model was exposed to the scan
first, and each abutment was then scanned, individually. The
images that were obtained from each scan were constructed
into a total of 10 digital models through overlaps, using the
dedicated dental software (3Shape Dental Designer, 3Shape
A/S, Copenhagen, Denmark).

Using the completed digital model, an experienced tech-
nician designed 3-unit FDPswith the dental software (3Shape
Dental Designer, 3Shape A/S, Copenhagen, Denmark) in a
core form for preparation of the metal-ceramic crown. The
thickness of the specimens was set at 0.5mm in accordance
with the program specification, the internal cement thickness
for adhesionwas set at 30𝜇m, at a distance of 0.5mm from the
upper margin line, and the area of the connector was 9mm2.
The completed design information was saved as 10 standard
template library (STL) files. An STL file is a file for open use
across various dental CAD-CAM devices.

2.3. Preparation of Sintering Metal-Assisted 3-Unit FDPs. To
prepare the experimental groups based on STL files of the
completed specimen design, the STL file was implemented
in a dedicated program (Ceramill Mind, Amann Girrbach
AG, Koblach, Austria). After the implementation, the path
and margin were reviewed prior to manufacturing. Based
on the information of the reviewed FDPs, milling was
performed with amanufacturing device using the subtractive
method (Ceramill Motion 2, Amann Girrbach AG, Koblach,
Austria) and a sinteringmetal block (Ceramill Sintron 71 XXS
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Main model
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Statistical analysis (Mann–Whitney test)
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Figure 2: Work flow of study.

Table 1: Composition of sintering metal and casting metal.

Component (%) Sintering metal Casting metal
Cobalt (Co) 66 61
Chrome (Cr) 28 26
Molybdenum (Mo) 5 6
Tungsten (W) — 5
Silicon (Si) <1 1
Cerium (Ce) — 0.5
Iron (Fe) <1 0.5
Niobium (Nb) — —
Manganese (Mn) <1 —
Carbon (C) — <0.02

[10mm], Amann Girrbach AG) comprised of a cobalt-chro-
mium alloy. The composition of the sintering metal is
described in Table 1.

Sintering metal blocks have mechanical properties simi-
lar to wax blocks and require a sintering process aftermilling,
as it is soft prior to sintering. Milling specimens were placed
in the dedicated box (Ceramill Sinter box, Amann Girrbach
AG) of the furnace (Ceramill Argotherm, Amann Girrbach
AG) and then sintered.The sintering boxwas filledwith argon
gas during sintering to prevent oxidation of the specimens.
Sinteringwas performed at 1,280∘C, and the temperature then
gradually decreased over a period of 5 h. The mechanical
properties of the metal after final sintering are shown in
Table 2. After completing the sintering, these specimens were
used for the experimental group (SMB group) (Figure 2).

2.4. Preparation of Lost-Wax Technique and Casting Method-
Assisted 3-Unit FDPs. To prepare the control group (LWC

Table 2: Mechanical properties of sintering metal (after final sin-
tering).

Tensile strength (Rm) 840MPa
0.2% proof stress (Rp 0,2 ) 450MPa
Modulus of elasticity (E) 200GPa
Elongation at rupture 20%
Vickers hardness 280HV 10
CTE (25–500∘C) 14.5 ∗ 10−6/K
Density 8.0 g/cm3

Open porosity 0%
Color Silver
Oxide color Grey-green
Alloy class Type 4

group) for comparisonwith the SMBgroup, 3-unit FDPswere
constructed using the lost-wax technique and castingmethod
on the same models used for preparation of the experimental
group.The same conditionswere used as for the experimental
group, but a die spacer was applied 4 times to the abutments
that were located 0.5mmaway from themargin line. Previous
studies have reported that this results in a gap of 30 𝜇m
thickness [18, 19].

After die-spacer application, dental wax was used to gen-
erate wax patterns of the 3-unit FDPs. Margin lines were then
confirmed under a microscope (AIS-10L, Daemyung Optical
Product, Daejeon, Korea; 10x), and the 10 completed wax pat-
terns were subsequently subjected to spruing, investing, and
burnout, using a standard methodology. After the burnout,
the patterns were used for casting with a cobalt-chromium
alloy (Wirobond�C, BEGO GmbH, Bremen, Germany) to
prepare the 10 controls (LWC group) (Figure 2). The compo-
sition of the used alloy is shown in Table 1.
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Figure 3: Measurement positions of gap of abutments (margin part: P1, P6, P7, and P12; axial wall part: P2, P5, P8, and P11; occlusal part: P3,
P4, P9, and P10).

2.5. Gap Measurements. The gap measurements were selec-
ted as described in Figure 3 [20]. Twelve points were mea-
sured per abutment, and fitness was measured for a total of
480 times, with 24 points per specimen and 20 specimens in
the two groups. A gap was defined as the vertical distance
from the abutment models to the specimens for all of the
measurement parts [20, 21].The 12 points that weremeasured
in each abutment were categorized into a margin part (1, 6, 7,
and 12), axial wall part (2, 5, 8, and 11), and occlusal part (3, 4,
9, and 10) (Figure 3).

For the gap assessment method, a silicone replica tech-
nique that had been verified in previous studies was used
[22, 23]. This method replicates the distance between the
specimens and themodelwith light body silicone, and the gap
is then measured based on silicone thickness. In accordance
with thismethod, light body silicone (Fresh, DreveDentamid
GmbH, Unna, Germany) was used to fill the inside of the
specimen, and pressure was then applied to the studymodels.
In this study, pressure (about 50N) was applied to the
abutment models towards the tooth axis [14, 15], and this
was maintained until the light body silicone had completely
polymerized.

Once the light body silicone had completely polymerized,
the specimen was removed carefully, and the light body
silicone was reinforced by heavy body silicone (Fresh, Dreve
Dentamid GmbH). Such reinforcement was done because
delicate cutting and measurement are difficult for thin light
body silicone.When heavy body silicone is polymerized (Fig-
ure 4), the silicone replica that was obtained was divided into
four equal parts by cutting through the center of the buccolin-
gual and mesiodistal dimensions, as shown in Figure 4. The
divided silicone replica was then subjected to gap measure-
ment under a 160x calibrated digital microscope (KH-7000,
HIROX, Hackensack, NJ, USA) (Figure 5).

2.6. Statistical Analysis. The gaps measured in the SMB
group and LWC group were statistically compared using
the nonparametric Mann–Whitney test (significance level:
95%). All statistical analyses were performed with IBM SPSS,
version 20 (IBM Corporation, Armonk, NY, USA).

Heavy body silicone

Light body silicone

Buccal

Mesial Distal

Lingual

Figure 4: The silicone replica sectioned twice (red line).

Specimens part

Study model
Gaps

(margin part)
Light body silicone

Heavy body silicone

Figure 5: Measurement of gaps by a digital microscope (×160
magnification).

3. Results

3.1. Premolars. The means and standard deviations of the
points that were measured on the 3-unit premolar FDPs that
were prepared by the two different methods are described
in Table 3. The Mann–Whitney test showed no statistically
significant differences in the means between the two groups
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Table 3: Mean ± standard deviation of each point of gap for two groups with results of the Mann-Whitney test (unit: 𝜇m).

Points 𝑁
Premolar Molar

SMBa LWCa 𝑝 valueb SMBa LWCa 𝑝 valueb

1 10 62.0 ± 22.7 59.4 ± 10.7 0.880 75.7 ± 36.8 98.0 ± 14.9 0.151
2 10 39.3 ± 17.6 55.6 ± 17.6 0.045 41.1 ± 15.0 48.7 ± 10.8 0.112
3 10 104.5 ± 21.0 79.3 ± 14.6 0.005 113.7 ± 20.1 82.7 ± 24.5 0.008
4 10 97.2 ± 17.8 79.0 ± 11.1 0.028 116.3 ± 20.0 75.8 ± 28.8 0.007
5 10 36.0 ± 12.3 50.0 ± 6.3 0.019 34.8 ± 8.3 59.0 ± 7.6 0.001
6 10 55.6 ± 21.3 68.1 ± 11.1 0.131 60.1 ± 29.1 76.2 ± 20.0 0.059
7 10 58.3 ± 22.0 71.4 ± 11.8 0.096 101.4 ± 36.0 74.2 ± 24.3 0.096
8 10 39.3 ± 15.1 62.3 ± 14.5 0.005 52.4 ± 12.0 52.0 ± 12.1 0.940
9 10 109.0 ± 36.2 86.6 ± 14.2 0.082 119.2 ± 29.1 83.4 ± 26.9 0.016
10 10 116.0 ± 33.6 90.2 ± 12.0 0.007 100.2 ± 17.3 102.7 ± 20.4 0.597
11 10 44.2 ± 11.4 63.6 ± 12.7 0.003 53.8 ± 17.2 51.3 ± 12.6 0.705
12 10 62.5 ± 22.6 70.0 ± 12.0 0.406 68.8 ± 28.5 83.4 ± 22.7 0.257
Total 120 68.6 ± 35.6 69.6 ± 16.9 0.139 78.1 ± 37.4 73.9 ± 25.6 0.852
aSMB: sintering metal block (experimental group); LWC: lost-wax technique + casting (gold standard group).
bThe results of Mann-Whitney test.

Table 4: Mean ± standard deviation of locations of gap for two groups with results of the Mann–Whitney test (unit: 𝜇m).

Locations 𝑁
Premolar Molar

SMBa LWCa 𝑝 valueb SMBa LWCa 𝑝 valueb

Margin 40 60.0 ± 21.5 67.2 ± 12.0 0.054 76.5 ± 35.2 82.9 ± 22.1 0.181
Axial wall 40 40.0 ± 14.1 57.9 ± 14.0 0.001 45.5 ± 15.3 52.8 ± 11.2 0.006
Occlusion 40 106.7 ± 28.0 84.0 ± 13.4 0.001 112.4 ± 22.4 86.1 ± 26.4 0.001
aSMB: sintering metal block (experimental group); LWC: lost-wax technique + casting (gold standard group).
bThe results of Mann–Whitney test.

for P1, P6, P7, P9, and P12 (all 𝑝 > 0.05), while significant dif-
ferences were found in the means between the two groups for
P2, P3, P4, P5, P8, P10, and P11 (all 𝑝 < 0.05). The mean gap
in all of the measurements regardless of points was slightly
smaller in the SMB group (68.6 ± 35.6 𝜇m) than in the
LWC group (69.6 ± 16.9 𝜇m), but this was not statistically
significant (𝑝 = 0.139; Table 3).

After comparing each point, P1–P12 were divided into the
margin part (P1, P6, P7, and P12), axial wall part (P2, P5, P8,
andP11), and occlusal part (P3, P4, P9, andP10), and each part
was compared; themeans and standard deviations of the gaps
that were measured for the three parts are shown in Table 4.
Both the LWC group and the SMB group showed the smallest
gap in the axial wall part and the biggest gap in the occlusal
part. The margin part and axial wall part in the SMB group
had smaller gaps than did those in the LWC group, but the
occlusal part had a smaller gap in the LWC group than in the
SMB group (Table 4).

When themean gaps in the parts were compared between
the two groups, the margin part showed no significant
difference (𝑝 = 0.054), whereas the axial wall part and
occlusal part were statistically significantly different (𝑝 <
0.05; Table 4).

3.2. Molar. The mean and standard deviation of each point
that was measured on the molars of the two groups are

presented in Table 3. There were no statistically significant
differences in the means between the two groups for P1, P2,
P6, P7, P8, P10, P11, and P12 (all 𝑝 > 0.05), while significant
differences were observed in the means between the two
groups for P3, P4, P5, and P9 (all𝑝 < 0.05; Table 3).Themean
gap in all of the measurement parts, P1–P12, was smaller in
the LWC group (73.9 ± 25.6𝜇m) than in the SMB group (78.1
± 37.4 𝜇m), but this difference was not statistically significant
(𝑝 = 0.852; Table 4).

Similar to the premolars, P1–P12 were divided into the
margin part (P1, P6, P7, and P12), axial wall part (P2, P5, P8,
and P11), and occlusal part (P3, P4, P9, and P10), and each
part of the molar was compared between the two groups; the
means and standard deviations of the gaps that were mea-
sured on the 3 parts are shown in Table 4.

Both the LWC group and the SMB group showed the
smallest gap in the axial wall part and the biggest gap in the
occlusal part. The margin part and axial wall part showed
smaller gaps in the SMB group than in the LWC group,
whereas the occlusal part was smaller in the LWC group than
in the SMB group (Table 4).

The Mann–Whitney test was used to compare the means
of the gaps in the parts between the two groups. The margin
part did not differ significantly (𝑝 = 0.181), while the mean
differences in the axial wall part and occlusal part were
statistically significant (both 𝑝 < 0.05; Table 4).
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4. Discussion

This study aimed to evaluate the clinical acceptability of 3-
unit FDPs that were prepared by sintering and milling metal
block bases, a material that has recently been newly intro-
duced, based on gap sizes. In this study, a total of 20 3-unit
FDPs, including 10 specimens that were prepared by milling
of sinteringmetal blocks and 10 specimens that were prepared
by the conventional lost-wax technique and casting method,
were prepared on the same model. Gap assessments were
performed on 480 points in total, 24 points per specimen
(abutments × 2), for 20 specimens.

Based on themean of the overall gaps that weremeasured
on both abutments, the gaps of the premolar and molar were
confirmed to be slightly superior in the SMB group and the
LWCgroup, respectively, but these differenceswere not statis-
tically significant. Consequently, the FDPs that were prepared
using sintering metal block manufacturing are believed to be
clinically acceptable, based on gap size.

The limits for clinical acceptance in FDPs remain contro-
versial, and many researchers have proposed that 120𝜇m be
used as cut-off [7]. McLean and von Fraunhofer [7] evaluated
the fitness of 1,000 fixed prostheses older than 5 years and
reported that a gap of at least 100 𝜇m is necessary to prevent
clinical problems but that it should not exceed 120 𝜇m in
order to retain clinical acceptability. Based on the clinical
acceptance limit suggested byMcLean, 3-unit FDPs that have
been prepared by sintering metal block manufacturing are
considered clinically acceptable.

To analyze fitness in greater detail, the present study fur-
ther divided the various parts into the margin part, axial wall
part, and occlusal part.The SMBgroup showed a superior gap
in both the margin part and the axial wall part as compared
to the LWC group, while the LWC groupmanifested superior
fitness in the occlusal part as compared to the SMB group.
Both groups exhibited the smallest gap in the axial wall part,
whereas the largest gap was present in the occlusal part.

The LWC group manifested a larger gap in the occlusal
part than in the margin and axial wall parts, but the gaps in
the three parts were not markedly different. In contrast, the
SMB group had a larger gap in the occlusal part than in the
margin and axial wall parts.Thismay be explained as follows.
Unlike the lost-wax technique, in which dental wax is melted
and is prepared sequentially, blocks of material are used to
manufacture the inside of the prostheses with a milling bur
when using the milling method. This process is influenced
by bur diameter, and it is therefore considered difficult to
reproduce the connection from the axial wall to the occlusal
part smoothly [14].

In addition, the larger gaps in the occlusal part than in the
margin and axial wall parts in both groups are thought to be
due to total occlusal convergence (TOC). A previous study
has reported that the gap in the occlusal part in such pros-
theses is greatly influenced by larger TOC abutments [24]. In
this study, 12∘ was used as the abutment TOC, and the above
phenomenon seems to be improved as the angle is decreased.

There are several methods for assessing FDP gaps. First,
specimens andmodels are smearedwith dental epoxy, and cut
sections are then confirmed, followed by gap measurement

under a microscope [14, 25–28]. This method has a number
of shortcomings, including specimen and model destruction
and inconvenience, such as cutting after smearing. It is also
impossible to measure all the various points after cutting.
Second, marginal gaps are measured under a microscope,
because the specimens are set on models [29, 30]. This
method allows for measurements of various points, and
specimens and models are not destroyed. However, internal
gap measurements are not possible, and marginal gaps are
measured only by vertical distance, so the accuracy of the
measurement is relatively low.

The silicone replica technique that was used in the present
study has been employed in many previous studies [3, 12,
14, 15], given its confirmed accuracy and reliability [22].
According to this method, light body silicone with replicated
abutments and specimen gaps was cut, and, after confirming
the cut section, the thickness of the light body silicone was
measured under a microscope. This is a relatively simple,
accurate method [22] that does not destroy the abutment and
model, and it is the only method that can be used to measure
the inside of the mouth. However, the amount of silicone
used as well as shrinkage can affect the measurements, and
3D analyses are impossible as this is a 2D-based method. It
is also limited to measurements of certain parts, because the
measurements are done after cutting the silicone replica.

Örtorp et al. [14] measured the gaps of 3-unit FDPs that
were prepared using hard metal block manufacturing with
premolar and molar abutments. They found that gaps in the
premolar margin part were in the range of 180–220𝜇m, while
in the molar margin part they were in the range of 236–
260 𝜇m.Gaps in the axial wall part were 23 𝜇mand 30–33 𝜇m
for the premolar and molar, respectively, and in the occlusal
part they were 256–304 𝜇m for the premolar and 259–289 𝜇m
for the molar; thus, the largest gap was in the occlusal part.
This study was based on FDPs that were prepared through
metal manufacturing, similar to that used in the present
study, even though they were not prepared using sintering
metal block manufacturing. However, the above study also
showed a larger gap in the occlusal part than in the margin
part and axial wall part, as found in this study.

The FDP gap is governed by diverse factors, including
abutment shapes, materials used to obtain the impressions,
the types of dental cement used, and themethods used for gap
measurement. It is therefore difficult to determine FDP gaps
accurately. In the present study, efforts were made to control
such diverse variables, but assessment of gaps with FDPs only
from the same case is a limitation of the study.

Accordingly, future studies need to investigate FDP gaps
in a variety of cases and abutment shapes. Moreover, since
sinteringmetal blocks are a newly developedmaterial, diverse
studies evaluating the clinical acceptability of FDPs made
with this new material need to be performed.

5. Conclusions

In this study, sintering metal blocks were manufactured for
the fabrication of 3-unit FDPs, which were then subjected
to gap measurements. These fabricated specimens were then
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compared against those prepared using the conventional lost-
wax technique and casting method, in order to assess the
clinical acceptability of the sintering method, based on gap
sizes.

There were no significant differences in the overall mean
gap sizes that were measured on the specimens prepared
using the two differentmethods. In addition, considering that
the gaps of the 3-unit FDPs that were prepared by sintering
metal block manufacturing did not exceed 120 𝜇m, which is
the cut-off suggested by McLean, these FDPs are clinically
acceptable. In the future, guidelines for suitable abutment
shapes should be derived.
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[9] C. Ural, Y. Burgaz, andD. Saraç, “In vitro evaluation ofmarginal
adaptation in five ceramic restoration fabricating techniques,”
Quintessence International, vol. 41, no. 7, pp. 585–590, 2010.
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The aim of this study was to investigate the biomineralization of a newly introduced bioactive glass-incorporated light-curable pulp
capping material using human dental pulp stem cells (hDPSCs). The product (Bioactive� [BA]) was compared with a conventional
calcium hydroxide-incorporated (Dycal [DC]) and a light-curable (Theracal� [TC]) counterpart. Eluates from set specimens were
used for investigating the cytotoxicity and biomineralization ability, determined by alkaline phosphatase (ALP) activity and alizarin
red staining (ARS). Cations and hydroxide ions in the extracts were measured. An hDPSC viability of less than 70% was observed
with 50% diluted extract in all groups and with 25% diluted extract in the DC. Culturing with 12.5% diluted BA extract statistically
lowered ALP activity and biomineralization compared to DC (𝑝 < 0.05), but TC did not (𝑝 > 0.05). Ca (∼110 ppm) and hydroxide
ions (pH 11) were only detected in DC and TC. Ionic supplement-added BA, which contained similar ion concentrations as TC,
showed similar ARS mineralization compared to TC. In conclusion, the BA was similar to, yet more cytotoxic to hDPSCs than, its
DC and TC. The BA was considered to stimulate biomineralization similar to DC and TC only when it released a similar amount
of Ca and hydroxide ions.

1. Introduction

Bioactive glass-based materials have been introduced as
promising hard/pulp tissue regenerative materials in dental
fields, not only because of their apatite-forming ability,
but also for their biomineralization ability for hard tissue
(i.e., bone, enamel, dentin, and cementum) formation [1,
2]. To date, these materials have been applied to various
types of dental materials, such as dental sealants/composite
resins, bone or dental tissue scaffold matrices, and regen-
erative endodontic materials [3–8]. Recently, a bioactive
glass-incorporated light-curable pulp capping material (pulp
regenerative material, Activa� Bioactive, Pulpdent, Water-
town, MA, USA) has been introduced as the first bioactive
dental product approved by the FDA in terms of bioactivity
for indirect pulp capping materials; it provides quick setting
times of less than 20 s for clinical convenience and biomin-
eralization ability for hard tissue regeneration, and it has
excellent biocompatibility [9].

Several in vitro and in vivo studies have evaluated the
cytotoxicity, biocompatibility, or biomineralization ability of
bioactive dental materials [10, 11]. Many studies have deter-
mined whether the mineral trioxide aggregate- (MTA-) like
light-curable bioactive pulp capping materials can promote
biomineralization to the samedegree as conventional calcium
hydroxide-incorporated chemically curable pulp capping
materials, which have been considered the “gold standard” for
approximately 20 years [12–14]. However, there is still a need
for confirmatory testing with ionic supplement solutions that
have the same amount of ions from extracts to confirm the
role of biomineralization from released ions. In addition,
there are newly developed bioactive glass-incorporated light-
curable pulp cappingmaterials that are still being investigated
for their cytotoxicity and biomineralization compared with
calcium hydroxide-incorporated chemically curable pulp
capping materials [9].

Biomineralization, including alkaline phosphatase activ-
ity and mineral deposition from dental pulp stem cells
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Table 1: The pulp-capping materials tested in this study.

Product Code Manufacturer Lot number System Composition (wt%)∗

Dycal DC Dentsply, USA 150804
Self-curing

(calcium hydroxide
based)

Base paste: 1,3-butylene glycol disalicylate
(<50%), calcium tungstate (<20%), zinc

oxide (<15%), and so on
Catalyst paste: calcium hydroxide

(<55%), zinc oxide (<15%), titanium
oxide (<10%), and so on

Theracal LC TC Bisco, USA 1500006479
Light curing

(Portland cement
based)

Portland cement type III (<60%),
polyethylene glycol dimethacrylate

(<50%), barium zirconate (<10%), and so
on

Activa
Bioactive� BA Pulpdent, USA 150814 Light curing (resin

based)

Blend of diurethane and other
methacrylates with modified polyacrylic
acid (∼53.2%), silica (∼3.0%), sodium

fluoride (∼0.9%), and so on
∗Composition was filled with the manufacturers' available information including material safety data sheets.

(DPSCs), is an essential biofunctional characteristic of pulp
capping materials [15]. When the dentin-pulp complex is
damaged by dental caries or traumatic injuries, clinicians’
efforts should allow the regenerated pulp tissue to be func-
tionally competent, capable of forming mineralized tissue
quickly to repair lost structure and to seal the clean pulp
environment from the potentially contaminated external oral
environment [16].

Reports have shown that isolated human DPSCs (hDP-
SCs) from extracted human teeth can be induced to differ-
entiate into odontoblast-like cells in odontoblastic differen-
tiating media and produce dentin-like mineral structures in
vitro [17]. Therefore, they are widely used in investigations
of dentin-pulp regeneration due to their clinical mimicking
of pulp origin and their easy accessibility, which allows them
to be readily isolated from extracted teeth [18–20]. However,
to the best of our knowledge, no studies have been carried
out to determine whether the newly developed bioactive
glass-incorporated light-curable pulp capping material can
promote biomineralization of hDPSCs or to determine the
key mediators (possibly ions) required to induce biominer-
alization.

Therefore, the aim of this study was to perform a com-
parison of the cytotoxicity and biomineralization capability
of the newly developed bioactive glass-incorporated light-
curable pulp capping material with the calcium hydroxide-
incorporated chemically curable product as the calcium
releasing gold standard control and the MTA-like incorpo-
rated light-curable pulp capping material as the light-curable
counterpart. In addition, the key players (ions) necessary for
biomineralization induction were studied to investigate the
underlying mechanism.

2. Materials and Methods

2.1. Pulp Capping Materials. Three indirect pulp capping
materials were selected for this study: Activa Bioactive
(BA, Pulpdent, Watertown, MA, USA) was chosen as a

commercially available bioactive glass-incorporated light-
curable pulp capping material, while Dycal� (DC, Dentsply,
Milford, DE, USA) and Theracal LC� (TC, Bisco, Schaum-
burg, IL, USA) were selected as control calcium hydroxide-
incorporated and light-curable pulp capping materials,
respectively.The components andmanufacturers of each pulp
capping material are reported in Table 1. Each pulp capping
material was applied in a Teflon mold, which was 10mm
in diameter and 2mm in height. TC was dispensed from a
syringe and applied in two layers of 1mm in depth, and each
layer was light cured with an LED light curing instrument
(Litex 695, Dentamerica Inc., Industry, CA, USA) for 20 s
according to the manufacturer’s instructions (curing 1mm
depth per 20 s of light curing). BA was mixed using the dis-
pensing syringe, added to the mold, and cured for 20 s using
a curing light (Litex 695) according to the manufacturer’s
instructions (light curing setting time of 20 s for 4mm depth
of cure). Chemically self-cured calcium hydroxide liner (DC)
was mixed according to the manufacturer’s protocol, applied
to the mold, and incubated at room temperature (23∘C) with
50% relative humidity for 3.5 minutes (thermo-hygrometer,
Daihan, Wonju, Korea). All procedures were performed on a
sterilized clean bench to prevent any possible contamination.
Each specimen from the mold was sterilized by ethylene
oxide gas before further experiments.

2.2. Collection of Extract. Each pulp capping specimen was
extracted at a ratio of 3 cm2/mL following the recommen-
dations of ISO 10993-12 using distilled water (DW) [21].
Because the total surface area of the sample was 2.2 cm2, the
samples were incubated in 0.73mL of DW. To simulate the
clinically adjustable environment, the eluates of all specimens
were collected at 37∘C for 24 hours in a shaking incubator
(120 rpm).

2.3. Primary Culture of hDPSCs. The hDPSCs were from
extracted third molars and were used after less than 10
passages throughout the experiments. Approval for their use
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was received from the institutional review board of Dankook
University Dental Hospital (IRB number H-1407/009/004).
Pulp tissues were antiseptically collected and added to
phosphate-buffered solution (PBS) (Gibco, Grand Island,
NY, USA) containing 1% penicillin/streptomycin (Gibco).
After the addition of 0.08% collagenase type I (Worthing-
ton Biochemical, Lakewood, NJ, USA), the solution was
incubated for 30 minutes with tapping every 10 minutes.
Following enzymatic digestion, the hDPSCs were recovered
by centrifugation at 1,500 rpm for 3 minutes. The cells were
cultured in a humidified atmosphere of 5% CO

2
at 37∘C with

supplemented media consisting of 𝛼-MEM with 10% fetal
bovine serum (Gibco), 1% penicillin/streptomycin (Invitro-
gen, Carlsbad, CA, USA), 2mM GlutaMAX (Gibco), and
0.1mML-ascorbic acid (Sigma Aldrich, St. Louis, MO, USA).
All culture systems adhered to the above conditions. The
stem cell functionality of hDPSCs was confirmed by positive
expression (over 90%) of CD73, CD105, and CD106, and
negative expression (less than 1%) of CD34 and CD45 by flow
cytometry (data not shown). To promote biomineralization
of the hDPSCs, we cultured the cells in odontogenic supple-
mental medium (OM) that included 50 𝜇g/mL ascorbic acid,
100 nM dexamethasone, and 10mM 𝛽-glycerophosphate, as
described previously [22].

2.4. Cell Viability. The cell viability test was performed ac-
cording to ISO 10093-5 [23]. Briefly, 100𝜇L of 1 × 105 cells/mL
were cultured in each well of a 96-well plate (SPL Life
Sciences, Pocheon, Gyeonggi-do, Korea) with supplemented
media (described in Section 2.3) in a humidified atmosphere
of 5% CO

2
at 37∘C for 24 hours. After being washed

with PBS (200 𝜇L), the cells were cocultured with 50 𝜇L of
supplemented media and 50 𝜇L of extract or serially diluted
extract by DW for another 24 hours. The percentages of the
final concentrations of extract in the culturemedia were 50%,
25%, 12.5%, 6.25%, and 3.125%, and amixture of 50 𝜇L of DW
with 50 𝜇L supplementedmedia was used as the control (0%).

Cell viability was assessed with the MTS assay (CellTiter
96 Aqueous One Solution Cell Proliferation Assay, Promega,
Madison, WI, USA) according to the manufacturer’s pro-
tocol, and the results are expressed as the optical density
percentage of each test group (𝑛 = 6) compared with
each control group (𝑛 = 6). The optical absorbance
was measured by a microplate reader (SpectraMax M2e,
Molecular Devices, Sunnyvale, CA, USA) at a wavelength of
490 nm. To determine the toxicity of the tested pulp capping
materials, a live-dead assay was performed. After the culture
medium was removed, the cells were rinsed with PBS and
incubated for 30 minutes with calcein AM (0.5 𝜇M) and
ethidium homodimer-1 (4 𝜇M, Molecular Probes, Eugene,
OR, USA). Images of live and dead cells were acquired
using confocal laser scanning microscopy (CLSM, LSM700,
Carl Zeiss, Thornwood, NY, USA) to confirm the above cell
viability data. Live cells were identified by the presence of
intracellular esterase activity, determined by the enzymatic
conversion of the nonfluorescent cell-permeable calcein AM
to green fluorescent calcein, which is retained within live
cells. Dead cells were identified as stainedwith red fluorescent
ethidium homodimer-1, indicating the loss of cellular mem-

brane integrity. All analyseswere independently performed in
triplicate, and the representativemeans± standard deviations
(SD) or images are shown.

2.5. Alkaline PhosphataseAssay. Biomineralizationwas firstly
estimated using an alkaline phosphatase (ALP) activity assay.
ALP is an early biochemical marker for biomineralization.
To measure ALP activity, we incubated noncytotoxic diluted
extract (12.5%) with 1.2mL of 105/mL of hDPSCs in each
well of a 12-well plate containing supplemented media or
OM. Every 3 days, the media was replaced with fresh diluted
extract (12.5%) conditioned OM, with the addition of DW
(12.5%) for the positive control and the addition of DW
(12.5%) to the supplemented media for the negative control.
At days 14 and 21, themediumwas removed, and 1mL of 0.2%
Triton X-100 (Sigma Aldrich, St. Louis, MO, USA) was added
to each well. After the cell lysates were placed in a 1.5-mL
centrifuge tube, the samples were processed through three
freeze-thaw cycles (−70∘C and room temperature, 45minutes
each) to rupture the cell membranes and extract the proteins
and DNA from the cells, which were then centrifuged for 20
minutes at 13,000g at 4∘C. Using the supernatant, alkaline
phosphatase (ALP) activity (𝑛 = 6) was measured using p-
nitrophenyl phosphate (at a final concentration of 20mM,
Sigma Aldrich) as the substrate in 1.5M 2-aminomethyl-
1-propanol (pH 10.3, Sigma Aldrich) and 1.0mM MgCl

2

(Sigma Aldrich). The absorbance at 405 nm was measured
with a plate reader (SpectraMax M2e) and was normalized
to the dsDNA quantity measured by a PicoGreen assay
(𝑛 = 6); dsDNA from the supernatant was quantified using
the Quant-iT PicoGreen Kit (Invitrogen) following standard
protocols. Briefly, 100𝜇L of each cell lysate solution was
added to 100 𝜇L of PicoGreen reagent and incubated in the
dark at room temperature for 5 minutes. The absorbance
was read at an excitation/emission of 480/520 nm on a plate
reader (SpectraMax M2e). All analyses were independently
performed in triplicate, and the representative means ± SD
are shown.

2.6. Alizarin Red Staining. Alizarin red staining (ARS) stain-
ing was performed to determine the mineralization ability
of the noncytotoxic diluted extract (12.5%) using 1.2mL of
105/mL hDPSCs in each well of a 12-well plate. Every 3 days,
the media was replaced with fresh diluted extract (12.5%)
conditioned OM; then, DW (12.5%) was added to the OM
as a positive control, and DW (12.5%) was added to the
supplemented media as a negative control. After 21 days of
incubation with supplemented media or OM, with the media
being changed every 3 days, the cells were rinsed, fixed with
10% formaldehyde for 30 minutes, and stained with 40mM
alizarin red S (pH 4.2) for 30 minutes. After staining, the
morphology was observed using light microscopy (Olympus
lX71, Shinjuku, Tokyo, Japan). Quantitative analysis was
carried out after the addition of 10% cetylpyridinium chloride
(Sigma Aldrich) in 10mM sodium phosphate (pH 7.0) for
destaining. The concentration of ARS was determined by
an absorbance measurement at 562 nm on a microplate
reader (SpectraMax M2e). All analyses were independently
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Figure 1: The cell viability results (a) and confocal microscopic images of live and dead cells (b) for Dycal (DC, control for the gold standard
of pulp capping material),Theracal (TC), and Activa Bioactive (BA) stratified by serial dilution (0, 3.125, 6.25, 12.5, 25, or 50%) in culture with
hDPSCs. Different letters indicate significant differences among the pulp cappingmaterials in the same diluted extract culture (𝑝 < 0.05).The
asterisk indicates a significant difference compared to the control (0%) for the extract from each product (𝑝 < 0.05). The dotted line shows
70% cell viability. Live cells (green) and dead cells (red) were observed using confocal microscopy. Images of live (green) and dead (red) cells
in media supplemented with 50% distilled water (DW) as the control, DC, TC, or BA. The representative mean ± standard deviation (𝑛 = 6)
and images are shown for experiments independently performed in triplicate.

performed in triplicate, and representative means (𝑛 = 5) ±
SD or images are shown.

2.7. Detection of Calcium and Silicon Ions. The release of
calcium (Ca), silicon (Si), or other possibly detected cationic
ions (Zn, Ba, Na, Ti, and Fe) according to the composition
of the products was measured from the extract with induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES) (Optima 4300DV, Perkin-Elmer, Waltham, MA, USA),
according to a previous protocol [24]. The detection limit
was determined to be 0.1 ppm for all cations. To measure the
released OH ions, the pH of the original extract and diluted
extract in 12.5% with 𝛼-MEM were measured using a digital
pH meter (Orion 4 Star, Thermo Scientific Pierce, IL, USA).
Three measurements (𝑛 = 3) in each sample were performed,
and all analyses were independently performed in triplicate
to confirm reproducibility. The representative means (𝑛 = 3)
± SD were recorded.

2.8. Biomineralization from Released Ions. To prepare the
ionic supplement added to BA, the ions that were differen-
tially released between the TC and BA extract were added
to the BA extract using CaCl

2
(Sigma Aldrich) and NaOH

(Sigma Aldrich) to match the ionic conditions of TC, which
had 110 ppm Ca ions and pH 11. After the ionic supplement

was added to BA, both BA and TC were diluted to 12.5%
with OM to obtain a noncytotoxic extract, and they were
cultured in OM for 21 d. DW diluted to 12.5% with OM
was added to the culture with or without OM as negative
and positive controls, respectively. The ionic supplement
added to DW under the OM culture condition was used for
investigating the effect of the ions released ions in the extract
on the biomineralization of hDPSCs. Calcium deposition
was measured using alizarin red staining (ARS) according to
the above ARS section. After ARS was observed under the
microscope, 10% w/v cetylpyridinium chloride monohydrate
was used for quantitative analysis. The measurements were
independently performed in triplicate, and representative
averages (𝑛 = 5) with SD or images are presented.

2.9. Statistical Analysis. All experiments were independently
carried out in triplicate to confirm reproducibility. The data
were analyzed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test.The level of significancewas
𝑝 < 0.05.

3. Results

3.1. Cell Viability. The MTS assay results are reported in
Figure 1. With incubation in the 50% extract, all groups



BioMed Research International 5

0

100

200

300

400

500
A

lk
al

in
e p

ho
sp

ha
ta

se
 ac

tiv
ity

14 d
21 d

OM
Additives

+ + + + 
DC TC BA

+ + + + 
DC TC BA

A B BC D

D
D

A
B

C

(p
N

PP
 m

M
/D

N
A

𝜇
g)

−

−

−−

−

−

(a)

OM
Additives

Re
lat

iv
e m

in
er

al
iz

at
io

n

+ + + + 
DC TC BA

21 d
C

3

2

1

0

4
C

A

B B

−−

−

(b)

Contr. OM OM + DC

OM + TC OM + BA Contr. OM OM + DC

OM + TC OM + BA

OM

200𝜇m 200𝜇m

200𝜇m 200𝜇m200𝜇m

(c)

Figure 2: The effects of extracts from light-curable pulp capping materials (TC and BA) as well as the gold standard pulp capping material
(DC) on alkaline phosphatase (ALP) activity (at 14 and 21 days) (a) and on calcium deposition using alizarin red staining (ARS) (at 21 days) (b
and c). After ARS was observed under the microscope (c), 10% w/v cetylpyridinium chloride monohydrate was used for quantitative analysis
(b). The cells were incubated for 7 to 21 days with 12.5% diluted extract in odontogenic supplemental medium (OM) for the differentiation of
hDPSCs or supplemented media only for the negative control. Different letters indicate significant differences among the groups at 𝑝 < 0.05.
The measurements were performed in triplicate, and representative averages (𝑛 = 5) with SD or images are presented.

showed less than 70% cell viability, which was significantly
less than the control (0%). In particular, DC and BA had the
lowest cytotoxic effect (almost 10% cell viability) among the
groups (Figure 1(a), 𝑝 < 0.05). With incubation in the 25%
extract, all groups showed significantly less cell viability than
the control (0%, Figure 1(a), 𝑝 < 0.05), and DC had less
than 70% cell viability. The 12.5%, 6.25%, and 3.125% groups
were not significantly different compared to the control
(Figure 1(a), 𝑝 > 0.05). The CLSM images obtained after
incubation in 50% extract in the supplemented media with
different pulp cappingmaterials confirmed these cell viability
results. The results are shown in Figure 1(b). A significant
number of dead cells (red) and few live cells (green) appeared

in the DC, TC, and BA groups, while the control groups
showed only live cells.

3.2. Biomineralization. ALP activity from the “pulp capping
material extract”-treated cells was minimal on day 14 and
increased on day 21 (Figure 2). At 14 and 21 days of culture,
statistically significant increases in ALP activity were noted
in the DC and TC extract (12.5%) treated cells compared
with OM-treated control cells (Figure 2(a), 𝑝 < 0.05), but
this difference was only observed at 21 days of culture in
the BA extract (12.5%). At 21 days of culture, the DC and
TC groups had significant ALP activity compared to the BA
group (Figure 2(a), 𝑝 < 0.05). Moreover, there was a clear
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Figure 3: The ions released from the extracts of pulp capping materials as detected by inductively coupled plasma atomic emission
spectrometry analysis (a) and pH measurement (b). (c and d) After an ionic supplement including the ions that were differentially released
between the TC and BA extract was added to the BA extract to match the ionic conditions, the ionic supplement-added 12.5% BA extract
was cultured with odontogenic supplemental medium (OM) for 21 days to compare the biological effects of 12.5% TC, BA, and ionic
supplement. Calcium deposition was measured using alizarin red staining (ARS). After ARS was observed under the microscope (c), 10%
w/v cetylpyridinium chloride monohydrate was used for quantitative analysis (d). The measurements were performed in triplicate, and
representative averages (𝑛 = 5) with SD or images are presented. Different letters indicate significant differences among the groups at𝑝 < 0.05.

difference in the ARS-stained images from the DC and TC
groups compared to the BA- or OM-treated control cells, and
quantification of the eluted products revealed a statistically
significant difference in the DC and TC groups compared to
the other groups (Figures 2(b) and 2(c), 𝑝 < 0.05).

3.3. Biomineralization of the Released Ions. The release of Ca
and OH ions was observed to be significantly higher in the
DC and TC groups compared to the BA group (Figures 3(a)
and 3(b), 𝑝 < 0.05). Other ions, such as Zn, Ba, and Ti, were
detected at less than 1 ppm or were not detected. Si and Na
ions were detected in all groups but at levels less than 1.5
and 6 ppm, respectively. Ionic supplement-conditioned BA
had statistically similar mineralization ability compared to
the DC and ionic supplement only groups under OM culture
(Figures 3(c) and 3(d), 𝑝 > 0.05).

4. Discussion

Pulp capping materials have been shown to play a vital
role as restorative materials in the successful regeneration
of the dentin-pulp complex [3, 25, 26]. Pulp capping mate-
rials have not only pulp sealing effects but also biolog-
ical properties such as biomineralization, which leads to
dentin-pulp complex regeneration [25]. Recently, a bioactive
glass-incorporated light-curable pulp capping material was
released to the market, but investigations of the biological
activities in mammalian cells that result from its use are
limited. After evaluating the cytotoxicity compared with
calcium hydroxide-incorporated and MTA-like light-curable
pulp capping materials, we investigated the biomineraliza-
tion of a commercially available bioactive glass-incorporated
light-curable pulp cappingmaterial to determine its potential
as a dentin-pulp regenerative material.
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4.1. Cytotoxicity. First, the elutes were serially diluted with
DW and added to the culture media for 24 hr. The method
by which pulp capping materials meet the hDPSCs is via
the extract through dentinal tubules, not by direct contact.
Therefore (diluted) extract was added to hDPSCs, and cyto-
toxicity was evaluated. Cytotoxicity over 30% (cell viability
less than 70%) was revealed in the 50% culture conditions in
all experimental groups and in the 25% culture conditions
for DC, most likely due to the alkaline pH (>10) and high
concentrations of ions. The calcium hydroxide-incorporated
(DC) and MTA-like light-curable (TC) pulp capping mate-
rials showed excellent biocompatibility according to in vivo
and clinical studies, but they also showed in vitro cytotoxicity
in these results. Therefore, we concluded that the newly
developed bioactive glass-incorporated light-curable pulp
capping material (BA), which revealed similar or greater in
vitro cytotoxicity compared to bothDC andTC, has relatively
biocompatible characteristics. Most of light curing materials
including BA are polymerized from monomers with the
help of a photoinitiator such as camphorquinone, and when
these components are released into the applied tissue, they
can be toxic to the surrounding cells. According to the
components in BA listed in the MSDS and the polymerizing
mechanism, unpolymerized monomers, silica, fluoride ions,
and camphorquinone could be among the reasons for the
induction of cytotoxicity. Further studies investigating the
releasable cytotoxic inducers are needed to comprehend
the cytotoxicity of BA. To exclude the potential adverse
effect on biomineralization from the cytotoxicity-induced
biological cascades, which negatively affect the therapeutic
characteristics, a 12.5% culture condition was chosen, which
showed less than 30% cytotoxicity in all tested groups at the
first time point.

4.2. Biomineralization of hDPSCs. ALP activity and ARS
staining, which are well-known biomolecule assays for inves-
tigating biomineralization [27], were detected at significant
levels in the TC and DC groups compared with the OM-
treated control group (𝑝 < 0.05) but were not significantly
expressed in the BA group (𝑝 > 0.05). ALP activity and ARS
are correlated with calcium-phosphate matrix formation in
dentin prior to the initiation of mineralization [28]. High
ALP activity provides high concentrations of phosphate at
the site of mineral deposition. ARS is used to quantitatively
determine calcific deposition by cells, which is a crucial step
toward the formation of the calcified extracellular matrix
in a later stage. Differentiated odontoblasts from hDPSCs
produce dentin, which consists of calcium and phosphate.
Therefore, the above two assays were promising for the
evaluation of biomineralization [3]. We concluded that the
bioactive glass-incorporated light-curable bioactive pulp cap-
ping material has less potential for similar therapeutic effects
in terms of biomineralization from hDPSCs compared to
calcium hydroxide-incorporated andMTA-like incorporated
light-curable pulp capping materials.

Direct comparisons among the above-evaluated products
in terms of cytotoxicity and consequent biomineralization is
beyond the scope of this discussion; however, compared with
the calcium hydroxide-incorporated pulp capping material

(DC), theMTA-like light-curable pulp cappingmaterial (TC)
has shown comparable biocompatibility and biomineraliza-
tion owing to released Ca and OH ions [29]. However, the
bioactive glass-incorporated pulp capping material (BA) did
not show comparable biomineralization, possibly due to a
lack of released Ca and OH ions. In general, compared with
the conventional calcium hydroxide-incorporated pulp cap-
ping material, light-curable bioactive pulp capping materials
have quick setting times in light-activated systems, which are
more clinically beneficial for the restoration of dentin and
enamel on pulp capping materials. Of course, light-curable
Dycal (Prisma VLC Dycal) could be used as control, but
its biomineralization ability was considered less than that
of the conventional chemical curing Dycal (DC) because
released calcium ions were not detected [30, 31]. For use in
base materials, bioactive light-curable pulp cappingmaterials
have advantages such as greater stability and mechanical
properties [12, 31]. The major component of light-curable
bioactive pulp capping materials is composite resin, which,
when adjusted in dentin, has highermechanical and chemical
stability against internal and external stimuli, such as dentin
fluid and biting force [32, 33]. Future in vitro and in vivo
studies are needed to directly compare the in vivo biomineral-
ization and sealing effects of calcium hydroxide-incorporated
pulp capping materials and the two other tested types of pulp
capping materials in dentinal tubules to use bioactive glass-
incorporated light-curable pulp capping materials as a base
and liner material in clinical settings.

4.3. Biomineralization from Released Ions. When extracts
from pulp capping materials affect hDPSCs, the ions released
in the extract are key players in the induction of biomineral-
ization. It has already been revealed that extracellular Ca2+,
Si4+, and OH− combine to regulate the biomineralization
of hDPSCs [21, 34]. In previous experiments, osteogenic or
odontogenic biomineralization from stem cells was encour-
aged by the dissolution of ions (Si4+, Ca2+, andOH−) [35, 36].
Concentration of released Ca2+ and OH− was significantly
increased in the TC and DC treated groups compared to
that from BA treated group. Even though Na+ and Si4+
were detected at significant levels of approximately 5 ppm
and 1 ppm, respectively, in the BA group, these ions were
not present at effective dosages for stem cells, including
hDPSCs [37]. Therefore, to confirm the role of released ions
in terms of biomineralization, an ionic supplement matching
the ionic environment of TC with Ca2+ (110 ppm) and OH−
(pH 11) was added to the BA-treated group, and 12.5% diluted
TC and BA, and ionic-supplemented BA were compared in
terms of mineralization. The ionic supplement-conditioned
BA and DW group under OM culture media had similar
mineralization abilities compared to the TC group (𝑝 >
0.05), which suggested that the released ions played key roles
in inducing biological properties in hDPSCs. By combining
the above results with the data on the released ions, within
the limitations of this study, it can be postulated that light-
curable pulp capping materials stimulate biomineralization
at the same level as that from the calcium hydroxide-
incorporated gold standard materials when they release the
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same amount of Ca and OH ions. Of course, other in vitro
assays, such as ALP activity and mRNA/DNA expression
assays, are needed to confirm the essential role of Ca and
OH ions for biomineralization. In addition, further in vivo
studies of the biocompatibility and biomineralization, as
well as mechanical/physical properties, such as compressive
strength, microleakage, and biodegradability, are needed to
clarify the suitability or performance ability of bioactive glass-
incorporated light-curable pulp cappingmaterials for clinical
applications compared to calcium hydroxide-incorporated
and MTA-like light-curable pulp capping materials.

5. Conclusions

Extracts from a bioactive glass-incorporated light-curable
pulp capping material were evaluated for cytotoxicity and
biomineralization of hDPSCs. The eluates from the bioactive
glass-incorporated light-curable pulp capping material (BA)
were similar to and more cytotoxic to hDPSCs than those
from calcium hydroxide-incorporated (DC) and MTA-like
incorporated (TC) pulp capping materials. In addition, the
BA extract promoted biomineralization along with ALP
activity and ARS staining compared to the OM-treated
control. However, BA only showed similar mineralization
aftermatching the ionic conditions to those of the other tested
pulp capping materials. Therefore, within the limitations of
this in vitro study, BA exhibited the potential to stimulate
biomineralization at the same level as other pulp capping
materials it released the same amount of Ca and OH ions.
Further in vitro studies (odontogenic differentiation markers
at the gene or/and protein level) and in vivo or clinical studies
are necessary to compare the regenerative potential of BA
compared to other pulp capping materials on pulp tissue.
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Background. The chronic recommendation of pediatric drugs could exhibit erosive and cariogenic problems.Objective. To evaluate
the effects of different pediatric drugs on the color stability of various restorativematerials.Methods. Five specimens (1mm × 3mm)
were prepared and immersed in ten different pediatric drugs and agitated every 8 hours daily for 2min up to 1 week. Between
immersion periods, the samples were stored in artificial saliva. After 1-week period, Δ𝐸∗ values were calculated. Two-way ANOVA
and Fisher’s LSD test were used for statistical analysis at a level of 𝑝 < 0.05. Results.Δ𝐸∗ values were only significantly influenced by
restorative material factor (𝑝 < 0.001) and varied in the range of 2.08 and 6.55 units for all drugs/restorative materials. The highest
Δ𝐸∗ was found in Ferrosanol B-composite (6.55±1.38) and the lowest onewas found inDolven-glass ionomer (2.08±0.40) pairwise.
The most prominent Δ𝐸∗ value elevations were obtained in composite material compared to the compomer and/or glass ionomers
in Macrol, Ferrosanol B, and Ventolin (𝑝 < 0.001; for all) and also for other drugs (𝑝 < 0.05). Dolven exhibited significantly higher
values compared to Augmentin (𝑝 = 0.021), Macrol (𝑝 = 0.018), and Ventolin (𝑝 = 0.013) in compomer group. Conclusion. The
clinically perceptible color changes for tested composite/pediatric drug pairwise can be more problematic than compomer and
glass ionomers in pediatric dentistry.

1. Introduction

The demand for esthetic appearances in relation to various
dentalmaterials is increasing day by day in pediatric dentistry
[1, 2]. Commonly, pediatric population could be treated
with glass ionomers (GIC), compomers, and composites
with the proper indications dependent upon the individual
requirements of children [3–6].

Color changes have been considered as the major prob-
lems after using dental materials for a long period of time
and these effects are mainly known as intrinsic and/or
extrinsic factors which can be explained by the absorption
and adsorption mechanisms [7–12]. Intrinsic factors have
been shown as variations that occurred between resin matrix
and filler components [7, 8]. Moreover, the staining effect of
extrinsic factors has been indicated in the literature including

various exogenous liquids/drinks in pediatric dentistry [2, 9–
11, 13–16].

Pediatric liquid drugs are generally prescribed for chil-
dren because of chronic requirements including analgesics,
antibiotics, antihistaminics, antiepileptics, multivitamins,
and antitussives [17–22]. Hence, the usage of these formula-
tions in a short period may also be considered as prolonged
outcomes [15, 21]. Their sugar containing properties might
result in erosive and/or cariogenic potentials on teeth surfaces
because of increased acidity [15, 17–23].

Even the previous studies have been focused on the acid
degradation effects of pediatric medicines related to sucrose
on tooth and restorative materials [15, 17–22, 24]; according
to our knowledge, there is no much more evidence in which
the staining effects of these formulations have been tested on
dental materials applicable for pediatric dentistry.
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Table 1: Pediatric liquid drugs (PLDs) used in the study.

PLDs Generic name Brand name

Antibiotics

Amoxicillin +
clavulanic acid
clarithromycin
cephalosporins

Augmentin
Macrol
Cefaks

Analgesics Paracetamol
Ibuprofen

Calpol
Dolven

Antiepileptics Levetiracetam Keppra
Multivitamins Multivitamins Ferrosanol B
Bronchodilator Salbutamol Ventolin
Anxiolytic Hydroxyzine HCL Atarax
Sympathomimetic Pseudoephedrine HCL Sudafed

Staining and discoloration have been commonly evalu-
ated with devices such as spectrophotometry, colorimetry,
or digital cameras [25–32]. The color values were reported
in CIE 𝐿∗𝑎∗𝑏∗ system that enabled the evaluation of the
degree of color change (Δ𝐸∗) based on three coordinates.
𝐿∗ color coordinate represents lightness or brightness, 𝑎∗
represents greenness (positive) and redness (negative), and
𝑏∗ represents yellowness (positive) and blueness (negative).
Numeric description of color permits precise definition of the
magnitude of the color difference between objects [28, 29].
The color difference indicates whether a change in overall
shade can be perceived by a human observer. Clinical color
matching may be rated according to these Δ𝐸∗ values and
O’Brien [30] had reported that, based on clinical studies, the
Δ𝐸∗ values below 3.5 unit are unacceptable. Several studies
[28, 29, 31] also considered the color differences greater than
3.5 between veneers and the teeth as clinically unacceptable.

So the aim of the present study was to assess the color
changes of pediatric restorative materials after usage of some
pediatric drugs for 1 week. Because of the above-mentioned
details, the hypotheses of this study were considered as
follows: (a) color values of the restorative materials would
change and (b) drug types would influence the color stability
of these materials.

2. Methods

The details of pediatric drugs and restorative materials used
in this study were given in Tables 1 and 2.

2.1. Specimen Preparation. For each drug, 𝑛 = 5 specimens
(1mm diameter and 3mm in height) were prepared using
molds. A total of 150 restorative (𝑛 = 50 for each) materials
were prepared according to the manufacturers’ instructions.
Light-polymerized specimens (compomer and composite)
were polymerized for 20 seconds using a LED (Elipar Free
Light II, 3M/ESPE, St. Paul, MN, USA). After mixing the
capsulated form of glass ionomer cements for 10 sec, they
were left up to 5 minutes as for setting completion. Specimen
surfaces were stabilized with Mylar strip band for providing
smooth surfaces for all materials.

2.2. Color Change Measurement and Immersion Cycles. After
the polymerization of restorative materials, the color mea-
surements were done and recorded as baseline values, each
specimen was rinsed with distilled water for 5 seconds, gently
dried, and then immediately color values were obtained.

The color values (𝐿∗, 𝑎∗, 𝑏∗) of each specimen were
measured with a spectrophotometer (Vita EasyShade, Ivoclar
Vivadent, Liechtenstein) in a viewing booth under a standard
illuminant D65. Before the measurements, spectrophotome-
ter was calibrated with its own special calibration tool and
positioned in the center side of each specimen.Measurements
were carried out according to the CIE 𝐿∗𝑎∗𝑏∗ system,
3 times for each sample, and the average was recorded.
Afterward, they were (𝑛 = 5; for each material) immersed
in 10 different 10ml undiluted pediatric liquid in test tube
and agitated every 8 hours daily for 2min up to 1 week.
Between immersion periods, the samples were stored in
artificial saliva (sodium chloride (0.4 g/l), potassium chloride
(0.4 g/l), calcium chloride-H

2
O (0.795 g/l), sodium dihy-

drogen phosphate-H
2
O (0.69 g/l), sodium sulphur-9H

2
O

(0.005 g/l), and 1000ml distilledwater). After 1week of cumu-
lative immersion, second measurements for each materials
were performed. Specimens were rinsed with distilled water
for 5 seconds and gently brushed with a soft toothbrush for
15 seconds. At this point, color measurements were recorded
with the same method, under the same conditions, and in
the samemanner as described for the baseline measurements
and recorded as 1-week values. The calculation of the color
variation Δ𝐸∗ between two color positions (one week of
storage and baseline) in 3-dimensional 𝐿∗𝑎∗𝑏∗ color space is
as follows: color differences (Δ𝐸∗) between the teeth of the
same individual were calculated using the following formula:
ΔE(L∗a∗b∗) = [(ΔL∗)2 + (Δa∗)2 + (Δb∗)2]1/2 in which

ΔL∗ is the difference between the 𝐿∗ values
Δa∗ is the difference between the 𝑎∗ values
Δb∗ is the difference between the 𝑏∗ values

2.3. Statistical Analysis. Statistical analyses were performed
with SPSS for Windows 17.0. Shapiro–Wilk test was used
to test the normality of Δ𝐸∗ values. Two-way ANOVA and
Fisher’s LSD test were used for comparisons. The confidence
level was set as 95%.

3. Results

Δ𝐸∗ values varied in the range of averaged 2.08–6.55 for all
drugs/restorative materials. The most prominent alteration
was found in Ferrosanol B-composite (6.55 ± 1.38) and the
most slight one was found in Dolven-glass ionomer (2.08 ±
0.40) pairwise (Table 4).

Two-way ANOVA revealed that Δ𝐸∗ values were only
significantly influenced by restorative material factor (𝑝 <
0.001) whereas no effects were found for pediatric drug (𝑝 =
0.491) and interactions (pediatric drugX restorativematerial)
(𝑝 = 0.361) (Table 3).

Significantly higher Δ𝐸∗ values were found as composite
> compomer (𝑝 = 0.01) and composite > glass ionomer
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Table 2: Restorative materials used in the study.

Product Material type Mixing Curing Manufacturer

Dyract XP Polyacid modified composite resin N/A Light-cure for 20 seconds Dentsply DeTrey, GmbH,
Germany

Nova Compo-B Plus Composite resin N/A Light-cure for 20 seconds Imicryl Dental, Konya,
Turkey

EQUIA Glass ionomer cement 10 seconds with a mixer Light-cure for 90 seconds GC Corporation, Tokyo,
Japan

Table 3: Two-way ANOVA interaction effects.

Variable Sum of
squares df Mean

squares F p

Pediatric drug 23.704 9 2.634 0.943 0.491
Restorative material 298.904 2 149.452 53.508 0.000
Pediatric drug X
restorative material 55.299 18 3.072 1.100 0.361

Error 335.168 120 2.793
Total 3011.920 150
df: degrees of freedom.
∗𝑝 < 0.001; restorative material.

cement (𝑝 = 0.04) in Augmentin; composite > com-
pomer/glass ionomer (𝑝 = 0.002) in Macrol; composite
> glass ionomer cement (𝑝 = 0.01) and compomer >
glass ionomer cement (𝑝 = 0.033) in Cefaks; composite
> compomer (𝑝 = 0.011) and composite > glass ionomer
(𝑝 < 0.001) in Calpol 6 plus; glass ionomer > composite
(𝑝 = 0.003) and glass ionomer > compomer (𝑝a–c =
0.013) in Dolven; composite > compomer (𝑝 = 0.02) and
composite > glass ionomer cement (𝑝 = 0.006) in Keppra;
composite > compomer/glass ionomer (𝑝 < 0.001) in
Ferrosanol B; composite > compomer/glass ionomer (𝑝 <
0.001) in Ventolin; composite > compomer (𝑝 = 0.009) and
composite > glass ionomer cement (𝑝 = 0.014) in Sudafed.
No differences were found in Atarax group (𝑝 > 0.05)
(Table 4, for all).

Significantly higher Δ𝐸∗ values were only found in
compomer material for Dolven compared to the Augmentin
(𝑝 = 0.021), Macrol (𝑝 = 0.018), and Ventolin (𝑝 = 0.013).
Other pairwise comparisons did not exhibit any significant
differences (𝑝 > 0.05) (Table 4; for all).

4. Discussions

Long-term and/or chronic usage of prescribed pediatric
drugs could be problematic by decreasing plaque pH thus
causing cariogenic and erosive potential in pediatric dentistry
[17–24]. Moreover, prolonged color durability of pediatric
dental restorative materials has been considered as one of
the important factors included in esthetic requirements and
much more visits to the dentist might also cause different
problems such as increased costs of replacing the restorations
and increased behavior management/dental anxiety issues.
These have been found as another undesirable outcome [17–
24].

Table 4: Δ𝐸 values of tested restorative materials with pediatric
drugs (mean ± sd).

Restorative
materials

Composite Compomer Glass ionomer
Δ𝐸 (mean ± sd) Δ𝐸 (mean ± sd) Δ𝐸 (mean ± sd)

Drug/brand
name
Augmentin 5.9 ± 2.12a 2.29 ± 0.92B,b 3.82 ± 1.61c

Macrol 5.63 ± 2.01a 2.23 ± 1.98C,b 2.34 ± 0.81b

Cefaks 6.40 ± 2.2a 4.67 ± 1.3c 2.4 ± 0.81b

Calpol 6 plus 6.64 ± 0.68a 3.90 ± 3.01b 2.57 ± 0.92c

Dolven 5.30 ± 1.45b 4.76 ± 3.41A,c 2.08 ± 0.40a

Keppra 5.68 ± 1.59a 3.18 ± 1.56b 2.72 ± 0.56c

Ferrosanol B 6.55 ± 1.38a 2.61 ± 2.03b 2.17 ± 0.69b

Ventolin 6.30 ± 1.76a 2.09 ± 1.2D,b 2.09 ± 0.48b

Atarax 4.14 ± 1.06 3.1 ± 2.46 2.41 ± 1.02

Sudafed 6.07 ± 1.84a 3.51 ± 2.34b 3.13 ± 1.13c

∗Significant differences were only found in compomer group between
pediatric drug comparisons (𝑝A-B = 0.021; 𝑝A–C = 0.018; 𝑝A–D = 0.013);
no differences were obtained in other pairwise comparisons 𝑝 > 0.05.
∗Significant differences were found in Augmentin group; composite-
compomer (𝑝a-b = 0.01) and composite-glass ionomer cement (𝑝a–c =
0.04), in Macrol group; between composite-compomer/glass ionomer
(𝑝

a-b
= 0.002), in Cefaks group; composite-glass ionomer cement (𝑝a-b =

0.01) and compomer-glass ionomer cement (𝑝b-c = 0.033) in Calpol 6
plus group; between composite-compomer (𝑝a-b = 0.011) and composite-
glass ionomer (𝑝a–c < 0.001), in Dolven group; between glass ionomer-
composite (𝑝a-b = 0.003) and glass ionomer-compomer (𝑝a–c = 0.013),
in Keppra group; composite-compomer (𝑝a-b = 0.02) and composite-
glass ionomer cement (𝑝a–c = 0.006), in Ferrosanol B group; between
composite- compomer/glass ionomer (𝑝a-b < 0.001) in Ventolin group;
between composite-compomer/glass ionomer (𝑝a-b < 0.001) in Sudafed
group; composite-compomer (𝑝a-b = 0.009) and composite-glass ionomer
cement (𝑝a–c = 0.014). No differences were found in Atarax group (𝑝 >
0.05).

Additionally, although many studies have evaluated the
effects of lots of drinks and pediatricmedicines with regard to
erosion, caries, and/or color stability of teeth/dental materials
[5, 7, 9, 10, 13–22, 24], according to our knowledge, the
effects of pediatric drugs on the color stability of restorative
materials have not been mentioned. Because of the above
reasons, since the prescription is available for curing of
pediatric age diseases by commonly used drugs, they have
been tested in relation to the color stability of restorative
materials.
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Since the previous reports indicated that measuring
quantitative color alterations by using CIE 𝐿∗𝑎∗𝑏with proper
spectrophotometry and colorimetry techniques have several
advantages such as repeatability, sensitivity, and objectivity,
the spectrophotometry was used for calculating Δ𝐸∗ values
for each material/pediatric drug in this study [25, 26, 29, 31].

As is known, color changes might have been affected by
the thickness and surface properties [10]. Since we only tested
the color stability between baseline and 1-week period and
provided smooth surfaces by using Mylar strip, we ignored
calculating the effects of the above factors. Nevertheless,
finishing the surfaces with standard techniques could also
increase the discoloration resistance to the liquids [6, 7, 11,
27]. Thus, our Mylar strip method could be considered as
a limitation factor in which the “resin-rich layer” was not
properly removed. This might be further investigated.

The 1-week testing could be considered as a short period
hence the children were usually recommended to take liquid
drugs for ten days or one week, every eight hours [18]. Thus,
present study was designed as suitable as possible to the
clinical scenario. Moreover, it should be kept in mind that
prolonged durations of taking medicines would be more
problematic regarding the staining efficiencies of pediatric
drugs.

The hypotheses of this study are both partially accepted.
The most prominent alteration was found in Ferrosanol B-
composite (6.55 ± 1.38) and the most slight one was found
in Dolven-glass ionomer (2.08 ± 0.40) pairwise. Investigators
reported that the GICs have been found as the most resistant
material to staining related to their higher water content [7,
10]. Similarly, in the present study, GICs exhibited acceptable
color stabilities compared with composite or compomer
as well as for all tested pediatric drugs. However, color
changes of resinous materials have been associated with
chemical changes in the initiator system, activator, and water
absorption of the monomers in composite. Additionally, the
type/size of resin/filler particle and adsorption and absorp-
tion properties of the colourants are considered as the other
detrimental factors for color stability [7, 8, 10, 11, 32]. Previous
studies have investigated surface roughness and reported
that GICs have rough surface, showing lower staining sus-
ceptibility relating to a lower water absorption rate or low
resin content than surface textures [7, 11]. Although surface
textureswere not investigated in the present study, the highest
color changes of composites can be attributed to thematerials’
ingredients.

Nevertheless, generally, the compomer restorations did
not exhibit statistically significant discoloration and showed
higher than 3.5 (>Δ𝐸) values for some tested drugs. When
comparing both resinous materials, compomer exhibited less
serious color alterations compared to the composite which
could also be related to glass filler particles inside thematerial
as previously described [11]. However, all CIS-pediatric drug
combinations resulted in below than 3.5 (<Δ𝐸∗) which could
clearly indicate that these materials usage with pediatric
drugs can not cause perceptible clinical color changes as
stated earlier [5, 7, 10, 11].

In the present study, Dolven caused statistically different
staining compared to Augmentin (𝑝 = 0.021), Macrol (𝑝 =

0.018), andVentolin (𝑝 = 0.013) for compomers.Thismay be
related to the ingredients and other structural characteristics
such as pH and amount of sugar of the staining agents
as previously described [7, 11, 33]. Since the Ferrosanol-
composite combination showed the worst staining outcomes,
iron based syrups must be carefully prescribed because of the
increased binding properties to the teeth surfaces [15].

Given the findings of present study, even though the
artificial saliva was used to mimic oral conditions, exact
staining problems for pediatric dental restorative materials
could be influenced by taking the drugs in irregular intervals,
composition and structural features of drugs, and individual
salivary and fluid content differences with regard to buffering
capacity [7, 8, 11, 15]. Thus, this in vitro model does not
always mimic the real oral environmental conditions which
can be reflected as a limitation factor. By the way, the
lack of previous studies that tested the similar materials
and methodology did not permit for an exact comparison
with published literatures. Moreover, the various staining
properties of tested pediatric drugs on the color stability of
restorative dental materials possibly in relation to their pH
levels and sugar contents should be kept in mind by pediatric
health professionals and parents as similarly reported for
possible long-term undesirable outcomes in terms of erosion
and caries [15, 18, 19, 22, 23].

5. Conclusion

Within the limitations in this study, it can be concluded that

(1) composites exhibited significant discoloration values
when exposed to the commonly used pediatric drugs

(2) glass ionomer cements seem to be more resistant to
staining capacity of pediatric drug formulations

(3) considering the resinousmaterials, compomers could
exhibit less discoloration properties compared to the
composites with different type of pediatric drugs

(4) the information of the staining ability of com-
monly used pediatric drugs in combination with
different restorative materials such as Ferrosanol B-
composite and Dolven-compomer should be given
to the pedodontists, pediatricians, and parents for
alerting them to the risk of clinical discoloration

(5) further studies need to be supported with in vivo
study designs including commonly used drugs and
restorative materials in pediatric dentistry
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Background. Endotoxin initiates osteoclastic activity resulting in bone loss. Endotoxin leakage through implant abutment
connections negatively influences peri-implant bone levels.Objectives. (i) To determine if endotoxin can traverse different implant-
abutment connection (IAC) designs; (ii) to quantify the amount of endotoxins traversing the IAC; (iii) to compare the in vitro
comportments of different IACs. Materials and Methods. Twenty-seven IACs were inoculated with E. coli endotoxin. Six of the
twenty-seven IACswere external connections fromone system (Southern Implants) and the remaining twenty-one IACsweremade
up of seven internal IAC types from four different implant companies (Straumann, Ankylos, and Neodent, Southern Implants).
Results. Of the 27 IACs tested, all 6 external IACs leaked measurable amounts of endotoxin. Of the remaining 21 internal IACs, 9
IACs did not show measurable leakage whilst the remaining 12 IACs leaked varying amounts. The mean log endotoxin level was
significantly higher for the external compared to internal types (𝑝 = 0.015). Conclusion. Within the parameters of this study, we
can conclude that endotoxin leakage is dependent on the design of the IAC. Straumann Synocta, Straumann Cross-fit, and Ankylos
displayed the best performances of all IACs tested with undetectable leakage after 7 days. Each of these IACs incorporated a morse-
like component in their design. Speculation still exists over the impact of IAC endotoxin leakage on peri-implant tissues in vivo;
hence, further investigations are required to further explore this.

1. Introduction

In conventional two-piece implant systems, the abutment
is connected to the implant mechanically via a screw. This
creates an interface throughwhich leakagemay occur. In 1977,
the first dental implant was designed by Brånemark et al. and
wasmanufactured for human implantation and consisted of a
screw retained slip-fit butt-joint external hexagon connection
[1]. The external hex connection was the first connection
design and was used primarily as a carrier of the device into
the mouth [1]. The external implant-abutment connection
however does present with several mechanical and biological

complications such as screw loosening, rotational misfit at
the implant-abutment interface, and microbial penetration
[2]. Implant-abutment connections have evolved greatly in an
attempt to minimize these complications. Leakage however
is not isolated to external connections and may occur in
internal connection designs as well; however, the quantity of
leakage is unknown in both design types. In 1986, one of the
first internal implant-abutment connections was developed
by Niznick [3]. This connection was designed with a 1.7mm
deep internal hexagon connection below a 0.5mm wide 45-
degree taper which proved to have superior force distribution
properties when compared to the original external hexagon
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implant-abutment connection [2]. Since then, several varia-
tions of the internal and external implant-abutment connec-
tion were developed in an attempt to outperform previous
designs. These include internal spline connections, Morse-
taper connections, and Internal Octagon connections [3].

The implant-abutment interface acts as a reservoir for oral
microorganisms [4, 5] that in turn may induce an inflamma-
tory response within the peri-implant tissues with a resultant
loss of peri-implant crestal bone [6, 7]. As a result, studies
[8] were conducted on the tightness of implant-abutment
connections against corpuscular bodies (viable bacteria). In
2010, Harder et al. suggested that themere ingress of bacterial
endotoxins (requiring less of a micro gap) was enough to
initiate the inflammatory cascade and tissue destruction
that leads to peri-implant bone loss [9]; this concept was
demonstrated by Hou et al. in 2013 [10] by the upregulation
of osteoclasts by bacterial endotoxins. In Harder’s study of
two internal implant-abutment connections, he showed one
to leak after only 5 minutes whilst the hermetic seal of the
other remained intact after 168 hours.This study suggests vast
variation in performance of implant-abutment connection
seal even within design categories.

Research Motivation. Failure of the implant-abutment her-
metic seal may lead to crestal bone loss and peri-implant
disease, eventually leading to implant loss. A comparative
performance analysis between current connections may
highlight superior connection designs for future implant
selection and planning.

Aim.The aimof this studywas to investigatewhether there is a
difference in the ability of current implant connection designs
to limit the movement of microbial endotoxins across the
implant-abutment interface. If leakage does occur, we will, in
addition, aim to quantify it and hence compare the various
IACs implicated in this study.

2. Materials and Methods

This was an in vitro study conducted under controlled
laboratory conditions to assess the seal of implant-abutment
connections (IAC) at different time intervals over a seven-day
period. The IACs tested are summarized below (see Figure 1
and Table 1).

All abutments were procured specifically for the respec-
tive implants according to manufacturer’s specifications and
were connected to the implant with a screw, torqued to
supplier’s stipulations.The sample size was convenient, based
on the key research questions to be answered and on cost
constraints. Analysis of variance (ANOVA) was used to
analyse differences between the factors of time and implant
connection.

2.1. Test Procedure. The limulus amoebocyte lysate test (LAL
test) is a quantitative test for Gram-negative bacterial endo-
toxin. LAL is an aqueous extract of blood cells (amoebocytes)
from the horseshoe crab (Limulus polyphemus). LAL reacts
with bacterial endotoxin or lipopolysaccharide (LPS), which
is a membrane component of Gram-negative bacteria. The
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Figure 1: A line graph demonstrating median leakage versus time
for each implant-abutment connection that leaked. Note. The above
graph shows all implants that demonstrated measurable leakage.
This excludes Ankylos and Straumann (Cross-fit connection and
Synocta) which showed no measurable leakage.

test is based on the findings of Bang [11] who documented
that endotoxin caused a fatal intravascular coagulation in
the horse shoe crab species. This reaction is caused by the
enzymatic conversion of a clottable protein which is derived
from the circulating blood cell. This principle is used in
a clinically modified test manufactured by Charles River
known as Endosafe�-PTS (pyrogen testing system) adhering
to United States Pharmacopeia (USP) and is FDA approved
(US license number: 1197). The LAL test detects the presence
of microbial endotoxin. The standard endotoxin stock solu-
tion is prepared from a USP endotoxin reference standard
that has been calibrated to the current WHO International
Standard for endotoxin, that is, Endotoxin Standard [12]. One
USP endotoxin unit (EU) is equivalent to one international
unit (IU) of endotoxin [12].

Using the Endosafe-PTS requires the operator to follow 4
sequential steps:

(1) Instrument Operation. The machine is turned on by
holding down the number 5 on the keypad; once the
machine has turned on, the system will conduct a
“system self-test” as it heats up to 37 degrees Celsius;
this takes approximately 5 minutes.

(2) Insert the Cartridge. A pyrogen-free cartridge is
removed from the pouch with the sample reservoirs
facing upwards.The cartridge is placed firmly into the
slot into the front of the Endosafe-PTS. Cartridges
should be stored at temperatures between 2 and 25
degrees Celsius and allowed to reach room temper-
ature prior to opening.

(3) Enter the Required Information. Once the cartridge
has been placed into the unit, the unit registers the
cartridge and prompts the user to enter identification
information for data collection purposes after testing.
This consists of a user ID, a cartridge lot number, and
calibration number.

(4) Dispensing the Sample. Once all the information has
been captured adequately, the Endosafe-PTS prompts
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Table 1: Type and number of implant abutment connections tested according to manufacturers specified torque value in newton centimeters
(Ncm).

Make Design Specifications Connection Number of implants
to be tested

Torque value to be
applied (Ncm)

(1)

Southern Implants

External Hex 4mm Ø 10mm L External 3 20
(2) External Hex 4mm Ø 10mm L External 3 45 (new)
(3) Deep Conical (DC) 4.0mm Ø× 11mm L Internal 3 32

(4) Internal Octagon (IT)
4.1mm Body Ø,

prosthetic platform
4.8mm Ø 10mm L

Internal 3 32

(5) Internal Hex 4.2mm Ø 10mm L Internal 3 20
(6) Neodent Conical Connection 4.3mm Ø 10mm L Internal 3 15

(7)

Straumann

Bone Level Tapered
(BLT), Cross-fit-RC 4.1mm Ø, 10mm L Internal 3 35

(8) Tissue Level, Synocta
4.1mm body Ø,
4.8mm prosthetic
platform, 10mm L

Internal 3 35

(9) Dentsply-Ankylos Conical connection 3.5mm Ø 9.5mm L Internal 3 15

the user to dispense 25𝜇L of the sample to be tested
into each of the four reservoirs and press “enter.”
Pumps draw sample aliquots into the test channels
thereby initiating the test. The test takes a maximum
of 15 minutes depending on the amount of endotoxin
present in the sample.

Bacterial endotoxin products derived from the E. coli species
were used to inoculate the implant lumen. Four standard
vials of 20–40 EU were reconstituted with 1mL of pyrogen-
free water. The reconstituted endotoxin was placed into the
deepest part of the implant lumen.

The abutments were connected to the respective implants
(see Table 1) according to the manufacturer’s specifications
using a calibrated torque controller of the respective manu-
facturerwhilst the implantwas secured firmly in the universal
fixation clamp.

The implants were each submerged in pyrogen-free con-
tainers, containing pyrogen-free water and agitated by an
oscillating plate. Samples (25𝜇L) from each beaker were
taken at 0min, 10min, 3 hours, 24 hours, and 168 hours
and dispensed into the reservoirs of a newly opened test
cartridge. All IACs were vibrated in their suspension prior to
taking the 168 h sample to dissociate any clumped endotoxin
to provide a more accurate reading. Each test provided a
reading in endotoxin units (EU) that ranged from 0.05 EU to
10 EU. A negative control sample was taken from a container
containing an implant not inoculated with endotoxin to
ensure there was not any previous contamination of the
pyrogen-free water or container. Each container was covered
between readings to prevent ingress of atmospheric con-
taminants. The procedure was carried out under a laminar
airflow cabinet. Sterile gloves and masks were worn at all
times when handling the equipment. This information was
recorded and tabulated. A new pipette tip was used for each
sample taken. A calibrated pipette provided by Charles River
was used to take equal samples of solution at every time
interval preventing inaccuracies in sample volumewhichmay

distort readings. Testing took place at an approved laboratory
at the University of the Witwatersrand under appropriate
biosafety regulations which were approved by the Biosafety
Board, approval number 20151201.

The IACs were tested for measurable leakage within a
range of 0.05 EU to 10 EU. This was the inherent range of the
cartridge selected for testing. A randomized testing sequence
was used to carry out testing in an unbiased order.

2.2. Data Analysis. The median endotoxin level for each
implant at each time point, together with its 95% confidence
interval, was calculated and presented graphically as a time
profile plot (see Figure 1). The implant connection systems
were compared (overall and selected comparisons) using
a repeated measures Analysis of Variance (ANOVA) with
factors time and implant connection and an AR covariance
structure. A log-transformation of the endotoxin levels was
used to meet the assumptions of the technique. Data analysis
was carried out in SAS. The 5% significance level was used
[13].

2.3. Ethics and Biosafety Approval. An ethical waiver was
granted by the Wits Research Ethics Committee. All implant
firms or representatives agreed to the terms and conditions
set by the Wits Research Legal Department prior to testing.
Biosafety approval was granted unconditionally according to
the terms and conditions stipulated by the Wits Biosafety
board in terms of handling and discarding of hazardous
substances. All relevant testing cartridges, implants, abut-
ments, and accessories were sponsored by the firms or their
representatives.

3. Results

3.1. Individual IAC Performance. Of the 9 connection types
tested, 3 did not present with measurable leakage within the
parameters of the study. These included Straumann Synocta,
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Table 2:Median andmaximumendotoxin values for themaximum leak (at any time) for each implant abutment connection type that showed
measurable leakage as well as the number of specific types that leaked.

Implant Number that leaked (out of 3) Median Maximum
Neodent Drive CM 2 0,351 0,575
Southern Deep Conical (DC) 3 0,312 0,494
Southern-External Hex (new torque values) 3 0,341 0,575
Southern-External Hex (old torque values) 3 0,992 4,180
Southern-Internal Hexagon (M-series) 3 5,290 >10,000
Southern-Internal Octagon (IT) 1 0,146 0,146
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Figure 2: A bar graph showing the percentage (%) of each implant-abutment connection type that leaked.

Straumann Cross-fit, and the Ankylos morse-like connection
(see Figure 3). Of the remaining 6 connections, the leakages
detected were as follows (see Table 2 and Figures 1, 2, and 3):

(i) The Neodent conical connection leaked a median
amount of 0.351 EU and a maximum of 0.575 EU (see
Table 2). Two of the three Neodent connections tested
showed measurable leakage.

(ii) The Southern Deep Conical connection leaked a
median amount of 0.312 EU and a maximum of
0.494 EU. All three Southern Deep Conical connec-
tions tested showed measurable leakage.

(iii) The Southern-External Hex connection (tightened to
the newly stipulated manufacturer specification of
45Ncm) leaked a median amount of 0.341 EU (see
Figures 1 and 3) and a maximum of 0.575 EU. All
3 Southern-External Hex connections tested showed
measurable leakage.

(iv) The Southern-External Hex connection (tightened to
the former stipulated manufacturers specification of
20Ncm) leaked a median amount of 0.992 EU and a
maximum of 4.180 EU. All 3 Southern-External Hex
connections tested showed measurable leakage.

(v) The Southern-Internal Hex connection leaked a
median amount of 5.290 EU and amaximum unmea-
surable leakage of over 10.000 EU. All 3 Southern-
Internal Hex connections tested showed leakage.

(vi) The Southern-Internal Octagon connection leaked
a median amount of 0.146 EU (see Figures 1 and
3) and a maximum of 0.575 EU. Only one of the
three Southern-Internal Octagon connections tested
showed measurable leakage.

3.2. Comparison of Performances between External and Inter-
nal Design. The mean log(endotoxin) leakage was signifi-
cantly higher for the external implant types compared to
the internal implant types. This conclusion was made as
the effects of implant type, time, and the implant type-time
interaction were all significant (𝑝 = 0.015, <0.0001, and
0.028, resp.) (see Figure 1).

3.3. Comparison of Performances between “Like” Connection
Types

3.3.1. Southern-Internal Octagon (IT) versus StraumannTissue
Level Synocta. There was no significant difference in mean
log(endotoxin) leakage between the two implant types. The
effects of implant type, time, and the implant type-time
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Figure 3: A graph demonstrating the median maximum leak values in endotoxin units (EU) for each implant-abutment connection type
where 𝑛 = the number of IACs that leaked.

interaction were not significant (𝑝 = 0.60, 0.072, and 0.53,
resp.).

3.3.2. Neodent Drive CM versus Ankylos. There was no sig-
nificant difference in mean log(endotoxin) leakage between
the two implant types. This conclusion was achieved because
the effects of implant type, time, and the implant type-time
interaction were not significant (𝑝 = 0.13, 0.10, and 0.47,
resp.).

3.3.3. Southern-External Hex: Old versus New Torque Values.
There was no significant difference in mean log(endotoxin)
leakage levels between the two implant types torqued at
different values.

This conclusion was achieved because the effects of
implant type and the implant type-time interaction were not
significant (𝑝 = 0.073 and 0.20, resp.) whilst the effect of
timewas significant (with time they leakedmore; see Figure 1)
(𝑝 = 0.0001).

4. Discussion

The Straumann Synocta connection, Straumann Cross-fit,
and Ankylos connections showed no measurable leakage
within the parameters of this study over the 7-day testing
period and hence performed most optimally out of the 9
tested IAC types within the parameters of this study. It is
suspected that these IACs displayed no measurable leakage
due to a combination of morse-like tapers and interlocking
antirotational design mechanisms which create a high degree
of intimacy between abutment and implant and prevent
rotational movements, respectively.

The Southern-Internal Octagon showedmeasurable leak-
age in 1 of the 3 connections (see Table 2 and Figure 2). This
leakage occurred at the 168 h reading and hence showed no
statistically significant difference from the leakage obtained
from the Straumann Synocta. The Neodent Drive CM IAC

showed measurable leakage in 2 of the 3 samples tested
(see Table 2, Figure 2). There was no statistically significant
difference found in the measurable leakage between the
Neodent Drive CM and the Ankylos connection types; this
should be interpreted with care since the sample size is small.
A comparison wasmade between the Southern-External Hex
tightened at old (20Ncm) and new (45Ncm) torque values.
The mean measurable leakage for those IACs torqued to a
value of 20Ncm was 1.899 EU and those torqued to 45Ncm
was 0.355 EU; however, we could not draw any statistically
significant differences between the two due to the limited
sample size. Further research is required into the effects of
torqueing the external hex to 45Ncmespeciallywith regard to
screw loosening and fatigue.The Southern-Internal Hex IAC
showed the highest mean measurable leakage at 5.409 EU.
Separation of the Internal Hex IAC occurred in 2 of the 3
samples (see Table 2, Figure 2) because of screw loosening;
this contributed to the higher leakage values detected. It is
suspected that the lack of intimacy between abutment and
implant and a low screw torque value may have facilitated
screw loosening. The small sample size in this study limited
the statistical comparisons and caution should be taken when
interpreting the comparisons between similar connections.

This in vitro study reflects the effectiveness of the implant-
abutment connection seal whilst agitated on a platform
shaker; however, the implants were not subjected to forces
and movements as expected in vivo. Hence, it should be
noted that, in the oral cavity, implant connectionsmay exhibit
different behavior. It is expected that the leakage reported in
this study is less than one would witness when functional in
the mouth due to masticatory forces.

This study only reports on four of the most widely used
implant systems in South Africa out of a total of approx-
imately 220 systems worldwide [14]. Many other implants
systems available are untested and leakage values should not
be extrapolated to similar IAC designs.

The use of a sample size of three per connection presents
a limitation to the power of the study. However, due to the



6 BioMed Research International

high costs of the study, a minimum number of implants was
used that would allow for statistical comparison.

According to Hou et al. in 2013 [10], it was documented
that microbial endotoxin alone proved to be a sufficient
stimulus to upregulate the osteoclastic activity in bone
metabolism. This interaction initiates a net bone loss in the
affected region.Microbial endotoxin leakage from an implant
connection may induce the same effect on peri-implant bone
leading to peri-implantitis and eventual bone loss. Although
implant success and/or survival is not determined solely by
the connection and associated microbial leakage, it may be
one variable the clinician could control when striving for
more predictable results. The biologic nature of amoebocyte
lysate testing and the small sample sizes suggests that results
should be interpreted with caution; however, our data shows
that not all IACs leak equally.

5. Conclusion

In conclusion, morse-like connection types performed better
than other design types. This suggests that a morse-like
design may contribute more significantly than the case
whether the design is based on an overall internal or external
configuration. The minimum amount of acceptable leakage
(if at all) is still undefined. Until this principle is better under-
stood, implant connection selection still remains a clinician’s
preference rather than a patient’s biologic requirement.
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Objectives. Tomeasure the temperature increase induced during thermocure lamp setting reaction of glass carbomer and to compare
it with those induced by visible light curing of a resin-modified glass ionomer and a polyacid-modified composite resin in primary
and permanent teeth. Materials and Methods. Nonretentive class I cavities were prepared in extracted primary and permanent
molars. Glass carbomer (GC) was placed in the cavity and set at 60∘C for 60 sn using a special thermocure lamp. Resin-modified
glass ionomer (RMGIC) and polyacid-modified composite resin (PMCR) were placed in the cavities and polymerized with an LED
curing unit. Temperature increases during setting reactions were measured with a J-type thermocouple wire connected to a data
logger. Data were examined using two-way analysis of variance and Tukey’s honestly significant difference tests. Results. The use of
GC resulted in temperature changes of 5.17 ± 0.92∘C and 5.32 ± 0.90∘C in primary and permanent teeth, respectively (𝑝 > 0.05).
Temperature increases were greatest in the GC group, differing significantly from those in the PMCR group (𝑝 < 0.05). Conclusion.
Temperature increases during polymerization and setting reactions of the materials were below the critical value in all groups. No
difference was observed between primary and permanent teeth, regardless of the material used.

1. Introduction

Heat production is the most severe stress generated in the
pulp by various operative procedures [1]. Thermal trauma
may be induced by cavity preparation, exothermic polym-
erization reactions of resin-based restorative materials [2],
and exothermic acid-base setting reactions of glass ionomer-
based restorative materials [3] or from various light sources
used for curing restorativematerials [4, 5] andmay eventually
damage pulp tissue irreversibly if it is not controlled [6, 7].

A classic animal study by Zach and Cohen [6] estab-
lished a threshold temperature for irreversible pulpal damage
caused by the application of external heat to a sound tooth;
a 5.5∘C increase in intrapulpal temperature induced necrosis
in 15% of pulp samples tested. Several in vitro studies have
shown that various light sources used during the polymeriza-
tion of resin-based restorative materials cause such increases
in pulp temperature [4, 5].

Improvements in restorative materials and techniques,
together with increased demand for aesthetic restorations,
have led to the introduction of a wide range of dental mate-
rials, including compomer, resin-modified glass ionomer
cements, and self-adhering composites. These materials con-
tain variable proportions of resin matrix. As the exothermic
reaction is proportional to the amount of resin available
for polymerization and the degree of conversion of carbon–
carbon double bonds, these materials may be expected to
show different degrees of temperature increase when cured
by the same light unit. In a 2005 study, Al-Qudah et al. [8]
attempted to quantify the temperature increase caused by the
light source alone. The variation in maximum temperature
increases among these materials may be correlated with their
resin content. The authors demonstrated exothermic tem-
perature increases during the setting of resin-modified glass
ionomer (RMGIC) and polyacid-modified composite resin
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(PMCR) [8]. Polymerization of photo-activated resin com-
posites can result in an intrapulpal temperature increase due
to the exothermic reaction process and the energy absorbed
during irradiation [9, 10].

Glass carbomer (GC), another newly developed material,
is a glass ionomer-based restorative material. GC is distin-
guished from glass ionomer by its nanosized powder particles
and fluorapatite crystals. The addition of fluorapatite was
based on the belief that glass ionomers turn into fluorapatite-
like material over time [11]. The advantages of GC over
conventional glass ionomer cements include significantly
better mechanical and chemical properties (e.g., strength,
shear, and wear) [12–14]. The clinical application of GC is
similar to that of conventional glass ionomer cement, except
that heat application (60∘C, 60 sn) with a special thermo-
cure lamp is recommended during the setting reaction.
The beneficial effects of heat on glass ionomers have been
documented in recent studies [14–16]. However, the effects
of thesematerials on intrapulpal temperature increase during
the setting reaction are not known.

The objectives of this study were (1) to measure the tem-
perature increase induced during thermocure lamp setting
reaction of an GC and compare it with those induced by
visible light curing of an RMGIC and an PMCR and (2) to
compare temperature increases in primary and permanent
teeth during setting and curing of these three materials. We
hypothesized that temperature increases in pulp chambers
during the setting of GC, RMGIC, and PMCR materials
would be similar and that temperature increases in the pulp
chambers of primary and permanent teeth would be similar.

2. Materials and Methods

In this study, the temperature increases induced during ther-
mocure lamp setting reaction of a glass carbomer (Glass
Fill) and induced by visible light curing of a resin-modified
glass ionomer cement (Fuji II LC) and a polyacid-modified
composite resin (Dyract AP) in primary and permanent teeth
were investigated (Table 1).

Nonretentive class I cavities were prepared in extracted,
caries-free human primary and permanent second molars.
One mm dentine thickness, measured with a digital microm-
eter (Mitutoyo, Japan), was left between the pulp chamber
and occlusal cavity floor.The roots of each tooth were ground
away, and the remains of the pulpal tissue were removed.The
pulp chamber was then cleaned of all organic remnants using
5.25% sodium hypochlorite solution.

The same procedure was repeated for all groups. The
groups were prepared as follows:

(i) Group 1A (𝑛 = 20): permanent dentine +Dyract AP +
LED curing light

(ii) Group 1B (𝑛 = 20): primary dentine + Dyract AP +
LED curing light

(iii) Group 2A (𝑛 = 20): permanent dentine + GCP Glass
Fill + GCP CarboLED thermocure lamp

(iv) Group 2B (𝑛 = 20): primary dentine + GCP Glass
Fill + GCP CarboLED thermocure lamp

(v) Group 3A (𝑛 = 20): permanent dentine + Fuji II LC +
LED curing light

(vi) Group 3B (𝑛 = 20): primary dentine + Fuji II LC +
LED curing light

All measurements were performed on the same primary
and permanent teeth to limit the effects of differences in
tooth structure. Each tooth was attached to a novel apparatus,
designed originally by Sari et al. [17] and customized for this
study, to simulate pulpal bloodmicrocirculation (Figure 1). A
standard infusion set (GemedMedical Co., Istanbul, Turkey)
with a 21-gauge (green) injector needle was attached to a
distilled water bottle (1000mL). The length of the injector
needlewas shortened to 5mm, and the tip of the needle (1mm
in length) was placed on a stainless-steel metal base plate
through a drilled hole and used for water inflow. Another
needle tip, which was connected to a freestanding infusion
tube, was placed adjacent to the first tip and used for water
outflow.Thefluid flow rate of the systemwas set and kept con-
stant at 0.026mL/min using a digital infusion flowmeter (SK-
600II infusion pump; SK Medical, Shenzhen, China), which
was attached to the system. Room temperature distilled water
was used to simulate blood and blood pressure (15 cm H

2
O)

in the pulp (Figure 1). Light curing glass ionomer cavity-liner
cement (glass liner;WPDental GmbH, Barmstedt, Germany)
was used to fix the samples onto the stage of the apparatus. A
narrow hole providing access to the pulp chamber was drilled
into the distal surface of each crown using a diamond bur,
and a J-type thermocouple wire (0.36 mm diameter; Omega
Engineering, Stamford, CT, USA) was inserted through this
aperture into the pulp chamber. A silicone heat-transfer
compound (ILC P/N 213414;Wakefield Engineering, Beverly,
MA, USA) was applied to the tip of the thermocouple wire,
and the wire was fixed in a position that maintained contact
with the pulp chamber using light curing calcium hydroxide
cement (Calcimol LC; Voco GmbH, Cuxhaven, Germany).
The same cement was used to seal the gap around the
thermocouple wire, preventing leakage from the system.

RMGIC and PMCR were placed into the cavities and
polymerized with an LED curing unit (Ultradent, USA)
according to the manufacturer’s instructions (Table 2). GC
was placed in the cavities and cured for 60 s, at 60∘C with
a special thermocure lamp (CarboLED, 1400mw/cm2; GCP
Dental, Netherlands). All application procedures were per-
formed according to themanufacturers’ instructions. No acid
etching or dentine bonding was performed to enable easy
removal of the restorative materials, thereby maintaining
constant cavity size during repeated removal procedures, as
suggested by Hannig and Bott [10]. The procedures were
applied to primary and permanent teeth. During polymer-
ization and setting, temperature increases inside the pulp
chambers were measured with a thermocouple connected to
a data logger (XR440-M Pocket Logger; Pace Scientific, NC,
USA) and a computer. The data logger was set to record one
sample every 2 s for the duration of recording, which started
with light application and continued until the temperature
began to decrease.Data collectionwasmonitored in real time,
and data in tabular and graphic forms were transferred to a
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Table 1: Material, manufacturer, and composition of the materials used in study.

Material Manufacturer Composition
Fuji II LC
(RMGIC) GC Corporation, Tokyo, Japan Aluminofluorosilicate glass, polyacrylic acid, 2-hydroxyethyl methacrylate,

2,2,4-trimethyl hexamethylene dicarbonate, triethylene glycol dimethacrylate
GCP Glass Fill
(GC) GCP Dental, Vianen, Netherlands Fill: fluoroaluminosilicate glass, apatite, polyacids

Gloss: modified polysiloxanes

Dyract AP
(RMCR) Dentsply, Germany

Urethane dimethacrylate (UDMA), tetracarboxylic acid-hydroxyethyl
methacrylate-ester (TCB resin), alkanoyl-polymethacrylate, strontium-fluorosilicate
glass, strontium fluoride, photoinitiators, butylhydroxytoluene, iron oxide pigments

P
Data loggerInfusion set

Curing unit

Thermocouple

Water bath
device

C

37
∘C

Figure 1: Pulpal microcirculation device.

computer. Differences between initial and highest tempera-
ture readings (Δ𝑡) were determined.

2.1. Statistical Analysis. Values from all groups were exam-
ined using two-way analysis of variance, after the results
of Levene and Shapiro–Wilk tests had confirmed equality
of variance and the assumption of normality, respectively
(𝑝 > 0.05). Then, Tukey’s honestly significant difference test
for multiple comparisons was applied to determine further
differences among groups. Results are presented as means,
minimums, maximums, and standard deviations. The sig-
nificance level was set to 𝑝 < 0.05 for all tests. All
computations were performed using the SPSS program for
Windows (version 20; SPSS, Inc., Chicago, IL, USA).

3. Results

The mean and standard deviations of the temperature rise at
the primary and permanent teeth for all tested materials are
shown in Table 3. Temperature changes in permanent and
primary teeth with PMCR were 3.04 ± 0.64∘C and 3.26 ±
0.77∘C, respectively (𝑝 > 0.05). Temperature changes in
permanent and primary teeth with Fuji II LC were 3.90 ±
0.96∘C and 4.22 ± 1.29∘C, respectively (𝑝 > 0.05). The use of
GC and the CarboLED lamp resulted in temperature changes

in permanent and primary teeth of 5.17 ± 0.92∘C and 5.32 ±
0.90∘C, respectively (𝑝 > 0.05).

Temperature increases were the greatest in the GC group.
Two-way analysis of variance revealed highly significant
differences betweenGCgroup andPMCRgroup both perma-
nent and primary teeth (𝑝 < 0.001). Results from the PMCR
and RMGIC groups were similar (𝑝 > 0.05).

The smallest temperature increases were observed in
PMCR group. No difference was observed between primary
and permanent teeth, regardless of the material used (𝑝 >
0.05).

4. Discussion

In the present study, temperature increases induced during
thermocure lamp setting reaction of an GC and visible light
curing of an RMGIC and an PMCR material were evaluated
in the pulp chambers of primary and permanent teeth. The
first study hypothesis was partially supported, as increases
in the GC group differed from those in the PMCR group in
primary and permanent teeth. The second study hypothesis
was supported because temperature increases in the pulp
chambers of primary and permanent teeth were similar.

Pediatric dental clinics provide restorative treatments
for primary and permanent teeth. Thus, clear definition of
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Table 2: Light curing unit used in this study.

LCU Manufacturer Light intensity Curing time
VALO LED light curing unit Ultradent Products Inc., South Jordan, UT, USA 1000mW/cm2 20 s
GCP CarboLED thermocure lamp GCP Dental, Ridderkerk, Netherlands 1400mW/cm2 60 s

Table 3: Descriptive statistics of the intrapulpal temperature changes of all groups.

Groups Primary Permanent
𝑁 Mean ± SD (∘C) Min–max 𝑁 Mean ± SD (∘C) Min–max

Dyract AP 20 3.26 ± 0.77∘Ca 2.20–4.80 20 3.04 ± 0.64∘Ca 2.40–4.30
Fuji II LC 20 4.22 ± 1.29∘Cab 2.40–5.90 20 3.90 ± 0.96∘Cab 2.20–5.40
GCP Glass Fill 20 5.32 ± 0.90∘Cb 2.90–8.70 20 5.17 ± 0.92∘Cb 3.90–6.50
𝑝 < 0.05.
SD: standard deviation. There is no statistically significant difference between the same letters in the same column.
𝑝 > 0.05.

all structural differences between tooth types is important,
especially when restorative materials are used to improve the
quality of primary teeth. For this reason, we used primary and
permanent teeth in this study.

Pulp microcirculation is an important factor in the
regulation of intrapulpal temperature when heat is trans-
ferred from an external thermal stimulus to the dentine-pulp
complex [18, 19]. Lack of microcirculation has been shown
to cause greater changes in intrapulpal temperature [20].
Sari et al. [17] designed a novel pulp-blood microcirculation
apparatus and used water circulation in the pulp chamber
to simulate in vivo conditions. We also used a pulp-blood
microcirculation apparatus in the present study. Dental
pulp is a highly vascularized tissue, and its viability may
be compromised during cavity preparation and restorative
procedures [21]. These procedures can increase the intra-
pulpal temperature and damage the pulp tissue [22]. Zach
and Cohen [6] studied the effects of heat on pulp tissue and
found that a 5.5∘C increase in intrapulpal temperature was
associated with irreversible pulpitis in 15% of teeth tested
in rhesus macaques. When the intrapulpal temperature rose
to 11.1∘C, 60% of teeth became necrotic [6]. In the present
study, temperature increases in all groups were less than
5.5∘C, the estimated critical temperature for pulp damage. To
protect vital pulp from thermal damage, excess heat must be
distributed or removed from the area. The major limitation
of in vitro studies is the lack of pulp-blood microcirculation,
which acts as a coolant by transferring excess heat away
from the pulp chamber. In this study, we used a pulp-blood
microcirculation apparatus to simulate the cooling effect on
pulp tissue under clinical conditions.

In restorative dentistry, thermal changes have been eval-
uated using several approaches, such as cavity preparation,
light curing, laser application, bonding, and debonding [4, 5,
23]. The thermal effect on pulp tissue depends on variations
in the thickness of enamel and dentine on the pulp chamber
wall [24], the dentine type [25, 26], and the choice of resin-
based restorative material and light curing unit [4, 5]. The
type and duration of light application during curing seem to
be the most crucial factor. Familiarity with the characteristics
and advantages of light sources used for curing is thus needed

to gain a suitable perspective in aesthetic dentistry [27].
According to Lloyd et al. [28], the most important factor
causing a temperature increase during composite photo-
activation is the heat developed by the light curing unit.
Yazici et al. [5] suggested that LED units reduce the risk of
pulp injury because they increase the temperature less than
halogen units do. The results of that study suggest that
plasma-arc and LED curing units cause less temperature
increase in the pulp chamber; however, assessment of the
physical andmechanical properties of cured resin composites
is also important [5]. For these reasons, we used an LED
halogen curing unit for the photo-polymerization of two
aesthetic restorativematerials and a thermocure (CarboLED)
lamp during the setting reaction of GC. The CarboLED
lamp was developed for thermal curing to optimally enhance
the excellent qualities of GCP glass carbomer products. The
clinical application of GC is similar to that of conventional
glass ionomer cements, except that heat application is rec-
ommended during the setting reaction. Heat can be provided
by a special light curing device during the setting reaction
of Glass Fill. The manufacturers of GC recommend the use
of the CarboLED lamp for light curing this product and
claim that this device achieves the best results. The beneficial
effects of heat on glass ionomers have been documented in
recent studies [14–16]. Higher temperatures during setting
have been found to shorten the setting andworking times [15,
16]. However, outputs indicate that the use of the CarboLED
lamp results in an exothermic setting reaction that raises the
temperature of the pulp tissue, thereby increasing the risk
of pulpal damage. In our study, the temperature of GC was
closest to the threshold temperature for irreversible pulpal
damage.

Resin-modified glass ionomer cements and polyacid-
modified resin composites were developed to overcome the
problems of traditional restorativematerials, such asmoisture
sensitivity and reduced early strength, while maintaining
the clinical advantages of command setting, adhesion to
tooth structures, adequate strength under occlusal loading,
fluoride release, and aesthetics [3]. Taking into account the
advantages and clinical characteristics of GC, it appears to be
an extremely suitable alternative to conventional restorative
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materials [14]. It may also have a particular role in the
restoration of primary teeth.

The setting reaction of RMGIC has a dual mechanism.
The usual glass ionomer acid-base reaction begins when the
material is mixed, and this is followed by a free radical
polymerization reaction, which may be generated by pho-
toinitiators and/or chemical initiators [29].

Restorativematerials such as PMCRcan be hardened only
through photo-polymerization. This setting reaction has two
stages.The first stage is dominant free radical polymerization,
identical to that occurring in resin composite. Upon light
curing, the polymerizable molecules are interconnected in a
three-dimensional network that is reinforced by the filler par-
ticles included in the material. After initial setting, with the
addition of water, Dyract AP contains all ingredients needed
to initiate an ionic acid-base reaction, as occurs with glass
ionomers [30]. Setting reactions of all recently marketed
compomers are also based on dominant light-initiated free
radical polymerization, followed by an acid-base reaction
[3].

Al-Qudah et al. [8] suggested that the resin content of
dental materials was an important factor affecting tempera-
ture increase. Greater resin filler content was associated with
a lesser temperature increase and thus a smaller proportion
of resin available for polymerization. Fillers are chemically
inert and do not contribute to the heat of a reaction. In
our study, we used PMCR and RMGIC. According to the
manufacturers, PMCR has 73% filler content, and RMGIC
has 66% filler content. In our study, temperatures were higher
in specimens prepared with RMGIC than in those prepared
with compomer because of the dual-cure setting mechanism
and the lower filler content.

Light curing units for dental applications were devel-
oped to initiate photo-polymerization of resin composites,
adhesives, sealants, and resin cements [31, 32]. The rise in
temperature which accompanies visible light curing of resin
materials is caused by both the exothermic reaction process
and the radiant heat from light source. In addition, various
factors, such as the light intensity of the light curing units,
the amount of remaining dentin thickness, the composition
of the restorative materials, the distance between light curing
units and material surface, the position of light curing units,
and exposure time, can affect the extent of the increase
in temperature during the polymerization process [33–35].
Among these factors, the light intensity of the light curing
units arises as an important factor for the temperature rise
intrapulpal during polymerization. In the current study, we
used two different light curing units according to manufac-
turer’s instructions. The highest temperature increase was
observed in GCP Glass Fill group.The GCP Glass Fill has got
a special thermocure lamp.The reason for this large intrapul-
pal temperature rise is probably related to the greater power
output of the laser lamp, which at 1400mW/cm2/60 sn is
considerably greater than the other lamp (Table 2).

In this study, temperature increases in primary and per-
manent teeth prepared with the three tested materials were
compared. Some chemical and morphological properties of
dentine structures differ between primary and permanent
teeth. Primary teeth have fewer dentinal tubules, which have

smaller diameters and are located at distances of 0.4–0.5mm
from the pulpal surface; the peritubular dentine is two to
five times thicker than in permanent teeth [36, 37]. In the
present study, temperature increases were greatest in primary
teeth in all groups, but differences from permanent teeth
were not significant. However, the primary teeth used in the
present study were nearing exfoliation. These teeth had been
in occlusion for about 8-9 years, which may have reduced the
permeability of the primary dentine due to the apposition of
additional peritubular dentinal matrix [36]. Dentinal tubules
may become partly or completely obturated by growth of the
peritubular dentine [38]. These structural changes may have
effect on increases in temperature.

The thickness of remaining dentine may be reduced
under clinical conditions. The potential risk of pulp damage
is expected to be greater in deep cavities with thin layers of
residual dentine, especially in primary and young permanent
teeth. In such cases, a simple and highly effective way to
protect the pulp is to apply a cement base or lining material.

Although the actual critical temperature that causes pulp
damage remains controversial, increases in pulp temperature
should be minimized during the polymerization of resin-
based dental restorative materials to avoid the risk of pulp
damage.

5. Conclusions

Within the limitations of this study, the following conclusions
can be drawn:

(1) The use of glass carbomer in combination with the
CarboLED lamp resulted in the greatest intrapulpal
temperature increases in primary and permanent
teeth.

(2) The smallest temperature increases were observed in
teeth treatedwith polyacid-modified composite resin.

(3) No difference was observed between primary and
permanent teeth, regardless of the material used.

(4) Temperature increases during polymerization and
setting of the materials were below the critical value
in all groups.
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The purpose of this study was to compare the internal gap between CAD/CAM palladium-silver crowns and cast gold crowns
generated from intraoral digital versus conventional impressions and to determine the clinical acceptability. Nickel-chromemaster
dies were made from the prepared resin tooth with the conventional impression method (𝑛 = 40). For ICC (Intraoral, CAD/CAM)
group, 10 intraoral digital impressions were made, and 10 CAD/CAM crowns of a PD-AG (palladium-silver) machinable alloy were
generated. For IC (Intraoral, Cast) group, 10 gold crowns were cast from ten intraoral digital impressions. For CCC (Conventional,
CAD/CAM) group, 10 CAD/CAM PD-AG crowns were made using the conventional impression method. For CC (Conventional,
Cast) group, 10 gold crowns were fabricated from 10 conventional impressions. One hundred magnifications of the internal gaps
of each crown were measured at 50 points with an optical microscope and these values were statistically analyzed using a two-
way analysis of variance (𝛼 = 0.05). The internal gap of the intraoral digital impression group was significantly larger than in the
conventional impression group (𝑃 < 0.05). No significant difference was observed between the CAD/CAM group and the cast
group (𝑃 > 0.05). Within the limitations of this in vitro study, crowns from intraoral digital impressions showed larger internal gap
values than crowns from conventional impressions.

1. Introduction

There are several problems with the conventional ana-
log impression method, including high risk of cross-
contamination and technical errors, requirements for several
impression materials and laboratory processes, and patient’s
discomfort [1, 2]. In addition, approximately, one-third of
dental clinicians remake impressions three or more times [3].

Recently, several intraoral digital impression devices have
been developed, providing more convenient treatment than
the conventional impression method. One of these is i-Tero
digital impression device invented by Cadent in 2005. This
electronic impression device scans dental arch and tooth

structures while the patient is at chair-side using an oral
scanner, with no impression material and tray and displays
the 3-dimensional image on the LCD monitor and transmits
it to the laboratory technician [2, 4, 5]. In this way, it provides
the digital data necessary for fabricating accurate master
models to a CAD/CAM machine [2]. In other words, i-Tero
is an independent digital impression device not connected to
an in-office milling machine other than the CEREC and E4D
intraoral digital impression devices [3].

The i-Tero digital impression device has several advan-
tages compared with other intraoral digital impression
devices because it is based on a parallel confocal principle.
Light through a small pinhole focuses on the target subject

Hindawi Publishing Corporation
BioMed Research International
Volume 2016, Article ID 7065454, 6 pages
http://dx.doi.org/10.1155/2016/7065454

http://dx.doi.org/10.1155/2016/7065454


2 BioMed Research International

and then is reflected [4]. Light will be returned through the
pinhole only by a subject at the proper focal length and can
be recognized by an oral sensor. Points out of the confocal
plane cannot pass light through the pinhole. By employing
this principle, i-Tero does not require any scanning powder
[3, 4]. It can also scan the dental arch where it makes contact
with the teeth for use of telecentric aperture. The telecentric
aperture only passes the rays of light parallel to the optical
axis. It causes the i-Tero to keep the same field of viewwithout
concern regarding the distance from the subject. However,
research on the accuracy of prostheses fabricated from i-Tero
digital impressions remains relatively rare.

Currently, while the popularity of the CAD/CAM labo-
ratory systems is increasing dramatically, initial CAD/CAM
prostheses have been criticized for the poor fit by some
authors [6–8]. However, this defect has been improved
quickly and many recent studies reported that the fit of
the CAD/CAM all-ceramic crowns is similar to that of
conventionally fabricated crowns [6, 9–13].

Innovium is a new palladium-silver (Pd-Ag) alloy
invented by Ceragem Biosys. This noble metal alloy can be
manufactured using the CAD/CAM system. Until now, only
a few alloys of prosthetic metals have been used in dental
milling machines. There was a general disinclination toward
use of noble metal alloys in the CAD/CAM system because
of the high metal attrition and the high material costs [5].
The advantage of this alloy is that it is cost-effective (20%
less preciousmetal content), time-saving, and biocompatible.
It has a bright yellow color like gold but has less problems
with casting shrinkage, corrosion, and discoloration than
base metal dental alloys. But there is little research on the
accuracy of CAD/CAM prostheses fabricated using this alloy
(Innovium).

Close internal fit is one of the most important factors
affecting the accuracy and the long-term success of the
fixed prostheses [14–17]. Insufficient adaptation of prostheses
can result in an increase in plaque accumulation, ultimately
leading to periodontal diseases, secondary caries, and pulpal
inflammation of abutment teeth. These are major causes of
the prosthetic failure [18–22].

Therefore, the purpose of this study was to compare
the internal gap between CAD/CAM Pd-Ag (Innovium)
crowns and cast gold crowns generated from intraoral dig-
ital versus conventional impressions and to determine the
clinical acceptability of the internal gap of CAD/CAM Pd-Ag
(Innovium) crowns using intraoral digital impressions. The
null hypothesis of this study is that there is no statistically
significant difference in the internal gap between CAD/CAM
Pd-Ag (Innovium) crowns and cast gold crowns generated
from intraoral digital versus conventional impression.

2. Materials and Methods

A resin tooth of a mandibular right first molar in a typodont
model (typodont model; Nissin Dental Products, Inc.) was
used. It was prepared for a full veneer crown with a chamfer
margin. The milling machine (D-F 44; Harnisch-Reith) was
used to allow the model to have a total occlusal convergence
angle of 12 degrees [5, 9, 23].

Figure 1: Polyurethane model made from intraoral digital impres-
sion.

This resin tooth was duplicated with heavy-body and
light-body addition-type silicone impression materials
(Exafine; GC Corporation), mixed according to the
manufacturer’s recommendations, to make 40 impressions
using perforated partial metal impression tray (GC
impression tray; GC America Inc.). An autopolymerizing
acrylic resin (pattern resin; GC Corporation) was poured
into the impressions to form patterns that were used
to fabricate metal master dies [9]. Forty acrylic resin
patterns were invested and cast with a nickel-chrome alloy
(Verabond 2; Aalbadent) to prevent abrasion and ensure the
standardization of shape and dimension of specimens [9, 17].
For setting the respective crown to the corresponding master
die in exactly the same position, pattern resin jigs were used.

Forty master dies were divided into four groups. For ICC
group, 10 intraoral digital impressions (i-Tero; Cadent) were
made, and 10 CAD/CAMcrowns of a Pd-Agmachinable alloy
(Innovium; Ceragem Biosys.) were generated. For IC group,
10 polyurethane models were made from 10 intraoral digital
impressions and then gold crowns were fabricated on these
models (Figure 1). For CCC group (𝑛 = 10), CAD/CAM
Pd-Ag crowns were made using the conventional impression
method. For CC group (𝑛 = 10), gold crowns were fabricated
from 10 conventional impressions. When making conven-
tional impressions, a one-step putty and wash impression
technique was used and the type of impression tray used was
perforatedmetal tray (GC impression tray; GCAmerica Inc.).
After applying the wetting agent on the inner surface of the
acquired impression, a vacuum mixer was used to mix the
Type IV dental stone (Fujirock EP, GC America Inc.) at a
water-powder ratio specified by the manufacturer. The mix
was carefully injected, making sure to avoid bubbles forming
in the dental vibrator. The fabricated plaster molds were kept
in a place where the temperature and humidity were kept
constant. The luting space of CAD/CAM Pd-Ag crowns was
set at 25 𝜇m. For fabrication of gold crowns, two coats of die
spacer (Pico-Fit; Renfert) were applied on the casts.Themean
thickness of the die spacer was expected to be about 25 𝜇m
[24]. The wax pattern was created by the convention method
of using a dipping wax (elaflex, Brident). The wax pattern
used silicate-based casting investments (CB30, Ticonium),
in accordance with the traditional lost wax technique. Type
IV gold alloy (C-55, Shinhung dental gold alloy) was melted
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(a) (b)

Figure 2: (a) Specimen using Fit Checker II (silicone film on the top of the light-body impression material): occlusal view. (b) Specimen
using Fit Checker II (silicone film on the top of the light-body impression material): buccal view.

and then injected with the use of a high-frequency casting
machine (Fornax, BEGO). All crowns were fabricated by only
one dental technician to avoid discrepancies in the laboratory
technique.

A white low-viscosity silicone material (Fit Checker II;
GC Corporation) was mixed with a pink disclosing agent
that made the material easily recognizable under an optical
microscope. It was also ensured that a pink disclosing agent
used was kept minimal (a drop) and the same amount was
used each time. The mixture was applied to the inner surface
of the crowns then the respective crown was seated on the
corresponding metal master die with a pattern resin jig [23,
25]. A compressive force of 40N was placed on the crowns
using a universal testing machine (𝐸𝑍-test; Shimadzu) for 5
minutes to simulate clinical cementation of the crown [23].
After polymerization, the master dies were removed, with
the silicone film adhering to the inner surface of the crowns.
To stabilize the film, a light-body addition-type silicone
impression material (Exafine; GC Corporation) was injected
into the crowns to form one piece with the silicone film.
After setting, each specimen (a silicone film on the top of
the light-body impression material) was carefully removed
from the crowns (Figures 2(a) and 2(b)). Specimens were
cut into four pieces, buccolingually andmesiodistally, using a
sharp knife. One hundred magnifications of the internal gaps
(silicone film thickness) of each crown were measured with
an optical microscope (Axio Imager; Zeiss), calibrated with
a reference micrometer slide according to manufacturer’s
recommendation. For the internal gaps, 15 points were
established buccolingually in an area spanning 1mm from
the supraversional margin to 1mm from the bottom of the
occlusal surface. Mesiodistally, 10 points, spaced evenly, were
selected between 0.5mm from the supraversional margin
to 0.5mm from the bottom of the occlusal surface. Each
experimental group was assigned 10 specimens; a single
experimenter repeated the procedure to ensure that the
points designated would be consistent, as much as possible,
between each specimen. Fifty parameters per specimen were
registered [9].

All 2000 points (50 points× 40 specimens)were recorded.
Measured parameters were expressed as means and standard

Table 1: Comparison of mean internal gap by two types of
impression methods and by two types of fabrication methods (𝜇m).

Fabrication
Impression
Mean (±SD)∗

Intraoral digital Conventional
CAD/CAM 77.7 (±12.0)Aa# 67.7 (±11.0)Bb

Cast 75.6 (±14.8)Aa 68.4 (±15.2)Bb
∗Means and standard deviations in parentheses.
#Data with the different letters are significantly different at 0.05 significance
level.
Uppercased letters mean the comparison in the types of impression method
and lowercased letters mean the comparison in the types of fabrication
method.

deviations (SD) for 4 groups. The data were statistically
analyzed using a two-way analysis of variance (ANOVA) to
find the effect of the impression and fabrication methods
on the internal gap of crowns. Tukey’s honest significant
difference (HSD) test was used to compare the statistical
differences between each group after verification. Statistical
significance was set at 𝑃 < 0.05. All statistical analyses were
performed using SPSS 18.0 for Windows (SPSS Inc.).

3. Results

Table 1 shows the means ± SD of the internal gap of each
group. Using ANOVA (𝛼 = 0.05), the effect of the impression
and fabrication methods on the internal gap of the crowns
was analyzed. A two-way ANOVA model using the main
effect of impression and fabricationmethods described 26.3%
of the variation in internal gaps.

In a post hoc analysis by multiple comparison analysis,
the two impression method groups showed a significant
difference (𝑃 < 0.05). The mean internal gap value of
the intraoral digital impression group was 76.7 ± 13.1 𝜇m,
whereas the mean internal gap value of the conventional
impression group was 68.1 ± 12.9 𝜇m (Figure 3). The internal
gap of the intraoral digital impression group was significantly
larger than in the conventional impression group. However,
the internal gap of the CAD/CAM group (72.7 ± 12.3 𝜇m)
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Figure 3: Box plot diagram of the internal gap comparing the two
impression methods.
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Figure 4: Box plot diagram of the internal gap comparing the two
fabrication methods.

and the cast group (72.0±15.1 𝜇m) did not differ significantly
from each other (𝑃 > 0.05) (Figure 4).

4. Discussion

The results of this study support rejecting the null hypothesis.
In the present study, the mean ± SD internal gaps for the
intraoral digital and conventional impression groups were
76.7±13.1 𝜇m and 68.1±12.9 𝜇m, respectively. Crowns from
intraoral digital impressions showed significantly larger inter-
nal gap values than crowns from conventional impressions.
This difference may be attributed to technical mistakes by
the operator because the intraoral digital impression device
requires a learning and adaptation process for beginners [5,
26].The second possible factor influencing the outcome is the
relatively low precision of the oral scanner compared with the
conventional impression materials. Currently, there is little
research on the precision of the i-Tero scanner. However, on
the CEREC system, several authors report that the CEREC
camera creates a shadow distal to a target object, and this
distal shadowphenomenon could adversely affect the internal
gap of CEREC restorations [27].

There was no significant difference in internal gap
between CAD/CAM Pd-Ag crowns (72.7 ± 12.3 𝜇m) and cast
gold crowns (72.0 ± 15.1 𝜇m). In other words, the internal
gap of CAD/CAM palladium-silver crowns was similar to
that of cast gold crowns. These results are in agreement with
other authors who report that CAD/CAM ceramic crowns
had the same or better accuracy in the gap as conventional
ceramic crowns [6, 9–13, 28]. However, previous studies are
in contrast to this result reporting that cast titanium crowns
showed better marginal fit than the CAD/CAM titanium
crowns [29, 30].

According to McLean and von Fraunhofer, the clinically
acceptable limit of gaps in the restoration is 120 𝜇m. The
means of internal gaps of all groups in this study were within
120 𝜇m [31]. Therefore, crowns showed clinically acceptable
internal gap regardless of the impression and fabrication
methods. This result supports the clinical utilization of the
intraoral digital impression device and the CAD/CAMPd-Ag
(Innovium) crowns.

The use of the intraoral digital impression devices and
the CAD/CAM system will give us many benefits. They can
help clinicians save time and reduce many labor-intensive
laboratory procedures. Also, they can provide better patient’s
comfort [26]. Within this study, they showed clinically
acceptable results on the internal gap of crowns.

The machinable Pd-Ag alloy (Innovium) has several
advantages. It is cost-effective, biocompatible, and requires
no model in the CAD/CAM procedure. In the present
study, CAD/CAMPd-Ag crowns showed similar internal gap
compared with cast gold crowns.Therefore, this alloy may be
considered as an alternative to gold.

However, this study has methodological limitations. To
obtain the internal gap values of crowns, various methods
have been suggested tomeasure the internal gap of prostheses
[9, 15, 32, 33]. Grenade et al. sectioned all die/coping sets
to directly measure the thickness of the cement [15]. This
method can provide more accurate parameters than the
method used to create silicone replicas because the replica
technique can have defects in the siliconematerial at the point
ofmeasurement [32]. Ucar et al. weighed the light-body addi-
tion silicone to get data on the three-dimensional volumes
between the crowns and their dies [33]. Lee et al. calculated
the internal gap using the formula (silicone film thickness =
weight/surface area × density) because they considered that
using limited measuring points was not accurate [9]. In this
study, internal gaps were registered by measuring the silicone
film thickness on sectioned specimens. This displayed only
two-dimensional information in the cutting plane [33] and
the internal gap width was represented by restricted 50 points
per specimen.

In addition to the internal gap, there are many other
factors involved in evaluating the accuracy of fixed prostheses
such as marginal fit, interproximal contact quality, and
occlusion. Also, this study was performed in vitrowith only a
single crown. More comparative experimental studies under
real clinical conditions, with long-span prostheses, and on
other factors are needed.
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5. Conclusion

Within the limitations of this in vitro study, the following
conclusions were drawn:

(1) Crowns from intraoral digital impressions showed
larger internal gap values than crowns from conven-
tional impressions.

(2) The internal gap of CAD/CAM Pd-Ag crowns was
similar to that of cast gold crowns.

(3) All crowns showed clinically acceptable internal gap,
regardless of the impression and fabricationmethods.
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Purpose. To investigate peri-implant alveolar bone changes using periapical radiographs before and after prosthetic delivery in
submerged and nonsubmerged dental implants. Methods. Digital periapical films of 60 ITI Straumann nonsubmerged dental
implants and 60 Xive Dentsply submerged dental implants were taken before, immediately after, and 12 and 24 weeks after the
prosthetic restoration was delivered. Results. The 60-nonsubmerged dental implant group showed mean marginal bone resorption
at baseline of 0.10± 0.23mmand 24weeks later, marginal bone resorptionwas 0.16± 0.25mm.The submerged dental implant group
showed a significantly higher distal marginal bone resorption over the mesial side. Mean marginal bone resorption at baseline was
0.16 ± 0.32 on the mesial and 0.41 ± 0.56 on the distal side. Twenty-four weeks later, it was 0.69 ± 0.69mm on the mesial and 0.99
± 0.90mm on the distal side. Conclusion. First, it was possible to determine that submerged implants had a higher mean marginal
bone resorption and less bone-to-implant contact than nonsubmerged implants. And second, the distal side of submerged dental
implants presented higher marginal bone loss than the mesial side.

1. Introduction

In 1965, Brånemark began dental implant placement in
edentulous patients, while titanium implants started to be
widely exploited in dental treatment [1, 2]. Adell et al. in 1969
introduced for the first time the concept of osseointegration
and later redefined it in 1981 as a direct functional and
structural connection between living bone and the surface of
a load-carrying implant [3]. Additionally, Zarb and Albrek-
tsson in 1991 reproposed the clinical definition of osseoin-
tegration as a process where clinically asymptomatic rigid
fixation of alloplastic materials is achieved andmaintained in
bone during functional loading [4]. It became important to
study the osseointegration of dental implants with different
characteristics. In recent years, many clinical studies have
proven that both submerged and nonsubmerged systems
of titanium implants could be used to achieve a long-term
osseointegration [5].

Replacing missing teeth with an intraosseous implant has
proven to be a predictable and successful treatment option.

However, the dental implant is always correlated with 1-2mm
alveolar height changes within the first year from occlusal-
loaded prostheses placement. Only if the peri-implant bone
loss within the first year is less than 2mm and no more than
0.2mm annually in subsequent years the dental implant can
then comply thereafter with the definition of a successful
implant [6].

The soft tissue components around the dental implant
consist of junctional epithelium and connective tissues,
which form 3-4mm of biological soft tissue coverage above
the supporting bone of the implant. Studies have pointed
out that the corresponding peri-implant alveolar bone height
is determined by the implant-abutment junction (IAJ) and
the relative position of the alveolar bone; this has shown the
ability to limit bone loss if the implant shoulder is located
above the alveolar crest [7]. There is no significant crestal
bone loss when the implant is completely submerged; how-
ever, the resorption process starts once the implant is exposed
within the oral environment. Therefore, the biological soft
tissue coverage and the IAJ with the position of its inevitable
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(a) (b)

Figure 1: (a) Schematic of ITI Straumann dental implant. Measurement was taken from the cervical line of the implant to the alveolar crest
on the mesial and distal aspects. (b) Schematic of an Xive Dentsply dental implant. Measurement was done from the rough-smooth border
to the alveolar crest on the mesial and distal aspects.

microgap have been considered as the critical factors in bone
remodeling around the implant [6].

The high rate of clinical success of the submerged implant
was verified more than 30 years ago [3, 6, 8–10]. Ericsson
et al.’s animal experimental study in 1996 showed that, from
all of the bone loss around dental implants, in a one-step
surgery, nonsubmerged dental implants lose approximately
90% bone, whereas there is only approximately 60% bone loss
in submerged dental implants. In two-stage surgery, there is
approximately 40% bone loss in a submerged dental implant,
yet the average bone loss of both submerged and nonsub-
merged dental implants is similar according to radiographic
analysis [11].

Ericsson et al. also published a 5-year follow-up doc-
ument in 1997 in which submerged implants were placed
at the right mandible of 11 patients and nonsubmerged
implants at the left mandible. On 5-year follow-up after
functional prosthetic restorations were delivered, mesial and
distal marginal bone heights of the implants were measured
on periapical radiographs. The results showed that there was
no significant difference inmarginal bone resorption between
these two types of dental implants [12].

A wide range of different dental implant designs has been
proposed in the past years, and in all of the designs, there
have always been changes in the alveolar bone around the
area under functional pressure [13–15]. Therefore, in this
study, periapical radiographs were used to investigate the
peri-implant alveolar bone changes before and until 24 weeks
after prosthetic restoration in nonsubmerged and submerged
dental implants.

2. Materials and Methods

This is a retrospective case study, where dental implant
surgery and prosthetic restoration procedures were per-
formed by the same surgeon and prosthodontist on a total
of 97 patients between October 2008 and March 2012 at
Shuang-He Hospital (New Taipei, Taiwan). A total of 50
patients received 60 nonsubmerged ITI implants (Straumann
AG, Waldenburg, Switzerland) (Figure 1), and the other 47

patients received 60 Xive submerged implants (Dentsply-
Friadent, Mannheim, Germany) (Figure 1). Both groups were
followed up for more than 24 weeks. During the case col-
lection period, digital periapical radiographies of the dental
implants were taken before, immediately after, which was
set as the baseline, and 12 and 24 weeks after the prosthetic
restoration procedures were delivered.

Among these patients, each received a maximum of two
implants. The implants were placed at the position of second
premolar, first molar, and second molar. Each implant had to
be placed in a different quadrant; the width of the implant
was at least 3.8mm and at least 9.5mm in length. Patients
enrolled were between 25 and 65 years old; these patients had
to return for regular follow-up, and periapical radiographs
were taken before, immediately after, and 12 and 24 weeks
after the prosthetic restoration procedures were delivered.
Each patient was to be followed up regularly for at least 24
weeks after the completion of the treatments.

The following exclusion criteria were adopted:

(1) Patients with any local or systemic disease.
(2) Patients who smoked tobacco.
(3) Patients with a betel nut or tobacco chewing habit.
(4) Patients with an alcohol drinking habit.
(5) Pregnant or breast-feeding patients.
(6) Patients on long-term oral medication.
(7) Patients who were absent from follow-up.
(8) Distance between the implant and the natural tooth

which was less than 3mm or the distance among the
implants which was less than 3mm.

(9) Implant-retained overdentures or hybrid dentures
which were part of the treatment plan.

(10) Bone graft and/or membrane which were used in the
surgical procedure.

(11) Patients with parafunctional disorders.
(12) Patients with poor oral hygiene.
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Table 1: Dental implant length and width presented in mm.

Width

Nonsubmerged dental
implant group

Submerged dental implant
group

Length
10 9.5 11

3.8 — 8 19
4.1 20 — —
4.5 — 14 19
4.8 40 — —
Total 60 22 38

Medical records and previous digital radiographs of the
patients were collected. A CCD digital X-ray system (Hyper-
X CM) was used; mesial and distal peri-implant bone heights
were measured with EZ-Dental professional image recom-
bination software. For the submerged implant system, bone
height was measured from the rough-smooth border to the
highest point of the proximal bone crest (Figure 1).

Every periapical film was taken with the standard par-
alleling technique; an X-ray cone indicator was used and
patientswere instructed to bite on the film.The radiation dose
for each periapical film was 60 kV, 6mA per 0.1 s, radiation
exposure time for the premolar area was approximately
0.4 s, and for the molar area it was 0.64 seconds, making
patients’ radiation exposure for each periapical film 24mA
and 38.4mA for premolars and molars, respectively.

The EZ-Dental professional image recombination soft-
ware length calibration tool was utilized to correct the devi-
ation of periapical films, calibration of periapical films was
achieved by inputting the actual length of the dental implant,
and then, once calibrated the length measuring tool was used
to obtain the mesial and distal peri-implant bone height.

After the data were obtained, Student’s t-test was used
to compare the values among the experimental groups,
and 𝑃 values <0.05 were considered to indicate statistically
significant differences.

3. Results

Out of the total of 60 nonsubmerged implants, there were
20 with a diameter of 4.1mm and a length of 10mm; the
other 40 had a diameter of 4.8mm and a length of 10mm
(Table 1). The nonsubmerged implants were implanted in a
total of 50 patients, 23 men with a mean age of 51.8 years
(range, 37 to 65 years) and 27 women with a mean age
of 46 years (range, 30 to 65 years). Mean marginal bone
loss can be seen in Figure 2; before prosthetic treatment,
deliverywas 0.10± 0.23mm, and immediately after prosthetic
treatment, it was 0.10 ± 0.23mm. At 12 weeks after the
prosthetic procedure was delivered, it was 0.16 ± 0.25mm,
and at 24 weeks after, it was 0.16 ± 0.25mm. A comparison
of the mean marginal bone resorption at baseline with the
mean resorption immediately after prosthetic procedure was
delivered showed no difference (0.00mm), yet there was a
difference of 0.09 ± 0.22mmmean resorption at 12 weeks and
0.12 ± 0.20mmmean resorption at 24 weeks.
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Figure 2: Mean amount of marginal bone resorption of nonsub-
merged and submerged dental implant groups. Time 0: before
prosthetic procedure delivery, time 1: immediately after delivery,
time 2: 12 weeks after delivery, and time 3: 24 weeks after prosthetic
procedure delivery.
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Figure 3: BIC change percentage of nonsubmerged and submerged
dental implants. Time 1: immediately after prosthetic delivery, time
2: 12 weeks after delivery, and time 3: 24 weeks after prosthetic
procedure delivery.

The bone implant contact (BIC) changes are the percent-
age of bone resorption at the peri-implant site in contrast
to the implant length. The study showed 0.00% immediately
after the prosthetic procedure, 0.58% ± 1.32% 12 weeks after
prosthetic delivery, and 0.68% ± 1.39% at 24 weeks after
prosthetic delivery (Figure 3).

In the group of 60 submerged implants, there were 8
implants with a diameter of 3.8mmand a length of 9.5mm, 19
implants with a diameter of 3.8mm and a length of 11mm, 14
implants with a diameter of 4.5mm and a length of 9.5mm,
and 19 implants with a diameter of 4.5mm and a length
of 11mm (Table 1). Of a total of 47 patients, 25 were men
with a mean age of 49.8 years (range, 30 to 61 years), and



4 BioMed Research International

0

0.2

0.4

0.6

0.8

1

1.2

Mesial Distal

(m
m

)

Submerged dental implants marginal bone level

Time 2
Time 3

Figure 4: Mean amount of proximal marginal bone resorption of
submerged dental implants, a comparison betweenmesial and distal
sides at 12 and 24 weeks after functional loading.

22 were women with a mean age of 51.5 years (range, 25 to
65 years). Mean marginal bone resorption at baseline was
0.60 ± 0.70mm, and immediately after prosthetic delivery,
it was 0.63 ± 0.71mm. At 12 weeks after prosthetic delivery,
it was 0.82 ± 0.79mm, and at 24 weeks after prosthetic
procedure delivery, it was 0.84 ± 0.81mm. The difference
in the mean peri-implant bone resorption between baseline
and immediately after prosthetic procedure delivery was
0.03 ± 0.10mm, and between baseline and 12 weeks after
prosthetic delivery, it was 0.22 ± 0.30mm. Between baseline
and 24 weeks after prosthetic delivery, it was 0.25 ± 0.39mm.
The BIC showed 0.30% ± 1.28% immediately after prosthetic
procedure delivery, 1.09% ± 1.71% at 12 weeks after prosthetic
procedure delivery, and 1.10% ± 1.74% at 24 weeks after
prosthetic procedure (Figure 3).

For the submerged implants,meanmarginal bone resorp-
tion at baseline was 0.16mm ± 0.32mm on the mesial side
and 0.41mm ± 0.56mm on the distal side. Immediately after
prosthetic procedure delivery, it was 0.20mm ± 0.36mm
on the mesial and 0.44mm ± 0.58mm on the distal side.
At 12 weeks after baseline, it was 0.68 ± 0.68mm on the
mesial and 0.95mm ± 0.87mm on the distal side. At 24
weeks after prosthetic procedure delivery, it was 0.69 ±
0.69mm on the mesial and 0.99 ± 0.90mm on the distal side.
These measurements at four different time points showed a
statistically significant difference between mesial and distal
marginal bone resorption (Figure 4).

Figures 3 and 5 represent a comparison between sub-
merged and nonsubmerged implants in the same time frame.
As can be seen, submerged implants had a higher mean
marginal bone resorption than nonsubmerged implants, and
this difference was significantly different regardless of the
time point. Additionally, the percentage change in BIC
showed a similar pattern.

4. Discussion

This study shows that submerged and nonsubmerged im-
plants are both capable of being successfully placed within
the oral environment and afford occlusion force with a
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Figure 5: Changes in marginal bone level of nonsubmerged and
submerged dental implants. Time 1: immediately after prosthetic
delivery (nonsubmerged group at this time did not present any
changes), time 2: 12 weeks after delivery, and time 3: 24 weeks after
prosthetic procedure delivery.

favorable peri-implant soft tissue reaction. At 12 and 24weeks
after prosthetic delivery, mean marginal bone resorption was
less than 0.5mm in both implant systems. From previous
studies, successful osseointegration is identified if there is
approximately 1-2mm of peri-implant bone resorption dur-
ing the first year [6]. Within the limitations of this study,
through radiograph analysis, the two implant systems used
in this study were both considered to have successfully
osseointegrated and were capable of affording functional
occlusion force.

The submerged implant group in this study showed
significantly higher marginal bone resorption than the non-
submerged implant group, regardless of the time point when
the periapical film were taken; this may have been due to the
need for a second surgery for healing abutment placement,
as second flap surgery may lead to additional peri-implant
bone resorption. Another possible reason is that the <90∘
angle between the healing abutment and soft tissue results in
susceptible plaque accumulation and limits effective cleaning;
these factors may be the causes of higher marginal bone
resorption in submerged implants.

The submerged implant group showed no significant dif-
ference in marginal bone resorption before and immediately
after prosthetic delivery; this can be attributed to the rough
surface design of the dental implant, as Nickenig et al. (2009)
determined that implants with a rough surface design caused
minimal changes in crestal bone levels [16].

According to a study published by Himmlová et al. in
2004, finite element analysis was exploited to compare the
effects of varied implant diameter and varied implant length
on stress distribution around the cervical area; the results
showed 31.5% stress reduction when the implant diameter
increased from 3.6mm to 4.2mm, whereas there was only
16.4% stress reduction when the implant diameter increased
to 5.0mm. Likewise, there was 7.3% stress reduction when
the implant length increased from 8mm to 12mm [17].
Thereafter, Baggi et al. and Chou et al. published studies in
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2008 and 2010, respectively; both verified that an increase in
implant diameter is more effective in resisting peri-implant
marginal bone resorption [18, 19]. In the present study,
the employed nonsubmerged implants had the same length
(10mm) but a different diameter (4.1mm versus 4.8mm);
because of this, therewas no significant difference inmarginal
bone resorption. There was also no significant difference
between the submerged implants employed, even though
in this study, different lengths (9.5mm or 11mm) and also
different diameters (3.8mmor 4.5mm)were used within this
group.

For the submerged implant group, there was signifi-
cantly higher marginal bone resorption at the distal side
of the implants, regardless of the time point: at baseline
and immediately after and 12 or 24 weeks after prosthetic
procedure delivery. Norton (1998) radiographically evaluated
33 single-tooth implants in a 4-year follow-up and reported
considerably smaller amounts of crestal bone loss: 0.32mm
mesially and 0.34mm distally between 6 months and one
year. The cumulative mean marginal bone loss mesially and
distally was 0.42mm and 0.40mm from 1 to 2 years, 0.54mm
and 0.43 from 2 to 3 years, 0.51mm and 0.24mm from 3 to 4
years, and 0.62mm and 0.60mm for implants past their 4-
year recall [20]. The study postulated that the significantly
low degree of crestal bone loss resulted from amicrothreaded
crest module and rough surfaces: grit blasted with TiO

2

particles as well as an internal conical interface [7]. In the
present study, the submerged implant was a hydroxyapatite-
coated pure titanium implant with a stepped screw design
and an internal hexagon as antirotational element in the
connection area. Even though the implants were submerged,
there were differences between the implant systems. Nor-
ton’s study showed similar mesial and distal marginal bone
resorption between 6months and 1 year but reported 0.51mm
on the mesial and 0.24mm on the distal sides from 3 to 4
yearswithout explaining the difference between the two sides,
while in the present study, at 6 months, marginal bone loss
of 0.69 ± 0.69mm on the mesial side and 0.99 ± 0.90mm
on distal side was visible, showing more bone resorption
at earlier stages and observing more distal than mesial
marginal bone resorption. These differences may be because
the occlusal forces and difficulty with cleaning in the distal
area might have resulted in more plaque accumulation than
in the mesial area, especially around the first and second
molars. However, the marginal bone resorption from 12 to 24
weeks after prosthetic delivery in the present study had very
minimal changes, which indicates that the marginal bone
remained stable.

In a more recent study, Burtscher et al. [21] conducted a
7-year prospective radiographic evaluation of marginal bone
level around Brånemark and Xive implant systems. Both
implant systems were clinically satisfactory. Nevertheless, the
Brånemark group showed a better radiological performance
than the Xive group [21].Themarginal bone loss immediately
after prosthetic delivery was 0.43mm in mesial and 0.34mm
in the distal area, reaching 1.74mm in themesial and 1.62mm
in the distal area at 7 years. The findings of Burtscher et
al. are opposite to those of the present study, having more
bone loss in mesial than in distal side, even though they

used Xive dental implants with the same abutment internal
hex connection, but with a different type of prosthodontic
restoration.This leads us to believe that the differing behavior
between mesial and distal marginal bone loss in submerged
implants is due to occlusal forces.

Despite the fact that this study only used periapical
radiographs and was carried out in a small time frame, all
of the dental implants were considered successful according
to the criteria proposed by Albrektsson in 1985 [22]. The
clinical implications of the present study are nevertheless
that marginal bone resorption was seen in nonsubmerged
and submerged dental implants, and a difference was seen
between the mesial and distal side of the submerged dental
implants, supporting the findings of others who reported this
discrepancy [20, 21]. However, none of them were able to
determine the reason for such a discrepancy; instead they
were only able to explain the marginal bone loss as a whole.
This situation concerns the prosthetic rehabilitation of the
dental implant and the following criteria are proposed to per-
form long-term evaluation through periapical radiographs,
the most used tool by clinicians to evaluate osseointegration
and bone behavior. Making clinicians more concerned about
how marginal bone loss can look in a periapical radiography
in a treatment’s follow-up and distinguishing bone loss
from natural remodeling around the dental implants or the
beginning of progressive bone destruction.

5. Conclusion

Within the limitations of this study, it was first possible
to determine that submerged implants had higher mean
marginal bone resorption and less bone-to-implant contact
than nonsubmerged implants. Second, the distal side in
submerged dental implants presented higher marginal bone
loss; this kind of bone change needs to be taken into account
for future prosthetic treatments plans and their long-term
maintenance.Third, further studywith longer periods of time
of this difference between mesial and distal side marginal
bone loss is necessary.
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[1] P. I. Brånemark, Intravascular Anatomy of Blood Cells in Man,
1971.
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This study aims to compare the impact of buccal and lingual brackets on the accuracy of dental arch data acquired by 4 different
digital intraoral scanners. Two pairs of dental casts, one with buccal brackets and the other with lingual brackets, were used. Digital
measurements of the 3D images were compared to the actual measurements of the dental models, which were considered standard
values.Thehorizontalmeasurements included intercaninewidths and intermolarwidths.TheMann–Whitney𝑈 test was performed
for comparisons. iTero� and Trios� both showed high accuracy with relatively small maximum deviation of measurements. iTero
showed a significantly higher accuracy in most of the arch width measurements on the buccal bracket model than on the lingual
model (𝑃 < 0.05). Zfx IntraScan� and E4D Dentist� produced maximum deviations of more than 2mm from both the buccal and
the lingual bracket models. After comparing the degree of distortion of the arch on the digital scans with actual measurements of
the same models, iTero and Trios proved to be excellent in terms of trueness and precision. Nevertheless, digital intraoral scanners
should be used more cautiously in arches with lingual brackets than in those with buccal brackets.

1. Introduction

Three-dimensional (3D) digital imaging technologies have
been utilized inmany areas of dental diagnosis and treatment
[1–3]. Studies on the accuracy of digital intraoral scanners
include those done by Nakamura et al. [4] and Caputi and
Varvara [5] and have concentrated mainly on individual
prosthesis abutments, rather than the entire arch. Seelbach
et al. [6] reported that digital impression-taking systems
enabled the fabrication of fixed prostheses with an accuracy
level similar to that achieved using traditional impression-
taking systems. Ender andMehl [7] too suggested that digital
and conventional impression-taking systems had similar
accuracies. However, after comparing images obtained by
directly scanning a few teeth with those obtained by scanning
a model of the same teeth that had been produced by a
conventional impression-taking system, Luthardt et al. [8]
reported that the latter approach was more accurate.

In the field of orthodontics, 3D digital scan models
can be used not only for diagnostic model analysis, but
also for appliances like transfer trays for indirect bracket
bonding. Examples of this include Invisalign� (Align Tech-
nology, Santa Clara, CA, USA), SureSmile� (Orametrix,
Dallas, TX, USA), Incognito� (3M Unitek TOP Service,
Bad Essen, Germany), and Orapix (Orapix, Seoul, Korea).
Utilization of 3D digital model systems has helped overcome
the disadvantages of plaster casts, such as storage problems,
difficulties in data searches, and likelihood of damage, as
well as the difficulty and time spent in measurement [9].
Therefore, the reported advantages of the 3D digital models
include ease of storage, management and transfer of data,
and communication with medical personnel or patients
in the dental office, alongside their diagnostic applications
[10]. In addition, direct scanning inside the mouth of a
patient using an intraoral scanner can reduce the discomfort
associated with the use of impressionmaterials. Despite these
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advantages, surprisingly, the active use of intraoral scanners
hasmainly increased in prosthodontics and not orthodontics.
Since taking impressions during orthodontic treatment can
cause a considerable amount of discomfort to the patient,
patient convenience can be improved if direct scanning of
bracket-bonded arches could produce accurate data. This
could prove to be of particular value in cases involving lingual
orthodontic treatments, where frequent impression-taking is
required and conventional impression-taking is not easy due
to the narrow oral structure and tongue. Digital impression-
taking can thus be an excellent alternative to conventional
methods.

Studies comparing the accuracy of digital scan models
with that of plaster casts suggest that 3D digital models have
a lower accuracy than plaster casts, albeit in a clinically
acceptable range [11–13]. However, very few studies have
compared the accuracies of digital scans obtained fromarches
with bonded buccal and lingual brackets. The aim of this
paper is to compare the impact of both buccal and lingual
brackets on the accuracy of scan images acquired using 4
different types of digital intraoral scanners.

2. Materials and Methods

This study evaluated 4 types of digital intraoral scanners: E4D
Dentist (D4DTechnologies, Richardson, TX,USA), iTero (1st
Generation, Align Technology, Santa Clara, CA, USA), Trios
(3Shape, Copenhagen, Denmark), and Zfx IntraScan (Zfx,
Dachau, Germany).

Two pairs of identical dental models (085DP-500B.1;
Nissin Dental Prod. Inc., Kyoto, Japan) were prepared. Brack-
ets were bonded on the buccal side in one pair (model B)
and lingual brackets were bonded on the lingual side in the
other (model L) (Figure 1). The brackets used in model B
were Victory Series� MBT 022 (3M Unitek, Monrovia, CA,
USA) for the upper right teeth, Clarity� ADVANCED MBT
022 (3M Unitek, Monrovia, CA, USA) for the upper left
teeth, Clarity MBT 022 (3MUnitek, Monrovia, CA, USA) for
the lower left teeth, and ODP Lucent� (Orthodontic Design
and Production Inc., Vista, CA, USA) for the lower right
teeth. Those used in model L were Ormco 7th Generation�
(Ormco, Orange, CA, USA) for the upper and lower right
teeth and STb� (Ormco,Orange, CA,USA) for the upper and
lower left teeth.

A skilled clinician performed the scanning according to
the manufacturers’ instructions. No powders were applied to
the models during scanning with any of the 4 scanners. Each
archwas scanned 5 times to obtain a total of 20 pairs of images
for the buccal bracket model and the lingual bracket model,
respectively.

Actual measurements of the dental models were made
using a caliper (700-113MyCal Lite;MitutoyoAmerica Corp.,
Kawasaki, Japan) and were recorded as the standards. The
largest and smallest values amongst the 5 repeated measure-
ments were excluded, and themean of the remaining 3 values
was considered as the standard for the digital measurements
of the 3D scan images.Digitalmeasurements of the 3D images
were made using reverse-engineering software, Rapidform�

2004 (INUS Technology Inc., Seoul, Korea), once for each
image.The intercanine and intermolar widths weremeasured
as the distances between the cusp tips of the right and left
canines and mesiobuccal cusp tips of the right and left first
molars, respectively.

Mean absolute errors were calculated as the difference
between absolute values of digital and actual measurements
on 5 repeated images andwere used to determine the trueness
of the scanner. The maximum deviation was the difference
between the maximum and the minimum errors of the 5
repeated images and was considered an indicator of the
precision of the scanner.

To compare the 3D bracket images obtained by each
scanner with the actual photographs, the bracket on the
maxillary right incisor of both models B and L was cropped
using the software, from the frontal and lateral view.

2.1. Statistical Analysis. Both models B and L were scanned
5 times using 4 scanners, respectively, therefore obtaining
five 3D scan images for each arch. To evaluate the errors
in accuracy, the mean absolute errors (i.e., the mean of
the absolute values of the differences between the digital
measured and actual standard values) were calculated along
with the maximum deviation, which was the difference
between themaximumand theminimumerrors of 5 repeated
images acquired under identical conditions. The collected
data were then analyzed using SPSS Statistics 20.0 (SPSS
Inc., Chicago, IL, USA) and the Mann–Whitney 𝑈 test was
performed. The confidence interval was 95%.

3. Results

The significantly different measurements between models B
and L (𝑃 < 0.05) were as follows: the mandibular intercanine
width measured by E4D Dentist; the maxillary intercanine
andmandibular intermolar and intercanine widthsmeasured
by iTero; and the mandibular intermolar width measured by
Trios (Table 1). iTero showed 3 values that were significantly
different between the 2 models, while E4D Dentist and Trios
each showed 1. Zfx IntraScan did not show any significantly
different measurements between the 2 models. The signifi-
cantly different measurements indicate that the arch width of
model L was larger than that of model B. Thus, the overall
horizontal distortion of E4D Dentist was significantly larger
than those of the other scanners (Figure 2).

The greatest difference between the maximum and mini-
mummeasured values amongst the 10 images ofmodels B and
L, which indicates the largest distortion according to buccal
and lingual brackets, was 2.47mm by Zfx IntraScan, followed
by 2.06mm by E4D Dentist, 0.81mm by iTero, and 0.68mm
by Trios.

The horizontal distortion was assessed by calculating the
mean absolute errors between models B and L. The maxil-
lary intercanine and mandibular intermolar and intercanine
widths by iTero, as well as the mandibular intermolar width
by Trios (𝑃 < 0.05) (Table 2), were all significantly different.
The difference indicated that the mean absolute errors in
model B were less than those in model L. Both Zfx IntraScan
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(a) (b)

Figure 1: (a) Model B: brackets were bonded on the buccal side of the teeth. (b) Model L: brackets were bonded on the lingual side of the
teeth.

Table 1: Arch width digital measurements on 3D scan model images (unit: mm).

E4D Dentist iTero
Model B Model L Max −min Significant Model B Model L Max −min Significant

Maxillary intermolar width 53.49 53.87 2.06 NS 54.75 54.76 0.62 NS
Mandibular intermolar width 48.36 48.52 1.04 NS 48.80 49.43 0.77 ∗

Maxillary intercanine width 35.49 35.89 0.82 NS 36.66 36.81 0.31 ∗

Mandibular intercanine width 26.59 26.86 0.66 ∗ 27.18 27.47 0.81 ∗

Trios Zfx IntraScan
Model B Model L Max −min Significant Model B Model L Max −min Significant

Maxillary intermolar width 54.66 54.77 0.64 NS 54.47 54.97 2.47 NS
Mandibular intermolar width 48.94 49.23 0.68 ∗ 49.12 49.63 1.98 NS
Maxillary intercanine width 36.24 36.66 0.50 NS 36.49 36.61 0.70 NS
Mandibular intercanine width 27.41 27.54 0.31 NS 27.10 27.09 1.98 NS
Model B: median measurement of model B.
Model L: median measurement of model L.
Max − min: difference of maximum and minimum measurements among 10 images of buccal and lingual models, which refers to the largest distortion
according to buccal and lingual brackets.
∗
𝑃 < 0.05 (Mann–Whitney 𝑈 test).

NS: not significant.

and E4D Dentist showed 4 mean absolute error values larger
than 0.5mm, while iTero and Trios showed 1 and 0 values,
respectively. In terms of maximum deviation, Zfx IntraScan
had the highest value (1.44), and this was in the mandibular
intercanine width.

Certain features of the dental models were more evident
using certain scanner systems, rather than between models
B and L. For example, Zfx IntraScan produced unwanted
artifacts at the boundary of each bracket, creating irregular
border lines. Similarly, borders of the brackets were blurred
in images created by E4D Dentist too. In contrast, the images
created by iTero and Trios displayed clearer boundaries, with
iTero, in particular, producing the sharpest image. iTero also

proved capable of reproducing the shape of the slot in its
entirety (Figure 3).

4. Discussion

The mode of scanning utilized by digital intraoral scanners
can be mainly classified into two types. The first involves
stitching together a series of pictures to generate a 3D image
(stitching-type), and the second involves scanning a surface
just as in recording a video (real-time rendering type). Zfx
IntraScan system is an example of a real-time rendering
system, whereas E4D Dentist, iTero, and Trios are stitching-
type systems.
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Figure 2: Comparison of intercanine and intermolar widths between model with buccal brackets and model with lingual brackets. The
asterisk denotes significant differences between scanners (𝑃 < 0.05). The dagger denotes significant differences between models with buccal
and lingual brackets (𝑃 < 0.05).

Table 2: Horizontal distortion of 3D images assessed by mean absolute error in arch widths between digital and actual measurements (unit:
mm).

E4D Dentist iTero
Model B Model L Significant Model B Model L Significant

Maxillary intermolar width 1.76 (1.7) 1.23 (1.32) NS 0.36 (0.31) 0.29 (0.32) NS
Mandibular intermolar width 0.44 (0.44) 0.29 (0.31) NS 0.18 (0.39) 0.60 (0.16) ∗

Maxillary intercanine width 0.93 (0.59) 0.56 (0.82) NS 0.18 (0.15) 0.34 (0.10) ∗

Mandibular intercanine width 0.39 (0.26) 0.17 (0.24) NS 0.17 (0.27) 0.49 (0.56) ∗

Trios Zfx IntraScan
Model B Model L Significant Model B Model L Significant

Maxillary intermolar width 0.42 (0.58) 0.26 (0.34) NS 0.79 (1.07) 0.69 (0.95) NS
Mandibular intermolar width 0.15 (0.11) 0.38 (0.44) ∗ 0.60 (1.06) 0.81 (1.03) NS
Maxillary intercanine width 0.20 (0.16) 0.18 (0.16) NS 0.09 (0.27) 0.26 (0.31) NS
Mandibular intercanine width 0.35 (0.21) 0.46 (0.22) NS 0.17 (0.40) 0.45 (1.44) NS
( ): maximumdeviation, which is the difference betweenmaximum andminimum errors of 5 repeated images, which refers to the largest distortion considered
as precision of the scanner.
∗
𝑃 < 0.05 (Mann–Whitney 𝑈 test).

NS: not significant.

(a) (b)

Figure 3: Comparison of images of buccal and lingual brackets. From left to right: real image, E4D Dentist, iTero, Trios, and Zfx IntraScan.
(a) Buccal bracket on the right maxillary central incisor. (b) Lingual bracket on the right maxillary central incisor.
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With regard to the intercanine and intermolar width
measurements, it was iTero that showed the most significant
differences in values between models B and L. Zfx IntraScan
did not show any significant differences between the two,
possibly because of the large deviations between images
repeatedly taken by this scanner (Table 1). Despite being
considered to be more accurate since they showed less
maximum deviation, the images obtained by iTero and Trios
were affected by buccal and lingual brackets, showing larger
arch widths in model L (Figure 1). Zfx IntraScan and E4D
Dentist showed more than 2mm of maximum deviations,
which could potentially cause significant clinical errors.

The horizontal distortion, assessed by calculating
the mean absolute errors between digital and actual
measurements, showed significant differences between
models B and L with iTero and Trios. Model B showed
smaller mean absolute errors, therefore indicating that it
produced more accurate images than model L. Compared
to iTero and Trios, Zfx IntraScan and E4D Dentist scanners
exhibited more mean absolute error values larger than
0.5mm and therefore can be said to produce less accurate
3D images. Moreover, larger maximum deviations were
found in the images produced by Zfx IntraScan and E4D
Dentist, indicating that less precise 3D images were produced
by these scanners. The mean absolute errors found in this
study were 0.09–1.76mm—a larger range of errors than that
observed in a previous study conducted by M.-Y. Lim and
S.-H. Lim [13] on plaster casts, which reported a range of
only 0.33–1.00mm. In actual clinical practice, errors more
than 0.5mm cannot be considered negligible, and values
such as 1.76, as reported for E4D Dentist, can especially not
be overlooked. Other studies of error ranges of arch widths
on 3D scan models were done by Han [14], who reported a
range of 0.03–0.55mm, and Park [15], who reported a range
of 0.73mm–0.89mm.

The maximum deviation indicates the precision of the
scanners and was calculated from the maximum and min-
imum values of measurements of repeated 3D images. Zfx
IntraScan and E4D Dentist showed a higher maximum
deviation than iTero and Trios, indicating that these two
scanners reproduced less consistent images than the former
two scanners (Table 2).

The model with lingual bonded brackets was more inac-
curate and showed a wider arch width.Thismay be attributed
to the data synthesis process of scanners and the process
of merging the pieces of images. In the case of real-time
rendering scanners, it is recommended that the overall shape
of the arch of the occlusal surface be initially scanned when
scanning the full mouth and subsequently the labial and lin-
gual side images be added. When scanning the overall shape
of the arch, the anterior region is the most difficult to scan
since the incisors are long and labially inclined compared
to the posterior teeth. Additionally, the labial aspects of the
incisors form undercuts from the occlusal view and therefore
aremore difficult to scan than the lingual surfaces. As a result,
it is highly likely for data errors to instantly occur in this
region during the scan. The wider lingual surfaces, and not
the incisal edges, of the incisors provide a template for the
initial scan, just as the occlusal surfaces do for the posterior

teeth. Hence, brackets that are bonded on the lingual surface
of the incisors interrupt the initial scanning of the basic arch
shape, allowing errors to accumulate early in the process, as
more computer calculations are then needed to merge this
complicated image data.

In previous studies that evaluated the accuracy of 3D
scan images, errors between the 3D images and real models
were considered to be a result of either the scanning process,
specific algorithms of the software, skill of the clinician,
or ability of the scanner to recognize angles, resolution,
surface reflectivity, temperature, humidity, methods of digital
measurement, or shrinkage of impression materials when
using dental casts as a control [16–18]. In our study, however,
we have directly measured the models and compared the
findings to the 3D images with methods reported to be accu-
rate, therefore ruling out errors due to impression material
shrinkage [19, 20].

When examining the features of the brackets on the
3D images, it was found that different scanners produced
more differences in images than those between buccal and
lingual brackets (Figure 3). The difference in the recording
of features by each scanner was more evident in the lingual
brackets. Precise scanning is considered difficult in lingual
area since interbracket distances are less in lingual brackets
than in buccal brackets. The bracket boundaries in iTero and
Trios images were relatively clearer in comparison, and, in
particular, iTero produced the sharpest images. iTero also
reproduced the bracket slot in its entirety.

In this study, dental models were used as the control
group. Intraoral scanning in the actual mouth of the patient,
however, would not have been anymore difficult. A challenge
would have presented because of limitations in moving and
changing the directions and angles of the intraoral scanner
though, since the intraoral environment is restricted and oral
structures are located close to each other. While the buccal
side allows more space for scanning, the narrow lingual
side of the arch, especially in the mandible, can significantly
restrict free movement of the scanner. If lingual brackets are
bonded under these circumstances, it becomes even more
difficult to acquire an accurate 3D image. Therefore, further
in vivo studies are needed to truly evaluate the accuracy of
intraoral scanners.

5. Conclusions

This study compared how buccal and lingual brackets may
affect the accuracy of 3D images acquired from intraoral
scanners. The comparison of horizontal distortions of the
arch on 3D models with actual measurements of dental
models showed that iTero and Trios were excellent in terms
of trueness and precision in these aspects. However, brackets
bonded on the lingual side of the teeth reduced the accuracy
in arch width measurements. Zfx IntraScan and E4D Dentist
displayed maximum deviations of more than 2mm between
models B and L, which are large enough to potentially cause
significant clinical errors.
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More care must be taken when using intraoral scanners
in patients with lingually bonded brackets than in those with
buccally bonded brackets. It is important that clinicians select
a scanner that can accurately and precisely reproduce images
of the dental arch, in order to improve the convenience of
treatments.
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The objective of the present study is to evaluate how the elastic properties of the fabrication material of dental implants influence
peri-implant bone load transfer in terms of the magnitude and distribution of stress and deformation. A three-dimensional (3D)
finite element analysiswas performed; themodel usedwas a section ofmandibular bonewith a single implant containing a cemented
ceramic-metal crown on a titanium abutment.The following three alloys were compared: rigid (Y-TZP), conventional (Ti-6Al-4V),
and hyperelastic (Ti-Nb-Zr). A 150-N static load was tested on the central fossa at 6∘ relative to the axial axis of the implant. The
results showed no differences in the distribution of stress and deformation of the bone for any of the three types of alloys studied,
mainly being concentrated at the peri-implant cortical layer. However, there were differences found in the magnitude of the stress
transferred to the supporting bone, with the most rigid alloy (Y-TZP) transferring the least stress and deformation to cortical bone.
We conclude that there is an effect of the fabrication material of dental implants on the magnitude of the stress and deformation
transferred to peri-implant bone.

1. Introduction

The ability of dental implants to reliably rehabilitate edentu-
lous spaces has been well studied, but these implants are not
without their technical and biological problems [1].

One of the more frequent and most important biological
issues is marginal crest bone loss around the dental implant.
This type of bone loss can be influenced by a number
of factors, including infection of the peri-implant tissue,
mismatch between the attachment and the implant, surgical

trauma, and biomechanical factors related to occlusal load
[2]. Wolff ’s law postulates that bone can be remodeled based
on the forces applied during its normal function, modifying
its internal and external architecture and changing its shape
and density [3, 4]. Mechanically, bone behaves identically
to any other material in that it undergoes deformation
when subject to a load. In this sense, Frost proposed a
criterion for remodeling bone based on the magnitude of the
internal stress it undergoes when performing its designated
function. In other words, bone can support a set amount of
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deformation, beyond which microfractures can be produced,
which in turn can result in bone loss [5]. Clinically, these
microdeformations can translate into micromovements of
teeth or implants. In teeth, micromovements are due to the
elastic deformation of periodontal ligaments, constituting
an unloading of the stress transferred to the support bone;
on the other hand, in implants these micromovements are
due exclusively to microdeformations of the peri-implant
bone. Micromovements greater than 150𝜇m are not well
tolerated by the bone-implant system, potentially translating
to a loss of implant osseointegration [6]. In the case of
the peri-implant bone, clinical reports describe the loss as
occurring at the level of the marginal bone crest [7–9]. This
localization coincides with the zones of major stress transfer
to the support fixture during the application of functional and
parafunctional forces [10].

Compared with the root of a natural tooth, the rigidity
of an implant created with a conventional alloy (Ti6-Al-
4V) is much greater than the rigidity of the support bone.
According to the principle of “composite beam analysis,”
when two materials with different elastic moduli (such as
bone versus titanium) are placed in contact and one is subject
to a load, the greatest stress is localized at the first point
of contact between the two materials; in the case of dental
implants, this point is themarginal bone crest [11, 12]. Hooke’s
Law states that the deformation of a material depends on
its elastic modulus and the stress it experiences. A greater
elastic modulus results in a smaller deformation; thus, in
the bone-implant system, it is the bone that tends to suffer
greater deformations [13]. In short, to prevent peri-implant
marginal bone loss, it is necessary to control the factors that
influence the transfer of occlusal load to the bone-implant
interface. Chiefly, these factors are the type of load (direction
andmagnitude), themacroscopic implant design, the implant
surface treatment, the quality and amount of peri-implant
bone, and the properties of the fabrication material of both
the implant and the prosthesis [14].

The most common material used in the fabrication of
dental implants is titanium. Traditionally, commercially pure
titanium implants are used, but they are limited by the fol-
lowing poor mechanical properties: a relatively lower elastic
modulus and tensile strength and a relatively high chance
of corrosion. Consequently, there has been a shift to using
alloys of titanium with other materials such as vanadium and
aluminum instead. These alloys increase the elastic modulus
and the tensile strength of the implant while decreasing
the chance of corrosion. While the Ti-6Al-4V alloy is the
most frequently used in the fabrication of dental implants,
new and additional biomimetic alloys are currently being
developed to achieve greater biocompatibility and assure
correct functioning in the human body [15].

As a result of the demand for smaller implants that
can be used in locations with limited bone or prosthetic
space availability, more rigid alloys such as Ti-Zr have been
developed that can resist potential implant fractures as a
result of the application of functional loads [16].

Because of the importance of aesthetics to implant-based
prosthetic rehabilitation, there has been a rise in the use of
dental implants made with zirconia partially stabilized with

yttrium (Y-TZP), producing a more pleasing color than the
unaesthetic look of the metal finish of titanium implants [17].

Each of these alloys has a significantly high Young’s
modulus compared to bone. Young’smodulus of cortical bone
is 15GPa with a Poisson ratio of 0.30; in contrast, Young’s
modulus of the Ti-6Al-4V alloy is 110GPa, with a Poisson
ratio of 0.35, and Young’s modulus of the Y-TZP alloy is
210GPa, with a Poisson ratio of 0.31 [14–17]. As a result, new
alloys with elastic properties that better mimic the properties
of pristine bonewith better biomimetics and biocompatibility
than the aforementioned alloys have recently been developed.
Chief among these new alloys are hyperelastic alloys, such
as titanium-niobium-zircon (Ti-Nb-Zr), which, in addition
to titanium and zircon, add metals such as niobium. These
additives reduce Young’s modulus to 71GPa, which is closer
to that of natural bone [18, 19].

Various studies demonstrate the excellent biomechanical
behavior and the biocompatibility of the Ti-Nb-Zr alloy in
biomedicine with new thermal alloy and surface treatments,
including the addition of new metals such as tantalum [20–
22]. Despite these studies, there is no sufficient evidence sup-
porting its use as a fabrication material for dental implants.

In this context, finite element analysis was performed
to obtain specific data about both the magnitude and dis-
tribution of tension and deformation transferred from the
implant to the supporting bone. Numerous articles appear
in the literature that have investigated the biomechanical
behavior of different types of dental implant and implant-
supported prosthetic rehabilitations. But to date no literature
has evaluated the biomechanical consequences for the bone
supporting the implant, comparing the various alloys used
for fabricating dental implants, which present widely varying
elasticity.

For this reason, the objective of the present finite element
study is to evaluate the influence of the elastic properties of
the implant fabrication materials on peri-implant bone load
transfer in terms of the magnitude and distribution of stress
and deformation.

Our hypothesis is that an implant fabricated using an
alloy with relatively low Young’s modulus, such as Ti-Nb-Zr,
will transfer less stress and produce less microdeformation in
the peri-implant bone when compared to alloys with higher
elastic moduli.

2. Materials and Methods

2.1. Design of the Finite Element Model. A three-dimensional
(3D) finite element model was created to evaluate the mag-
nitude and distribution of the stress in the peri-implant
bone of a single implant with a crown cemented to a
titanium abutment. The model created was a section of
edentulous, posterior mandibular type II bone according to
the classification scheme of Lekholm and Zarb [27].The bone
surrounding the implant was 23mm high and 12mm wide
with a 1-mm-thick cortical bone layer and the rest comprised
trabecular bone.

The reference for the macroscopic design of the threaded
implant was a standard internal connection implant with
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Table 1: Mechanical properties of materials and fixtures.

Material Component Young’s modulus (GPa) Poisson ratio Reference
Cortical bone 15 0.30 Geng et al. [23]
Spongy bone 1 0.25 Geng et al. [23]
Y-TZP Implant 210 0.31 Piconi and Maccauro [17]

Ti-6Al-4V alloy Abutment and screw 107.2 0.30 Álvarez et al. [24]
Implant 110 0.35 Álvarez et al. [24]

Ti-Nb-Zr alloy Implant 71 0.32 López et al. [25]
Cr-Co alloy Crown interior 218 0.33 Álvarez et al. [24]
Feldspathic porcelain Crown surface 65 0.25 Bona et al. [26]

Figure 1: Finite element model used.

the following parameters: a 2.8mm polished neck (Strau-
mann Standard, Institute StraumannAG, Basel, Switzerland),
10mm in length, 4.1mm in body width and 4.8mm in
platform width. The body of the implant was aligned with
the treated surface beneath the osseous crest in the cortical
bone, simulating the ideal positioning of an implant with
these characteristics. The cemented titanium abutment was
modeled as a 4.8-mm-wide and 5.5-mm-tall platform (RN
synOcta, Institute Straumann AG, Basel, Switzerland) and a
titanium retaining screw.

Ametal-ceramic crown was modeled using a Cr-Co alloy
and a feldspathic ceramic surface; the crown was 8mm tall
and 10.6mm wide, with a thickness of 3mm (1mm metal
alloy and 1-1mm ceramic surfacing), andwas cemented to the
titanium abutment. The finite element model used is shown
in Figure 1.

2.2. Material Properties and Interface Conditions. The prop-
erties of the materials used in the finite element model were

obtained from the literature and are listed in Table 1. The
materials used in this model are treated as linearly elastic,
homogeneous, and isotropic. The interface between the bone
and implant is assumed to be a 100% ideal osseointegration.
The cement layer between the crown and abutment was
ignored, assuming a precise passive fit and an effective joining
of the two components. The same model was used for all
of the conditions, only changing the appropriate mechanical
properties of the implant to compare the behavior of the
different fabrication alloys (Ti-6Al-4V, Ti-Zr, Y-TZP, and Ti-
Nb-Zr).

2.3. Load and Edge Conditions. For each of the conditions,
a load of 150N was applied to the central occlusal fossa of
the crown in the buccolingual direction and at 6∘ relative to
the axial axis of the implant as shown in Figure 2, simulating
the physiological load conditions of a mandibular premolar-
molar section.

Stress (according to the von Mises yield criterion) and
deformation data were obtained numerically.

Finite element modeling was performed using the com-
mercial software Ansys 11.0 (Ansys, Swanson Analysis Sys-
tem, Canonsburg, PA, USA). The finite element model used
was composed of 33268 elements and 45517 nodes.

3. Results

The results focus on the highest and lowest von Mises stress
values, the stress distribution in the bone surrounding the
implant and in the implant itself, and the deformation of both
components in the model. To facilitate interpretation of the
data, we separate the results for stress and deformation in the
cortical bone, in the trabecular bone and in the implant for
each of the fabrication alloys.

The maximum and minimum stresses transferred to the
bone and implants are shown in Table 2.

In cortical bone, the highest maximum stress transferred
was produced in the Ti-Nb-Zr model at 17.271MPa, while the
lowest maximum stress was produced by the Y-TZP model
at 16.206MPa. The opposite holds for the minimum stress
transferred; the lowest value was produced by the Ti-Nb-Zr
model (0.1416MPa), while the highest minimum stress was
produced by the Y-TZP model (0.1434MPa). Consequently,
the maximum (16.945MPa) and minimum (0.14238MPa)
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Figure 2: Load conditions used in the finite element analysis.

Table 2: Maximum and minimum von Mises stresses (MPa) in
cortical and trabecular bones and implants for all fabrication
materials.

Fabrication material von Mises stress (MPa)
Cortical Trabecular Implant

Y-TZP Min 0.1434 0.03851 0.953
Max 16.206 2.142 113.22

Ti-6Al-4V Min 0.14238 0.03779 0.748
Max 16.945 2.038 91.23

Ti-Nb-Zr Min 0.1416 0.03716 0.638
Max 17.271 1.948 76.673

stresses delivered by the Ti-6Al-4V alloy were in the middle
of these ranges.

The results show that there is greater stress transfer
in the cortical bone compared with trabecular bone, inde-
pendent of the typology of the alloy. Additionally, the
results observed in the trabecular bone are opposite of the
results observed in the cortical bone: the highest value

Table 3: Maximum and minimum deformations (𝜇m) in cortical
and trabecular bone and in implants for the different fabrication
materials.

Fabrication materials Deformation (𝜇m)
Cortical Trabecular Implant

Y-TZP Min 0 0 45.711
Max 59.971 58.745 73.093

Ti-6Al-4V Min 0 0 45.006
Max 62.516 60.55 83.145

Ti-Nb-Zr Min 0 0 44.492
Max 64.999 62.441 93.979

of maximum stress transferred is caused by Y-TZP with
2.142MPa, followed by Ti-6Al-4V (2.038MPa) and Ti-Nb-
Zr (1.948MPa). The values of transferred minimum stress
for the trabecular bone were ordered in the same way as the
cortical bone; however, the highest value corresponded to
Y-TZP (0.03851MPa), followed by Ti-6Al-4V (0.03779MPa)
and Ti-Nb-Zr (0.03716MPa).

The results also show that the greatest stress is transferred
to the implants, which is significantly different with respect
to bone, including the cortical layer. However, although the
three models were tested using the same load conditions, the
stress imparted is different and is influenced by the elastic
properties of the different alloys. In this way, the alloy that
received the greatest maximum stress was the most rigid
one, Y-TZP, with a value of 113.22MPa, while the alloy that
received the lowest maximum stress was the least elastic alloy,
Ti-Nb-Zr, with a value of 76.673MPa. The value Ti-6Al-4V
was consequently between these two values. The same order
applies for the minimum transferred stress: the highest value
was produced by Y-TZP (95.39MPa) and the lowest by Ti-
Nb-Zr (63.88MPa).

There were no substantial differences observed in ana-
lyzing the stress distributions between the three models. In
each case, there is a clear distribution of stress in the most
coronal bone region in contact with the implant, which is
the cortical bone corresponding to the marginal crest bone.
This distribution can be explained using the principle of
“composite beam analysis” mentioned previously. The stress
transferred to the peri-implant bone is distributed primarily
to the side corresponding to the direction of the vector of
the applied load. In this case, this vector has a buccolingual
direction and so the stress is distributed primarily in the
lingual sector of the bone surrounding the implant. There
is also some distribution of transferred stress in the bone
adjacent to the apex of the implant that corresponds to the
axial component of the applied load on the model.

Finally, Table 3 shows the values of the deformation
expressed in micrometers (𝜇m). In the cortical bone, the
highest value of deformation was observed in the Ti-Nb-
Zr alloy (64.99 𝜇m) and the lowest in the Y-TZP alloy
(59.97𝜇m).

Similar results were obtained for the trabecular bone:
the highest deformation was found in the Ti-Nb-Zr alloy
(62.44 𝜇m) and the lowest in the Y-TZP alloy (58.74𝜇m).
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At the level of the implant itself, the maximum deforma-
tion was produced by the Ti-Nb-Zr alloy at 93.97 𝜇m and the
lowest by the Y-TZP alloy at 73.09 𝜇m.

4. Discussion

This study uses a 3D finite element analysis to compare the
magnitude and distribution of stress and the deformation of
peri-implant bone and the implant itself based on the elastic
characteristics of three alloys used in the fabrication of the
following dental implants: Y-TZP, Ti-6Al-4V, and Ti-Nb-Zr.

In light of the results observed, it is not possible to
completely confirm the hypotheses presented at the start of
the study, though differences were observed in the transfer
of stress depending on the elastic behavior of the implant.
However, these results must be evaluated carefully because
validation of the stress analysis using finite element depends
on the degree to which material properties and geometries,
the applied load, and conditions at the interface align with
reality [28]. In this study, it was assumed that the simulated
structures in the model were homogeneous, isotropic, and
linearly elastic, although these assumptions are not always
the case, especially in bone. The assumptions made here,
however, taken to simplify the model to be able to complete
the analysis, are not different compared to the assumptions
made in other studies that evaluate the behavior of stress in
models of single implants [12, 23, 24, 29].

Our study used cortical and trabecular bone possessing
identical geometries and mechanical properties for each of
the models. In this way, the model agrees with a majority of
biomechanical studies of finite elements, although there are
a number of studies that delineate a transitional bone type
with trabecular and cortical properties that is in contact with
the surface of the implant and possesses Young’s modulus
and a Poisson ratio different from the rest of the modeled
bone and simulating bone in the process of scarification
[30]. In our study, trabecular and cortical bone possess
identical mechanical properties in each of the models, given
our supposition of established osseointegration versus an
ongoing process of bone healing.

Our analysis used an occlusal load of 150N at an angle
of 6∘ relative to the axial axis of the implant, simulating the
average values produced in a patient with dental implants
and similar to the normal occlusal forces generated during
mastication [31, 32]. During the actual mastication process,
however, muchmore complicated load patterns are produced
that are nearly impossible to replicate, necessitating the sim-
plified load conditions used for our models. Not surprisingly,
it should be noted that the forces tested in our analysis are
essentially static, corresponding to the characteristic forces
of a central bruxism, as opposed to masticatory forces,
which would be primarily dynamic. Furthermore, the type
of load in conjunction with the elastic properties of the
support material can influence the biomechanical result.
These limitations have to be consideredwhen interpreting the
final results.

To better interpret the stress and deformation results, we
will concentrate on the Y-TZP and Ti-Nb-Zr materials, as

their properties correspond to the extremes of the range of
values obtained from our simulations.

Following the application of the load, there were no
differences observed in the distributions of stress at the
surrounding bone due to the different fabrication materials;
thus, given the same dental implant design, the mechanical
properties of the fabrication material do not seem to affect
the distribution of stresses in the peri-implant bone. Figures
3 and 4 show the stress distributions in the bone, both cortical
and trabecular, and in the implants created from Y-TZP
(Figure 3) andTi-Nb-Zr (Figure 4). In both cases, the peaks of
stress for all the variableswere located in themarginal cortical
bone in contact with the implant on the side corresponding
to the directional vector of the applied load. These results are
in line with themajority of studies using finite element testing
for single implants [12, 23, 24, 29].

Similarly, there were no differences observed in the
distribution of the stress transferred to the implant across the
different fabrication materials used; however, there were sig-
nificant differences in the magnitudes of the stress delivered
to each of the different implants. The material that received
the greatest stress was Y-TZP, while the one that received
the least amount of stress was Ti-Nb-Zr; thus, there appears
to be a direct relationship between Young’s modulus of the
material and the stress transferred to the implant itself. This
result can be explained by the elastic characteristics of the
fabrication material; for the same load and implant design,
a more rigid implant absorbs more stress. Similar results
were obtained by Çaglar et al. in their analysis of finite
element comparing zircon and titanium implants [33–35].
These results also correspond to the results of Osman et al.
who analyzed a denture model and, in comparing the two
materials, found similar results but with smaller differences
in the two materials [36], likely because the design of the
prosthesis was different from the one studied here and from
the designs in the previously cited studies.

The greatest von Mises stress transferred to the cortical
bone was produced around the Ti-Nb-Zr implant, which was
the one with the smallest elastic modulus. Thus, an inverse
relationship between the elastic modulus of the implant and
the stress transferred to the cortical bone seems to exist.

The opposite result occurred in the trabecular bone: the
lowest stress occurred around the implant created from Ti-
Nb-Zr.Therefore, the alloy with the lowest elasticity modulus
appears to transfer less stress to the bone structure with a
lower Young’s modulus and thus is closer to the implant
material; yet it transfers the greatest amount of stress to
cortical bone, which has a greater elastic modulus.

It can therefore be argued that when the peri-implant
bone possesses a greater Young’s modulus, for example, that
of cortical bone, better biomechanical behavior and therefore
lower stress transfer to bone are achieved with implant
fabrication materials with high elastic moduli, such as the Y-
TZP alloy used in our study. On the other hand, for bone with
a lower elasticity modulus, such as trabecular bone, less stress
is transferred when the implant is made using alloys with
mechanical properties similar to bone; therefore, the ideal
implant material would have a low Young’s modulus, such as
the Ti-Nb-Zr alloy in our model. Çaglar et al. evaluate the
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Figure 3: Distribution of the stress in the entire model (a), cortical bone (b), trabecular bone (c), and implant (d) for the Y-TZP material.

biomechanical behavior of zircon and titanium implants and
obtain results similar to ours: the stress transfer to cortical
bone is greater with implants with lower Young’s moduli.
However, they observe similar results when looking at the
stress at the trabecular bone, while our analysis shows that
less stress is transferred using an implant with a low Young’s
modulus, albeit with smaller differences than the differences
found in cortical bone [33].

The cortical bone thus absorbs the greater part of the
distribution of transferred stress. To prevent this bone from
being subjected to even greater stress, implants made from
alloys with a high elastic modulus could have better biome-
chanical behavior. Additionally, in implants, the marginal
cortical bone is of vital importance to the maintenance and
correct prognosis of implant-based prosthetic rehabilitation,
and thus, it is important that the distribution of transferred
stress here be supported by the structure.

In both bone structures (cortical and trabecular), we
found an inverse relationship between deformation and

Young’s modulus of the fabricationmaterial; that is, when the
elastic modulus is low, the deformation experienced by both
the cortical and trabecular bone is high.Thedeformation data
obtained in the cortical and trabecular bone for the same
fabrication material are very similar, meaning that although
cortical bone receives more stress than trabecular bone, they
deform practically the same amount due to the higher elastic
modulus and rigidity of the cortical bone.

This behavior of stress distribution is in line with the basic
principle of the conservation of energy; for the same load,
the implant that receives less stress transfers more at the first
point of contact with bone and thus transfers less to the rest of
the bone. That is, an implant with a low elastic modulus (Ti-
Nb-Zr) absorbs less stress but transfers more stress to cortical
bone and less to trabecular bone and vice versa for the implant
with a high elastic modulus (Y-TZP).

The deformation that the implant undergoes is also
inversely proportional to Young’s modulus of its fabrica-
tion material. The implant that underwent the greatest
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Figure 4: Distribution of the stress in the entire model (a), cortical bone (b), trabecular bone (c), and implant (d) for the Ti-Nb-Zr material.

deformation was the Ti-Nb-Zr implant, which concurs with
the increase in deformation of the bone surrounding the
implant because maintaining good osseointegration between
bone and implant requires the bone to deform just as much
as the implant does.

Extrapolating the deformation results for peri-implant
bone in this in vitro study to clinical reality, the deformations
obtained are so low that they have to bemeasured inmicrom-
eters, the largest produced where cortical bone made contact
with the Ti-Nb-Zr implant (64.99 𝜇m). These deformation
values could be compatible with a good prognosis of implant-
based prosthetic rehabilitation because they do not pass the
150 𝜇m threshold, the accepted tolerance limit of the system.
Deformations that exceed this amount could translate to loss
of implant osseointegration [6]. However, importance should

be given to the quantitative results of this study; the finite
element model created here is carried out using a perfect
physiological load on the implant, which are load conditions
that are difficult to replicate in vivo.

Given the limitations of extrapolating results to clinical
practice and the fact that it is impossible to reproduce oral
physiological and anatomical conditions exactly in finite
elements analysis, the present results should be treated with
caution.

Nevertheless, according to the results, implant with a
high elastic modulus would appear to display better biome-
chanical behavior, particularly when in contact with cortical
bone with a higher elastic modulus, in which the greater
percentage of tension is distributed prior to functional
loading.
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5. Conclusions

On the basis of the data analysis and given the limitations of
the finite element analysis, we can conclude the following:

(1) The dental implant fabrication material affects the
magnitude of the stress transferred both to the peri-
implant bone and to the implant itself.

(2) The greatest transferred stress was obtained from
cortical bone using a Ti-Nb-Zr implant. In bone
with a high Young’s modulus or in cortical bone, the
greatest stress transfer occurs when the fabrication
material of the implant has a low Young’s modulus.

(3) There were no significant differences among the
three implant fabrication materials with regard to
the distribution of stress in either the surrounding
bone or the implant itself. The stress is distributed
primarily in the marginal crest region of the peri-
implant cortical bone.

(4) There is a proportional, inverse relationship between
the deformation of the peri-implant bone and the
dental implant fabrication material. A low elastic
modulus in the fabrication material results in greater
cortical and trabecular bone deformation, contrary to
our initial hypothesis.
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Introduction.The etiology of exposure determines pulpal response,making it crucial to distinguish betweenmechanical and carious
exposure. This study clinically and radiographically evaluated the success of MTA pulpotomies conducted to treat carious and
mechanical pulp exposure.Materials and Methods. This study was conducted with 50 mandibular primary molar teeth. Teeth were
divided into 2 groups according to status of the exposure site, with teeth surrounded by carious dentin placed in a carious exposure
group and those surrounded by sound dentin in a mechanical exposure group. MTA pulpotomies were performed for both groups.
Treatment was followed up clinically and radiographically for 18 months. Results. Clinical and radiographic success rates at 18
months were 100% for both groups. Success rates did not vary significantly between the groups (𝑝 = 1.000). Pulp canal obliteration
was only seen in the carious exposure group, observed in 2 teeth (8.3%). Conclusion. The long term success rates achieved in this
study indicate thatMTA can be used as a vital pulpotomymaterial for the long term success in primary teeth with eithermechanical
or carious exposure. The findings of the present study highlight the fact that treatment prognosis is dependent upon diagnosis and
selection of the appropriate materials for treatment.

1. Introduction

Accurate diagnosis of pulp inflammatory status is the key
factor for predicting healing capacity and thus prognosis
in vital pulpotomy treatment in primary teeth [1, 2]. The
characteristics of the dentin surrounding the exposure site
which can be defined as “nature of pulp exposure” may be
critical for healing and repair capacity of the exposed pulp
and it has been asserted that the size and nature of pulpal
exposure should be evaluated as an integral component of
pulpal diagnosis and treatment planning [3–9].

Indications for vital pulp therapies have been reported as
“carious, mechanical, and traumatic pulp exposures” in clin-
ical guidelines and reviews [10–12]. Additionally, nature of
pulp exposure has been specified as “a carious or mechanical
exposure of vital coronal pulp tissue” and detailed as “pulps
of primary teeth are exposed during caries removal, or even
when they are exposed iatrogenically or by trauma” [12].

The only detailed definition which belongs to Starkey [13]
reported that exposure type can be determined when the

last bit of caries is removed, with sound dentin surrounding
the exposure site indicating “mechanical exposure” and thus
healthy pulp and carious dentin surrounding the exposure
site indicating “carious exposure” and thus pulpal involve-
ment, including considerable inflammation.

Some studies state that pulp that is mechanically exposed
has the potential to repair itself, regardless of the diameter
of the perforation [14, 15] whereas other studies assert that
extensive exposure and tissue destruction may limit healing
capacity of pulp [4, 5, 16]. Moreover, in cases of carious
exposure, the risk of bacterial contamination increases, which
can exacerbate pulp inflammatory status and complicate
healing [2, 6].

According to Raslan and Wetzel [17], the etiology of
exposure determines pulpal response, making it crucial to
distinguish between mechanical and carious exposure. There
is limited data about comparison of success of carious
and mechanical exposure types [4, 5, 7]. It was claimed
that the low success rate of teeth with carious exposure
larger than pinpoint size is related to the size and type of
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(a) (b)

Figure 1: Intraoral views of carious and mechanical exposures. (a) Pulpal exposure surrounded by carious dentin, carious exposure type; (b)
pulpal exposure surrounded by sound dentin, mechanical exposure type.

exposure, with a large area of exposure surrounded by carious
dentin implying a greater risk of bacterial contamination and
expansion of inflammation deeper into the pulp [4, 5]. It was
also concluded that the low success rates of treatment was
also related with the calcium hydroxide (CaOH

2
) used for

pulpotomy material [4]. According to Yıldırım et al. [16],
under appropriate conditions, spontaneous pulpal healing
is possible and this process also depends upon treatment
material. In line with these earlier studies, a recent study by
Özdemir et al. [7] reported that the outcome of vital pulp
therapy is affected not only by exposure type, but also by
the choice of pulpotomy agent, which can have an important
effect on pulp inflammatory status.

A number of studies have pointed out that a material
that is biocompatible has a stable physical structure and
possesses the chemical and mechanical properties needed to
provide good sealing ability can help prevent the bacterial
contamination that causes inflammation and threatens pulp
healing capacity,making it possible for pulp to heal and repair
itself [2, 17, 18].

In recent years, Mineral Trioxide Aggregate (MTA) has
been used for vital pulp therapies [19–28]. MTA is composed
mainly of calcium and silica and releases calcium and
hydroxide ions when applied to vital tissue. The material has
been preferred for vital pulpotomydue to its biocompatibility,
antimicrobial activity and superior sealing capacity [19, 20].

The purpose of this study was to evaluate the effect
of exposure type (carious or mechanical) on the clinical
and radiographical success of MTA pulpotomy in primary
molars. The null hypothesis was that the success rate would
not vary according to exposure type.

2. Materials and Methods

This study was conducted at the Department of Pediatric
Dentistry. The study protocol (no. 46/1342) was approved
by the faculty’s Human Research Ethics Committee. Sub-
jects were selected from among healthy and cooperative
children aged 6–9 years requiring pulpotomy treatment for
1 or more primary molars. The study purpose and clinical
procedures were explained to the parents, who gave their
written informed consent prior to the start of treatment.

Inclusion criteria were as follows: presence of a deep
caries lesion (ICDAS 6; extensive cavity with visible dentin);
no spontaneous pain; no tenderness to percussion or palpa-
tion; no history of swelling or sinus tracts; no radiographic
signs of internal/external root resorption, widened peri-
odontal ligament space, or furcal/periapical radiolucency;
possibility of restoration with a stainless steel crown (SSC).

Local anesthesia (Ultracain D-S, Aventis Pharma,
İstanbul, Turkey) was administered, and teeth were isolated
with a rubber dam. Carious dentin was removed from the
pulpal floor, working from the periphery towards the center.
At the end of the caries removal process, when pulp was
perforated, teeth were grouped as either cariously exposed
(Experimental group, 𝑛 = 24), that is, larger than pinpoint
pulpal exposure surrounded by carious dentin (Figure 1(a)),
or mechanically exposed (control group, 𝑛 = 26), that is,
larger than pinpoint pulpal exposure surrounded by sound
dentin (Figure 1(b)). Teeth with pulpal exposure smaller
than pinpoint, teeth with purulent/viscous, dark-colored
exudate detected at the exposure site, and necrotic teeth were
excluded from the study.

Pulpotomy treatment in both groups was performed
by the same investigator (BNÇ) and following the same
procedures. The roof of the pulp chamber was removed, and
coronal pulp tissue was removed using a slow-speed instru-
ment and continuous water spray. Following the amputation
of the coronal pulp, the cavity was irrigated with saline. Initial
hemorrhaging was controlled by placing sterile cotton pellets
moisturized with saline over the radicular pulp stump using
slight pressure and waiting 5 minutes for hemostasis. MTA
paste (ProRoot MTA, Dentsply) was prepared according to
the manufacturer’s instructions, and the material was used
to cover the pulp stumps after the bleeding had stopped.
A moistened cotton pellet was placed over the MTA paste
to allow the material to set, and the teeth were temporarily
restored using reinforced ZOE (ZOE; IRM, Dentsply, York,
Pa., USA). After 24 hours, teeth were permanently restored
with SSCs.

Subjects were recalled at 3, 6, 12, and 18 months after
treatment. Clinical and radiographic examinations were per-
formed at each follow-up visit by 2 examiners blinded to
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Table 1: Demographic and clinical features of groups.

Variable

Experimental
group (carious
exposure)
(𝑛 = 24)

Control group
(mechanical
exposure)
(𝑛 = 26)

𝑝 value

Age (year) 6–8 (median: 7) 6–9 (median: 7) 0.137†

Gender 0.093‡

Boy 12 (50.0%) 7 (26.9%)
Girl 12 (50.0%) 19 (73.1%)
Tooth type 0.069‡

Primary
1st molar 6 (25.0%) 13 (50.0%)

Primary
2nd molar 18 (75.0%) 13 (50.0%)
†Mann–Whitney 𝑈 test; ‡Pearson’s chi-square test.

the study groups. An absence of spontaneous pain, patho-
logic mobility, tenderness to percussion, swelling, fistula,
and gingival inflammation was considered as clinical suc-
cess, whereas absence of internal/external root resorption
and periapical/furcal radiolucency was considered as radio-
graphic success. Pulp canal obliteration was not considered
as failure.

Clinical and radiographic failures occurring during the
follow-up period were treated by pulpectomy or extrac-
tion, and space maintainers were applied as necessary.
Teeth deemed clinically and radiographically successful were
extracted if 2/3 of root growth of the underlying germ was
complete.

Data were analyzed using Fisher’s exact, Mann–Whitney
𝑈, and Pearson’s chi-square tests with Bonferroni correction.

3. Results

A total of 50 mandibular primary molar teeth (19 first molar,
31 second molar) diagnosed with deep dentin caries and
requiring vital pulpotomy in 33 children (18 girls, 15 boys)
aged 6–9 years were included in the study. In terms of
exposure etiology, 24 teeth were considered to be cariously
exposed and 26 to be mechanically exposed (Table 1). The
distribution of teeth according to patient age, gender, and
tooth type is given in Table 1.Mann–Whitney𝑈 and Pearson’s
Chi-square tests showed homogeneity of age, gender, and
tooth type. The diagram in Figure 2 shows the flow of
patients and clinical/radiographical success up to the 18-
month follow-up visit.

According to clinical and radiographical criteria, success
rates were 100% for both groups, so there was no statistically
significant difference between the groups at any of the follow-
up periods (𝑝 = 1.000, Table 2). Although not regarded as a
failure, pulp canal obliteration was observed in 2 molar teeth
in the carious exposure group at 6 months, but radiograph
examination showed the teeth had stabilized at 18 months.

Table 2: Success rates of groups, by follow-up period.

Follow-up
period

Experimental
group (carious
exposure)

(success/total)

Control group
(mechanical
exposure)

(success/total)

𝑝 value†

3 months 24/24 (100.0%) 26/26 (100.0%) —
6 months 24/24 (100.0%) 25/25 (100.0%) 1.000
12 months 23/23 (100.0%) 25/25 (100.0%) 1.000
18 months 22/22 (100.0%) 24/24 (100.0%) 1.000
†According to Fisher’s exact test and Bonferroni correction, values of 𝑝 <
0.0083 were considered statistically significant.

4. Discussion

While it has been accepted that pulpotomy assessment should
be performed differently for cases of mechanical and carious
exposure, just how these two conditions should be distin-
guished has not yet to be clearly defined. Many studies in
the literature fail to provide sufficient explanations regarding
exposure. Systematic reviews and many studies uncovered
various expressions that generalized inclusion criteria as
“carious pulp exposures” [21–24, 29]. However, in all of these
studies, caries were reportedly removed completely prior to
opening of the pulp chamber, which would mean these teeth
should be included in Starkey’s definition of “mechanical
exposure” rather than “carious exposure.” In a small number
of other studies in which exposure characteristics were
described in detail, carious exposure was found to reduce the
success rate of vital pulpotomy treatment [4, 7]. In addition to
the nature of exposure, the material used for vital pulpotomy
has been shown to have a significant effect on treatment
prognosis [7, 13–15].

In light of the above, this study usedMTA as a pulpotomy
material with the assumption that its well-known anti-
inflammatory and sealing properties would be especially
useful in cases of carious exposure, where bacterial con-
tamination and thus inflammatory response are severe. In
distinguishing between carious and mechanical exposure,
this study used Starkey’s definitions [13], in which “mechan-
ical exposure” is identified by sound dentin surrounding
the exposure site and “carious exposure” by carious dentin
surrounding the exposure site.

The literature on pulpotomy offers a conflicting assess-
mentwith regard to hemostasis.While themajority of clinical
studies consider hemostasis at the pulp stump to be a required
criteria for pulpotomy [21, 22, 24–29] a few studies use
hemostasis at the exposure site [4–7, 30, 31]. In this study,
hemostasis at the pulp stump was required as an inclusion
criteria. Bleeding at the exposure site was also assessed,
and the presence of purulent or dark bleeding, exudate, or
necrosis was used as an exclusion criteria.

Clinical and radiological success rates for MTA pulpo-
tomies have been reported to range from 66.6% to 100%
[4, 7, 23, 25, 29]. However, in these studies, inclusion
criteria did not provide specific information regarding type
of exposure as mentioned above, stating only that exposures
after complete removal of decay were included. Thus, it is
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3
months

6
months

12
months

18
months

33 children, 50 primary molars

Mechanical exposure
n = 26

Carious exposure
n = 24

26 clinical/26 radiographical
success cases

24 clinical/24 radiographical
success cases

25 clinical/25 radiographical
success cases

1 lost to follow-up

24 clinical/24
radiographical success cases

25 clinical/25
radiographical success cases

23 clinical/23
radiographical success cases

1 lost to follow-up

24 clinical/24
radiographical success cases

1 exfoliation

22 clinical/22
radiographical success cases

1 exfoliation

Analysis
24 clinical/24

radiographical success cases
0 clinical/radiographical

fail
1 exfoliation

1 lost to follow-up

22 clinical/22
radiographical success cases

0 clinical/radiographical
fail

1 exfoliation
1 lost to follow-up

Assessed for eligibility (38 children, 55 teeth)

3 teeth excluded (pulpal exposure smaller than 
pinpoint)

2 teeth excluded (uncontrolled bleeding at pulp 
stumps)

Figure 2: 18-month follow-up diagram for carious and mechanical exposure groups.

possible that the reported 66.6%–100% success rates were for
teeth with mechanical exposure, which would be in line with
the rate found for mechanical exposure (100%) in our study.

At the end of an 18-month follow-up period, our study
found 100% success rates for both themechanical and carious

exposure groups. Özdemir et al. [7], which is the only
previous study in the literature on MTA pulpotomies to use
the same exposure definition as the one used in this study,
also reported a 100% success rate for MTA pulpotomies of
teeth with carious exposure. Moreover, as in our study, their
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study found no significant difference in success rates of MTA
pulpotomies between cariously (100%) and mechanically
(80%) exposed teeth at the end of 18 months. However, the
authors did report a significant difference in success rates
between cariously and mechanically exposed teeth when
calcium hydroxide (CH) was used as a pulpotomy agent
(carious: 12.5%; mechanical: 66.7%) as well as a significant
difference in CH and MTA pulpotomy success rates for
cariously exposed teeth. These results are remarkable in
revealing the importance of pulpotomy material, with the
superiority of MTA clearly evident. Sönmez and Durutürk
[4] reported that the success rate of teeth with larger than
pinpoint carious exposure (65.5%) was significantly lower
than that of teeth with mechanical exposure (88.5%), and
they concluded that the material, CH, was responsible for
pulpotomy failure. Other studies have shown clinical and
radiographical success rates to be significantly higher with
MTA when compared to CH [4, 27, 32–34]. These results
have been attributed to the chemical andmechanical stability
and superior sealing ability of MTA. Additionally based on
the assumption that the inflammatory process is regulated by
cytokines [35], the high success rates associated with MTA
may be related to its effect on cytokine expression, especially
given that the level of inflammation is known to be greater
with carious exposure [9, 36–38]. However,MTA is expensive
for routine use. Because of the potential complications of
other pulpotomy materials, such as internal/external root
resorption and periapical/furcal radiolucency and the need
for extra procedures such as antiseptic/hemostatic agents
prior to the application of material [20, 26], the MTA
pulpotomy seems to be the most appropriate pulpotomy
material with high success rates.

However it is likely that the success of the MTA group
in the present study can be attributed to the material’s
sealing ability, the role of stainless steel crowns as a coronal
restoration was well-known [5, 39], and the results could be
related with using the crowns for coronal restoration.

Previous studies have reported a wide variation (0%–
58%) in rates of pulp canal obliteration [4, 26, 29]. In our
study, obliteration was observed in 2 teeth only, both in the
same patient in the carious exposure group (8.3%).Moreover,
the obliteration observed at the 6th month of follow-up
had stabilized by the 18th month of follow-up; this finding
suggests that long term clinical and radiological follow-up of
obliteration is required.

In this study, follow-ups were for 18 months and it was
thought that long term clinical and histological studies and
larger study groups are required.

5. Conclusion

The high MTA pulpotomy success rate (100%) was an
expected outcome for the mechanical exposure group. Fur-
thermore, the high success rate (100%) obtained for the
carious exposure group indicates that MTA can be used in
cases where bacterial contamination and related inflamma-
tory response may be more widespread and severe.

Earlier studies, which identified and distinguished the
type of pulp exposures, asserted that there should be opera-
tive criteria for diagnosis of pulpal status and choice of pulpo-
tomy material could be done by this diagnosis. In addition,
according to present study, regardless of the exposure type,
long term clinical and radiological success could be expected
in the cases of MTA. However, there is a need for additional
studies about recent biocompatible materials used for vital
pulpotomy in primary teeth and assessment should be done
for long term clinical and radiographic success depending on
the exposure type.
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The purpose of this study was to improve the operability of calcium silicate cements (CSCs) such as mineral trioxide aggregate
(MTA) cement. The flow, working time, and setting time of CSCs with different compositions containing low-viscosity methyl
cellulose (MC) or hydroxypropyl cellulose (HPC) additive were examined according to ISO 6876-2012; calcium ion release analysis
was also conducted. MTA and low-heat Portland cement (LPC) including 20% fine particle zirconium oxide (ZO group), LPC
including zirconium oxide and 2wt% low-viscosity MC (MC group), and HPC (HPC group) were tested. MC and HPC groups
exhibited significantly higher flow values and setting times than other groups (𝑝 < 0.05). Additionally, flow values of these groups
were higher than the ISO 6876-2012 reference values; furthermore, working times were over 10min. Calcium ion release was
retarded with ZO, MC, and HPC groups compared with MTA. The concentration of calcium ions was decreased by the addition
of the MC or HPC group compared with the ZO group. When low-viscosity MC or HPC was added, the composition of CSCs
changed, thus fulfilling the requirements for use as root canal sealer. Calcium ion release by CSCs was affected by changing the
CSC composition via the addition of MC or HPC.

1. Introduction

Root canal fillings can seal the content of the root canal
system, thereby preventing the egress of microorganisms or
byproducts into periradicular tissues. An ideal root canal fill-
ingmaterial should be biocompatible, antibacterial, nontoxic,
and radiopaque and should not be resorbable or soluble in an
oral environment [1]. Moreover, the material should be cost-
effective, easy to handle, and closely adaptable to the cavity
walls. Mineral trioxide aggregate (MTA), which is a calcium
silicate cement (CSC) used in dentistry, was first developed by
Torabinejad et al. [2]. MTA is used primarily for root canal
filling, perforation repair, and retrofilling because MTA has
unique biocompatibility [3], antibacterial properties [4], and
sealability [5] and promotes hard tissue formation [6]. How-
ever, it is difficult to use because of its granular consistency,
slow setting time, and initial looseness [7].

MTA contains Portland cement (PC), which comprises
about 80% of the material. PC itself is generally composed of

constituents such as a-lite (3CaO⋅SiO
2
), b-lite (2CaO⋅SiO

2
),

aluminate (3CaO⋅Al
2
O
3
), ferrite (4CaO⋅Al

2
O
3
⋅Fe
2
O
3
), and

gypsum (Table 1). The constituents of PC have different
features; for example, b-lite has excellent long-term hardness
and aluminate shows the earliest hydration. Hence, the ratio
of the different cement components varies depending on the
application. For example, low-heat Portland cement (LPC,
Taiheiyo Cement, Japan) has a different composition from
PC; for example, it is comprised of at least 40% b-lite. Com-
pared with general PC, LPC has a low initial hydration rate,
low heat of hydration, long-term hydration, and excellent
long-term hardness.

CSCs, which are represented here byMTA, contain about
20% radiopacifying agent (RA) for increased radiopacity.
However, in previous reports on the use of an RA as an
additive to a CSC, bismuth oxide (BO) was used and has
been reported to affect various physical properties. For
example, BO has been reported to reduce the compressive
strength [8] and extend the setting time [9] of CSCs.
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Table 1: Details of the composition of ordinary PC.

Component of
ordinary PC Characteristic

a-lite, C
3
S

(about 65%)
3CaO⋅SiO

2

Hydration rate: fast.Heat of hydration:
middle.
Initial strength: excellent. Long-term
strength: excellent.
Chemical resistance:middle. Drying
shrinkage:middle.

b-lite, C
2
S

(about 15%)
2CaO⋅SiO

2

Hydration rate: slow.Heat of hydration:
low.
Initial strength: poor. Long-term strength:
excellent.
Chemical resistance: high. Drying
shrinkage: low.

Aluminate, C
3
A

(about 7%)
3CaO⋅Al

2
O
3

Hydration rate: fastest.Heat of hydration:
highest.
Initial strength: excellent. Long-term
strength: poor.
Chemical resistance: low. Drying
shrinkage: high.

Ferrite, C
4
AF

(about 8%)
4CaO⋅Al

2
O
3
⋅Fe
2
O
3

Hydration rate:middle.Heat of hydration:
middle.
Initial strength:middle. Long-term
strength:middle.
Chemical resistance:middle. Drying
shrinkage:middle.

Gypsum
CaSO

4
⋅2H
2
O

Gypsum slows down the aluminate
hydration. Without addition of gypsum,
PC reaction proceeds rapidly, and physical
properties become poor.

Bosso-Martelo et al. [10] evaluated the physical and chemical
properties of CSCs with different chemical compositions by
replacing an RA with other materials. Microsized zirconium
oxide (ZO) particles may be considered a potential RA for
use in association with CSCs. Moreover, the addition of
nanoparticulate RA affects some of CSCs’ physical properties,
such as decreasing their radiopacity and retarding their initial
and final setting times when compared withMTA [10]. Addi-
tionally, numerous attempts have been made to improve the
handling properties of MTA by adding materials to enhance
viscosity [7, 11]; Ber et al. [11] reported that the addition
of methyl cellulose (MC), which is cellulose ether (CE),
improved the handling properties of CSCs. Furthermore, the
viscosity of MC is adjustable (Figure 1). The authors reported
that the addition of tantalum oxide as an RA and that of low-
viscosity MC improved the flow value of CSCs such that it
exceeded the reference value of the ISO standard 6876-2012:
dental root sealing materials [12, 13]. Belonging to the same
CE as MC, hydroxypropyl cellulose (HPC) is biocompatible
and nontoxic, and its viscosity can be adjusted similar to that
of MC. It is used in various applications as a medical or food
additive [14]. However, to date, there have been no studies
comparing the use of low-viscosity HPC as the additive in
CSCs compared with using MC.

The goal of the present study is to improve the poor
handling of CSCs and to developmaterials that can be used as

Table 2: Properties of the CE used in this study.

Viscosity (2%, 20∘C) Weight-average
molecular weight

Methyl cellulose
(MC) 20∼30mPa⋅s 40,000

Hydroxypropyl
cellulose (HPC) 5∼10mPa⋅s 140,000

root canal sealing materials by the addition of low-viscosity
MC and HPC to a CSC to replace PC with LPC and BO
with ZO, which we then compare withMTA. For the purpose
of this study, we examine some of the physical experiments
described in ISO standard 6876-2012: dental root sealing
materials [12] and experimentally determine the effects of
calcium ion release.

2. Materials and Methods

Pro Root MTA (Dentsply Maillefer, Ballaigues, Switzerland)
was used in this study alongside LPC (Taiheiyo Cement Co.,
Tokyo, Japan) with an addition of 20% ZO (Wako, Tokyo,
Japan) with particle sizes of 10 𝜇m or less (ZO group). LPC
with the addition of ZO and 2wt% low-viscosity MC (Wako,
Tokyo, Japan; referred to as MC group) or low-viscosity HPC
(Nippon Soda, Tokyo, Japan; referred to as HPC group) were
also examined. The viscosity and molecular weight of the CE
used in this experiment are shown in Table 2.

2.1. Flow. Each sample was mixed, and 0.05 ± 0.005mL of
the sealer was placed on the center of a glass plate. After
3min, another glass plate (120 ± 0.5 g) was placed on the
sealer. After seven additional minutes, the major and minor
diameters of the compressed material were measured. If both
measurements were within 1mm of each other, the results
were recorded. The test was conducted ten times for each
sample group, and the mean value was recorded. The data
obtained in these flow tests were analyzed by a one-way
ANOVA test for global comparison and using Tukey’s test for
individual comparisons; 𝑝 values below 0.05 were considered
to be statistically significant.

2.2. Working Time. Among the results obtained in exper-
iment 1, the working times of groups with flow values
exceeding 17mm were measured. The same experiment was
repeated at increasing time intervals between the start of
mixing and the placement of the second glass plate. The
working time was recorded when the disc diameter fell below
17mm. The test was conducted five times for each sample
group, and the mean value was recorded. The data obtained
in the working time tests were analyzed via Student’s t-test for
individual comparisons; 𝑝 values below 0.05 were considered
to be statistically significant.

2.3. Setting Time. Each sample (10mm in diameter and 1mm
high) was prepared and stored in an incubator at 37∘C and
95% humidity. An indenter (100 ± 0.5 g) with a flat end (2mm
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(a) (b) (c)

Figure 1: Image of the PC including 2% MC with viscosity about 4,000 (a), 400 (b), and 25 (c).

in diameter) was repeatedly lowered vertically onto the
mounted sample surface.Themixing timewas recordedwhen
no indentation could be detected. The test was conducted
five times for each sample group, and the mean value was
recorded. The data obtained with the setting time test were
analyzed by a one-way ANOVA test for global comparison
and using Tukey’s test for individual comparisons; 𝑝 values
below 0.05 were considered to be statistically significant.

2.4. Calcium Ion Release Analysis. To estimate the calcium
ion release values, molds (3mm in diameter and 2mm high)
were filled with each sample group, with one side of the
mold immersed in 1000𝜇L pure water. The analyses were
performed after 3 h, 6 h, 12 h, 24 h, 3 days, 7 days, and 21
days after the mixing process by using a compact calcium ion
meter B-751 (HORIBA Scientific, Tokyo, Japan). The test was
conducted five times for each sample group, and the mean
value was recorded. The data obtained for the concentration
of calcium ions (in ppm) released after 21 days were analyzed
using a one-way ANOVA test for global comparison and
using Tukey’s test for individual comparisons; 𝑝 values below
0.05 were considered to be statistically significant.

3. Results

3.1. Flow. The ZO sample group exhibited a significantly
higher flow value compared with the MTA group (𝑝 < 0.05).
Both theMC andHPC groups exhibited a significantly higher
flow value compared with the MTA and ZO groups (𝑝 <
0.05), with flow values above 17mm, which is the reference
value according to ISO 6876-2012 (Table 3).

3.2. Working Time. In the MC and HPC groups, a working
time between 12 and 15min was obtained (Table 3).There was
no significant difference between the MC and HPC groups.

3.3. Setting Time. The MC and HPC sample groups had
significantly retarded setting times compared to theMTAand
ZO groups (𝑝 < 0.05), and the MC group had a significantly
retarded setting time compared with the HPC group (𝑝 <
0.05). The setting time tests revealed that all samples had a
setting time of somewhere from30min to 72 h, as determined
by ISO 6876-2012 (Table 3).

3.4. Calcium Ion Release Analysis. The concentration of
calcium ions at 21 days was as follows (the sample groups
mentioned first had the highest and thosementioned last had
the lowest concentration): ZO, HPC, MC, and MTA groups
(Table 3). Additionally, each group displayed a value that
was significantly different compared with that of any other
group (𝑝 < 0.05). Further, the concentration of calcium ions
increased rapidly within the first day for the MTA group,
within 3 days for the ZO group, andwithin 7 days for theHPC
and MC groups; after that, the increase was only moderate
(Figure 2).

4. Discussion

The purpose of the present study was to improve the poor
handling of CSCs by the addition of low-viscosity MC and
HPC to aCSC to replace PCwith LPCandBOwithZO,which
we then compared with MTA.

MTA comprises about 80% PC and 20% BO. Another
CSC was composed of about 80% LPC and 20% ZO. Com-
pared with the regularly used PC, LPC has a slow initial
hydration rate and an excellent long-term hardness. On the
other hand, the addition of nanoparticulate RA affects some
physical properties of the CSC when compared with MTA
[10]. In the results, the ZO group exhibited a significantly
higher flow value compared with the MTA group (𝑝 < 0.05).
Moreover, with regards to the concentration of calcium ions
at 21 days, the ZO group exhibited a significantly increased
value compared with the MTA group (𝑝 < 0.05). Further,
the concentration of calcium ions increased rapidly up to the
first day in the MTA group and 3 days in the ZO group, after
which the increase was only moderate. This result may be
due to the retarded initial hydration by using LPC and using
fine-grained RA particles in the ZO group. Although there
was no significant difference between the ZO group and the
MTA group with regards to the setting time test using the
conditions laid out in ISO 6876-2012, hydration retardation
seemed to have occurred. Probably, the setting time would
be retarded if the experiment were carried out using another
method such as the one laid out in the American Society
for Testing and Materials standard. This is a subject for
future analysis. In the ZO groups, there were no samples that
exhibited a flow value higher than the reference value, as
determined by ISO 6876-2012. Therefore, only changing the
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Figure 2: Calcium ions released after 3, 6, and 12 h as well as after 1, 3, 7, and 21 days.

CSC composition appeared to be insufficient to allow CSC to
be used as a dental root sealing material.

MC and HPC are the same type of CE. The viscosity
of PC is improved by addition of CE. In this study, the
MC and HPC sample groups exhibited significantly higher
flow values, with values of 20mm or over, compared with
the MTA and ZO groups (𝑝 < 0.05); additionally, the
flow values of these sample groups were higher than the
17mm reference value given by ISO 6876-2012 (Table 3).
We considered whether the result of the flow test was due
to an improvement in CSC’s granular consistency and the
initial looseness caused by the addition of the low-viscosity
CE. Moreover, working times between 12 and 15min for the
MC and HPC groups were obtained (Table 3). There is no
reference value for the working time test in ISO 6876-2012.
However, the working time of the MC and HPC sample
groups in the present study was not good enough because
other sealers have working times greater than 20min (e.g.,
zinc oxide eugenol cement). In the setting time test, MC
andHPC groups showed significantly increased setting times
compared with the MTA and ZO groups (𝑝 < 0.05); further,
the MC group showed a significantly increased setting time
compared with the HPC group (𝑝 < 0.05). CE usually
prolongs the setting time of PC and retards cement hydration.
This occurs owing to the adsorption of CE on the hydration
products of PC, such as silicate oxides and metal oxides.
CE prevents hydration by covering the CSC grain [15]. This
causes the high CE adsorption capacity on hydrated phases
such as C-S-H and calcium hydroxide [16]. Also, this is what
causes the high CE adsorption capacity on aluminate in
relation to the initial hydration. Hydration retardation might
be inhibited by preferential adsorption to the aluminate. It
is reported that, among the same types of CE, the lower the

molecular weight, the stronger the retardation effect [17].
In this study, we investigated an LPC that has a low rate
and contains aluminate. Thus, we decided that the hydration
retardation effect of the CE was not inhibited. In fact, the
results of the calcium ion release analysis showed that the
concentration of calcium ions was increased rapidly up to 3
days in the ZO group and 7 days in the HPC andMC groups,
after which the increase was only moderate (Figure 2). It
was suggested that this retardation difference was caused
by CE, which inhibited CSC hydration. Further, it has been
suggested that the ZO group increases the concentration of
calcium ions at 21 days compared with the MC and HPC
groups (𝑝 < 0.05). It was also supposed that this result
occurred by the adsorption of CE on the initial hydration
products of CSC. The setting time test in this study revealed
that all samples had setting times of 30min to 72 h, as
determined according to ISO 6876-2012 (Table 3). However,
Hsieh et al. [7] reported that the slow setting time of CSC
caused it to be difficult to use. In this study, the setting time
of theMC group was significantly extended, which decreased
the concentration of calcium ions at 21 days compared with
the ZO group (𝑝 < 0.05). It was considered whether this
was caused by the difference in themolecular weight between
MC and HPC.Therefore, we analyzed the data with different
molecular weights of MC and HPC with this hypothesis
in mind. For MC, which has a lower molecular weight
compared with HPC, there was stronger retardation along
with CE adsorption on the hydration products of CSC. We
propose that, to avoid retardation of the setting time by CE
addition, it is necessary to reduce the CE adsorption for the
hydration product by using additives such as calcium chlo-
ride and to select high-molecular-weight CE with the same
viscosity.
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5. Conclusions

Weadded a low-viscosity CE to aCSC to replace PCwith LPC
and BO with ZO, which we then compared with MTA. We
obtained materials with physical properties that fulfil some
of the requirements for use as a dental root sealing material.
Additionally, there was an increase in the concentration of
calcium ions retarded when replacing PC with LPC and BO
with ZO and further retardation with the addition of CE.The
addition ofCE inCSCdecreased the concentration of calcium
ions released.
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Zirconia is becoming a prevalentmaterial in dentistry.However, any foreign bodies insertedmay provide newniches for the bacteria
in oral cavity.The object of this study was to explore the effect of surface properties including surface roughness and hydrophobicity
on the adhesion and biofilm formation of Streptococcus mutans (S. mutans) to zirconia. Atomic force microscopy was employed
to determine the zirconia surface morphology and the adhesion forces between the S. mutans and zirconia. The results showed
that the surface roughness was nanoscale and significantly different among tested groups (𝑃 < 0.05): Coarse (23.94 ± 2.52 nm)
>Medium (17.00 ± 3.81 nm) > Fine (11.89 ± 1.68 nm). The contact angles of the Coarse group were the highest, followed by the
Medium and the Fine groups. Increasing the surface roughness and hydrophobicity resulted in an increase of adhesion forces and
early attachment (2 h and 4 h) of S. mutans on the zirconia but no influence on the further development of biofilm (6 h∼24 h).
Our findings suggest that the surface roughness in nanoscale and hydrophobicity of zirconia had influence on the S. mutans initial
adhesion force and early attachment instead of whole stages of biofilm formation.

1. Introduction

Due to the great mechanical properties, biocompatibility,
and excellent esthetic properties, zirconia has been widely
applied for the fabrication of crowns, bridges, and ceramic
posts in dentistry. Also it has been introduced to orthodontics
and dental implantology in order to improve esthetic effect
[1, 2]. However, any foreign bodies inserted in oral cavity
may provide new niches for the microorganisms, promoting
biofilm accumulation. Such biofilm formation on dental
materials appears to be similar to that around natural tooth,
which potentially contributes to damage to the mineralized
tissues or infections of the soft tissues. Enamel demineraliza-
tion caused by biofilm formation near the bracket-adhesive-
enamel junction affected about 25% of patients undergoing
orthodontic treatment [3]. Bacteria invading the interface
between the tooth and the restorative material are the princi-
pal etiologic factor responsible for secondary caries [4–6]. For
a full-coverage crown or a bridge, gingival inflammationmay
be irritated instead of caries [7]. Similarly, pathogenic bacte-
ria attached on the implant surface can cause inflammation

in the surrounding bone or inhibit osseointegration, which
would be one of the reasons for implants failure [8].

Nowadays, the mechanisms of bacteria adhesion and
colonization and biofilm formation on the biomaterials are
of great interest in dental research [9]. Surface characteristics
such as roughness and surface energy have been reported to
be relevant to the adhesion and development of microbial
biofilms [10]. On the one hand, previous studies have shown
that rough surfaces tend to be favorable substrata for plaque
retention by providing larger surface area and nonshedding
sites, as a result facilitating bacteria colonization and biofilms
maturation [11, 12]. It has been concluded that increase in
surface roughness above the Ra threshold of 0.2 𝜇m facilitates
biofilm formation on restorative materials. On the other
hand, Mitik-Dineva et al. [13] indicated that bacteria adhe-
sion was significantly influenced by nanometer-scale changes
of surface roughness and concluded nanoscale surface rough-
ness may be more sensitive to bacterial adhesion than was
previous believed. However, Etxeberria et al. [9] claimed
neither roughness or surface roughness greatly influenced
bacteria attachment. Thus, a general consensus has not yet
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been obtained in the literature on the role of the surface
roughness on bacterial attachment.

It is well known that oral biofilms are complex and
dynamic microbial structures [14]. The formation of biofilm
in oral cavity has four stages: transport of bacteria, initial bac-
terial adhesion, attachment, and biofilmmaturation [12]. Pre-
vious studies have evaluated the early adhesion (30min [15],
1 h [16, 17], 1.5 h [18], 2 h [9], 2.5 h [19], 3 h [20], 4 h [21], and
6 h [22]) on the biomaterial or focused more on the longer
exposure (12 h [13], 24 h [9, 20, 23–25], 48 h [17], 2 weeks, and
3 months [26]) in microbiological environment. However,
these studies mainly focused on quantification of biofilm
accumulation.The process from early attachment to later for-
mation of biofilm on zirconia regarding the impact of surface
roughness is poorly elucidated. Furthermore, to our best
knowledge, no study has been conducted in regard to direct
adhesion forces of Streptococcus mutans (S. mutans) to zirco-
nia with different roughness.

Atomic force microscopy (AFM) enables researchers to
study the interactions between cell-cell and cell-solid surfaces
[27]. It employs a cantilever that deflects in proximity of a
surface to detect the adhesion forces between cantilever and
solid surfaces. Biological samples, such as living cells, can also
be investigated due to their ability to acquire data under liq-
uids [28].When the cantilever is functionalizedwith bacteria,
AFM can be used to measure forces between bacteria and
another solid surface [29].

In order to prevent the biofilm formation on the restora-
tions, it is essential to understand themechanisms of oral bac-
terial adhesion and biofilm development on the restorative
biomaterials surface. The present study was to investigate the
effect of zirconia surface roughness on the initial adhesion
and biofilm formation of S. mutans, a primary pathogenic
bacteria in dental caries. AFMwas employed to determine the
zirconia topography and the adhesion force between the bac-
teria and zirconia surface. In addition, the amount of bacteria
colonized on the zirconia surface with diverse degree of
roughness was quantified after biofilm formation. Our
hypothesis is that the adhesion forces and attachment of S.
mutans on the zirconia are dependent on the surface rough-
ness.

2. Materials and Methods

2.1. Specimen Preparation. Zirconia round discs were pur-
chased from Shenzhen Kangtaijian Dental Labs (Shenzhen,
China), a company supplying the zirconia from Sirona
Dental. The composition of zirconia samples is as follows:
zirconiumdioxide (ZrO

2
) and hafniumoxide (94%∼95%wt),

yttrium oxide (4.5%∼5.5%wt), and aluminium oxide
(<0.5%wt). The discs were fabricated with CEREC 3D CAD/
CAM device (Sirona Dental Systems, Charlotte, NC) by
cutting into cuboid blocks, followed by sintering at 1480∘C
for 8 h and heat preservation for 2 h before cooling. The final
size of experimental zirconia blocks was strictly controlled
with dimensions of 10mm × 10mm × 2mm. One side of the
specimenwas randomly selected and polished to an initial flat
surface (10mm × 10mm) with 180-grit silicon carbide
abrasive paper (Struers, Germany) and sequentially finished

with 400- (Coarse group), 600- (Medium group), or 800-
(Fine group) grit silicon carbide abrasive paper under
running water using Struers polishing machines at a speed of
800 rpm for 5min for each grade.The specimens were finally
ultrasonically cleaned in deionized water and then ethanol
for 15min.

2.2. Surface Topography Analyses. The morphological fea-
tures of polished zirconia were measured by SPM-9600 AFM
system (Shimadzu, Kyoto, Japan) in phase mode with a V-
shaped cantilever with silicon tip of HYDRA-ALL-G-50 (a
spring constant of 0.284N/m, tip height of 4–6 𝜇m, and a tip
curvature radius of <8 nm, APPNANO, USA) under ambient
condition. Five randomly selected sites of each zirconia block
were scanned with the scanning rate of 1.0Hz and area of
10 𝜇m × 10 𝜇m. The average surface roughness (Ra) and 3-
dimensional images were obtained and analyzed with AFM
systemic software (VectorScan 3.3.1, Shimadzu).

2.3. Surface Wettability. The surface contact angles of zirco-
nia blocks were determined using a contact angle goniometer
(DSA30, KRÜSS, Germany) by dropping 1 𝜇L of deionized
water onto each randomly selected site of polished surface.
Contact angles for five chosen sites were averaged.

2.4. Bacterial Functionalization. The preparation of bacterial
AFM tips was described as previous study [30]. Briefly, S.
mutans UA159 was cultured in 10mL of brain heart infusion
(BHI, Oxoid, UK) broth overnight at 37∘C in 70% N

2
+

20% CO
2
+ 10% H

2
, followed by centrifugation at 1,500×g

for 10min and washing twice with PBS buffer. Resuspended
bacteria were sonicated in ice/water bath before being
immobilized on tipless triangle shaped AFM cantilevers
(CSC37/Tipless, MikroMasch, USA) with length of 350 𝜇m,
width of 35 𝜇m, thickness of 2.0 𝜇m, resonance frequency of
20Hz, and force constant of 0.3N/m. Cantilevers were first
dipped in a drop of poly-L-lysine (0.1mg/mL) (Sigma, Poole,
UK) for 3min under light microscope to create a positive
charge. Subsequently, the poly-L-lysine coated cantilever was
dried in air for 2min and then immersed into bacterial sus-
pension for 5min to allow bacterial attachment. To remove
unbound bacteria, the probes were rinsedwith PBS buffer. All
probes were prepared just before the experiments and used
immediately.

2.5. Adhesion ForceMeasurement. Attachment force between
bacteria and zirconia surface was measured with AFM under
contact mode at room temperature in PBS buffer using a
scan rate of 1.0Hz and scan width of 1,500 nm. To avoid sys-
tematic errors due to local irregularities of the surface, every
measurement was done on randomly chosen 5 spots on the
zirconia surfaces. Ten force-distance curves were obtained for
each single spot. SEM was regularly proceeded to confirm
the integrity of the bacteria probe on the functionalized
cantilever after measurement. The force curves would be
disposed once the bacteria layer was damaged.

2.6. Biofilm Formation Assay. An initial suspension of S.
mutanswith OD600 of 0.5 was prepared by diluted overnight
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cultured S. mutans with BHI. Two milliliters of the 250-
fold dilution of initial bacteria suspension with 1% sucrose
was added into each well of 24-well polystyrene plates. One
sterilized zirconia block with polished surface upward was
placed in each well and incubated at 37∘C in 70% N

2
+ 20%

CO
2
+ 10% H

2
for 2 h, 4 h, 6 h, 8 h, 12 h, or 24 h.

2.7. Acridine Orange Stain. To test the early attached bacteria
on zirconia surface, the specimens with incubation in bacte-
ria suspension for 2 h were removed and gently rinsed with
PBS twice and then left to dry in laminar flow cabinet. Cells
retained on the surface were stained with acridine orange (1%
in distilled water). The samples were rinsed and dried before
examinationwith epifluorescencemicroscopy at 400xmagni-
fication (OLYMPUS BX3, Japan). Five fields of each surface
were examined. The pictures were taken by software Andor
and added color by software Cell Sens Dimension.The num-
ber of cells in each filed was counted using Image Pro Plus.

2.8. MTT Assay. To quantify adherent biomass of S. mutans
biofilm, the MTT assay was performed. After incubation for
4 h, 8 h, 12 h, or 24 h, the zirconia blocks with S. mutans
biofilm were rinsed by immersion in PBS twice to remove
loosely bound bacteria and transferred to a new 24-well plate,
followed by incubating with 1mL of 0.5mg/mL ofMTT solu-
tion (Sigma-Aldrich, USA) in PBS at 37∘C for 30min in the
dark. The MTT was discarded before incubating with 1mL
of DMSO for 10min at room temperature at 100 rpm in the
dark. After pipette mixing, 200𝜇L of mixture was transferred
to a 96-well plate in triplicate. The absorbance of 570 was
measured immediately with Microplate spectrophotometer
(Multiskan, Thermo Fisher).

2.9. Statistical Analyses. Themean and standard deviation of
surface roughness (𝑛 = 6), contact angles and surface energy
(𝑛 = 7), adhesion strength (60 curves), acridine orange stain
(𝑛 = 4), and biofilm attached (𝑛 = 6) were analyzed using the
one-way analysis of variance (One-way ANOVA) and Tukey’s
multiple comparison test with SPSS 16.0 statistical software
(SPSS Inc., USA). The level of statistical significance was set
at 𝑃 < 0.05.

3. Results

3.1. Surface Topography. The surface morphology and rough-
ness were characterized by AFM (Figure 1(a)). The scratches
in Coarse and Medium groups were obvious to visualize
by AFM, but the scratched area of the Medium group was
less than the Coarse group. The surface of Fine specimen
was smoother compared to Coarse and Medium. One-way
ANOVA showed significant differences on Ra values among
tested groups (𝑃 < 0.05). Tukey’s multiple comparison test
revealed that the surface roughness of the Coarse group
(23.94 ± 2.52 nm) was significantly higher than the Medium
(17.00±3.81 nm) and the Fine groups (11.89±1.68nm), while
theMedium group had rougher surface compared to the Fine
group (𝑃 < 0.05) (Figure 1(b)).

3.2. Contact Angles. Themean values of water contact angles
were reported in Figure 1(c). The Coarse zirconia was the
most hydrophobic, with a contact angle of 69.05 ± 4.00,
followed by the Medium surface (60.54 ± 7.46) and Fine
surface (56.38 ± 10.13). There was significant difference
between Coarse and Fine groups (𝑃 < 0.05); however, the
Medium group (60.54±7.46) had statistical difference neither
with Coarse group nor with Fine group.

3.3. Bacterial AFM Tip. In order to make sure the AFM
tips were functionalized with bacteria, SEM was employed
(Figure 2(a)), demonstrating bacteria cells were successfully
attached on the AFM tip.

3.4. Adhesion Force. A typical force curve is shown in
Figure 2(b). The maximum adhesion force was recorded as
the difference between the adhesion peak and the baseline
and the vertical distance between two arrows was marked in
the graph.Themean values of adhesion strength between the
bacteria and zirconia surface are illustrated in Figure 2(c),
indicating significant difference in the adhesion force among
three groups (𝑃 < 0.001). The Coarse group had the largest
adhesion force, whereas the Fine group had the lowest.
Positive correlation between surface roughness and initial
adhesion force was observed (Figure 5(a), 𝑌 = 0.2892𝑋 −
1.165, 𝑅2 = 0.9880).

3.5. Acridine Orange Stain. The images of acridine orange
staining for early attached bacteria were displayed in Fig-
ure 3(a). In accordance with the result of adhesion force, the
number of attached bacteria in each field in Coarse groupwas
the largest compared to other groups, while the Fine group
had the lowest number of early attached bacteria. Likewise,
positive correlation was determined between surface rough-
ness and the number of early attached bacteria (Figure 5(b),
𝑌 = 8.898𝑋 − 82.8, 𝑅2 = 0.9228).

3.6. MTT Assay. The amount of colonized S. mutans
increased with incubation time increasing from 4 h to 12 h
(𝑃 < 0.001) and then decreased at 24 h (Figure 4). Similarly to
2 h, the results of S. mutans colonization among three tested
groups at 4 h had significant difference. However, thus differ-
ence could not be observed in the following time points. The
correlation between the surface roughness and the amount of
colonized bacteriawas positive from4h to 12 h, whereasweak
negative correlation was observed at 24 h (Figure 5(c)).

4. Discussion

ZrO
2
is becoming a favorablematerial in restorative dentistry.

In clinic, chair-side modifications and adjustments for the
zirconia restorations are sometimes inevitable in order to
achieve an optimal interproximal contact condition and
occlusal relationship [31]. These procedures are usually per-
formed by grinding the ceramic surface whichmay cause loss
of the glazed layer and result in roughened surfaces despite
following sequential polish [32]. A number of investigations
presented the notion that the roughness of surface has amajor
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Figure 1: Surface properties. (a) Representative 3D images of zirconia surface morphology in Coarse (A), Medium (B), and Fine (C) groups.
(b) Mean values (nm, ±SD) of the surface roughness (Ra) of three groups. (c) Mean contact angles. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001.

impact on the initial adhesion and accumulation of bacte-
ria, contributing to some oral diseases, such as caries and
periodontal inflammation. However, contradictory effects of
surface roughness on the bacteria adhesion and/or biofilm
formation have been reported. Therefore, the current study
evaluated the relation between S.mutans colonization and the
zirconia surface properties.

In this study, in attempt to produce surfaces with various
morphologies, the specimens were polished in standardized
manner. Although 800-, 600-, 400-, or 180-grit silicon carbide
abrasive papers are commonly not used to polish zirconia
restorations in clinic, adopting those abrasive papers in this
study was to obtain the flat, uniform surfaces without undu-
lations. Our results of AFM confirmed there were statistically
significant differences in Ra values of the Coarse, Medium,
and Fine groups, and the Ra values of all the groups were
nanoscale (under 30 nm).

As we all know, the formation of biofilm is a compli-
cated multistep process initiated by reversible attachment
of bacteria to surfaces [33]. In present study, we tested the
adhesion force between the bacteria and zirconia surface with
different rough condition using AFM, which was considered
more related to initial adhesion for the bacteria since the
approaching process of AFM tips with bacteria to contact
with zirconia surface was similar to the reversible adhesion
phase. Both processes have quite a short period of time and an
unstable interaction between bacteria and surface. According
to theDerjaguin–Landau–Verwey–Overbeek (DLVO) theory
[34], initial adhesion involves a number of unspecific inter-
actions, namely, van der Waals attractive forces (vdW) and
electrostatic repulsive forces. The vdW are the predominant
forces while the distances between microorganism and the
surface were greater than 50 nm, whereas the combination
of vdW and electrostatic interactions governed the bacteria
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Figure 2: Adhesion force. (a) SEM for bacteria functionalization (×10000). (b) Typical force-distance curve between S. mutans and zirconia
surface, the value of adhesion force was the vertical difference between two arrows. (c)The mean values of adhesion force from three groups.
∗∗
𝑃 < 0.001.

adhesion when at closer distance [35]. Our results showed
that nanoscale roughness has positive effect on the S. mutans
adhesion forces. The strongest bacterial adhesion forces were
detected in the Coarse group, while adhesion to the finer
surfaces was weaker. This probably could be explained by the
notion that the contacting area of rougher surface is larger
than flat surface since the bacteria cells could be pressed into
the grooves during approaching process of cantilever due to
the elastic deformability of the cells [30].

However, the adhesion force can only represent the initial
stage of biofilm formation, not including the next coming
processes. In fact, the initial bacteria adhesion was preceded
by the early attachment stage and later maturation stage.
Therefore, we determined the subsequent biofilm formation
by quantifying the amount of accumulated bacteria on the
zirconia surface. Several investigations have suggested that
the initial adherence occurs at defects on the surfaces such
as grooves; then the accumulation of bacteria spreads out
from the irregularities to other areas; they concluded a
threshold surface roughness of Ra = 0.2 𝜇m for bacterial
retention [11]. Based on this point of view, Ra ≤ 0.2 𝜇m

had a negligible influence on bacterial adhesion while, over
this value, bacteria accumulation increased with increas-
ing roughness. However, our findings suggested that even
nanoscale roughness positively affects the bacteria coloniza-
tion. Similarly, the minimum level of surface roughness
has been questioned and the impact of nanometer-scale
roughness on bacterial attachment has been investigated
recently [13, 17, 18, 36–38]. Mitik-Dineva et al. [13] suggested
that bacteria may be more sensitive to nanoscale surface
roughness than was previously believed. Yoda et al. [17] indi-
cated that the amount of bacteria that adhered to five kinds
of biomaterials (oxidized zirconium-niobium alloy, cobalt-
chromium-molybdenum alloy, titanium alloy, commercially
pure titanium, and stainless steel) with rougher surfaces
(7.2 nm ≤ Ra ≤ 30 nm)was greater than thosewith smoother
surfaces (1.8 nm ≤ Ra ≤ 8.5 nm). Lee et al. [18] demon-
strated that there is no significant difference in bacterial
adherence capability between titanium (Ra = 0.059 𝜇m) and
zirconia (Ra = 0.064 𝜇m), but significantly high amounts of
bacteria adhered to resin (Ra = 0.179 𝜇m). Xing et al. [36]
evaluated oral biofilm formation with nanoscales surfaces
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Figure 3: The acridine orange stain. (a) The acridine orange stain of S. mutans on zirconia surface in Coarse (A), Medium (B), and Fine (C)
groups after incubation for 2 h. (b) The number of attached S. mutans on the zirconia surfaces (mean ± SD). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001.

(29 nm∼214 nm) using a splint model in vivo and found that
nanoroughness positively correlated with bacteria adhesion.

Apart from providing extended surface for initial adhe-
sion, a rough surface also increases the surface area available
for bacteria accumulation compared to a smooth surface. It
was found both in vivo and in vitro that bacteria accumulated
to a greater degree on rough surfaces than on a highly pol-
ished surface [11, 12, 20]. In current study, the rougher surface
tended to have higher attraction to bacteria than smoother
surface but only in the early stages (2 h and 4 h) of attachment.
Bacteria prefer to anchor on rough surfaces since they are
better sheltered against displacing shear forces, thus having
enough time to transit from reversible to irreversible adhe-
sion and as a result biofilms are able to mature [12]. However,
after 6 h of incubation, surface roughness appeared to have no
influence on the amount of adherent bacteria.This phenome-
non corresponds with some former studies [25, 39, 40]. Mor-
gan and Wilson [39] indicated that the roughness of acrylic

can only affect the early stages of biofilm formation by S. oralis
in vitro. do Nascimento et al. [25] found that there was no
significant difference in the total area of biofilm formed on
the intraoral splint for 24 h in vivo. A possible reason is that
the influence of roughness andmaterial on biofilm formation
was compensated by the proceeding maturation of the oral
biofilm [40]. These results suggested that bacterial adhesion
forces and early proliferation positively correlated with sur-
face roughness.

In current study, not only had the surface roughness been
considered, but also the hydrophobicity (contact angles) of
the zirconia specimen was investigated. Hydrophobicity also
plays a key role in bacterial adhesion and biofilm formation
efficiency. Etxeberria et al. [9] studied the attachment of E.
coli and S. aureus on various dental implant materials and
found marked difference of E. coli attachment depending on
the materials after 2 h whereas similar differences were not
observed for S. aureus. After 24 h, both species no longer had
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Figure 4: Bacterial accumulation on the zirconia surface after incubation for 4 h, 6 h, 8 h, 12 h, and 24 h. (a) Variation at different time points
in respective groups. (b) Comparison among Coarse, Medium, and Fine groups at indicated time points. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.001.

significant difference.They considered that neither roughness
nor nanoroughness affected bacteria attachment; insteadwet-
tability strongly correlated with adhesion, suggesting that the
bacterial adhesion could not count on the roughness alone.
Our results have shown that surface roughness positively
influenced hydrophobicity and themore hydrophobic surface
(Coarse group) exhibited greater colonized bacteria. This
might be explained by the fact that hydrophobic surfaces tend
to attract the accumulation of proteins which provide specific
binding sites for bacteria, accelerating and facilitating bacte-
rial adhesion [41]. However, alteration in surface roughness
will in most cases also alter the surface energy. It is therefore
difficult to distinguish between the two factors.

There are some studies which suggested that the corre-
lation between surface properties and bacteria adhesion was
poor. Zhao et al. [42] concluded that neither roughness nor
hydrophobicity decisively affected biofilm formation. Hahnel
et al. [19] conducted research on the surface characterization
of dental ceramic and the correlation of initial adherence of
three oral streptococcal strains, but no correlation has been
observed. Discordance may be derived from a number of
different factors relating to both bacteria and substratum. Pita
et al. studied the behavior to form biofilm of five oral strepto-
cocci species on various dental implant surface topographies.
Their data showed that S. cricetus, S. mutans, and S. sobrinus
exhibited higher biofilm formation compared to S. salivarius
and S. sanguinis, suggesting that biofilm formation depends
on not only the surface topography but also the bacteria
species involved [43]. Similarly, Mei et al. [44] reported that
although both S. sanguinis and S. mutans were sensitive to
changes in surface roughness, the initial adhesion forces of
the former, initial colonizer, were more affected. Cell shape
and size, surface characteristics such aswettability, extracellu-
lar substances such as flagella and fimbriae, and production of
proteins are believed to have a significant influence on

the process of bacteria adhesion [45]. Furthermore, surface
roughness is scale-dependent and can be measured in many
approaches; therefore, the values of surface roughness param-
eters may be different at the macroscale compared to the
microscale and even at the nanoscale [46]. According to
Preedy et al., the correlation between surface roughness and
adhesion forces varies as the size of the area is scanned to
calculate roughness value [35].

As expected, the amount of bacteria adhered on the zir-
conia surface increased with incubation time. Interestingly,
the amount of colonized S. mutans kept increasing by 12 h but
decreased at 24 h. This might suggest that the detachment of
bacteria from the biofilm and dispersal occurred in the final
period.

The data of present study support the hypothesis that the
adhesion forces and attachment of S. mutans on the zirconia
are dependent on the surface roughness. Due to chipping of
the veneering layer, the most common reported clinical com-
plication of ceramic restoration, full-contour zirconia (FZ)
restorations were suggested to be produced as an alternative
to solve this problem [32, 47]. The FZ restorations are glazed
in most cases; however, unavoidable adjustments may expose
the zirconia to the oral environment where more than 600
types of different bacteria dwell. Thus, several pathogenic
processes may occur around the restorations. This empha-
sizes the importance of polishing and finishing of zirconia
restorations after adjustment in clinic.

5. Conclusions

In conclusion, we compared the adherence capability of
S. mutans to zirconia surfaces with three different levels
of roughness in nanoscale and determined the attachment
activities of S. mutans from very early adhesion to further



8 BioMed Research International

Ad
he

sio
n 

fo
rc

e (
nN

)

Surface roughness (nm)
0 10 20 30

Y = 0.2892X − 1.165 (R2
= 0.9880)

0

2

4

6

8

(a)

Surface roughness (nm)
0 10 20 30

Y = 8.898X − 82.8 (R2
= 0.9228)

0

50

100

150

S.
 m

ut
an

s n
um

be
r

(b)

0 10 20 30

Surface roughness (nm)

Y = 0.01460X + 1.533 (R2
= 0.9518)

Y = −0.001239X + 1.589 (R2
= 0.0458)

Y = 0.04555X + 0.8977 (R2
= 0.8384)

Y = 0.003198X + 0.7050 (R2
= 0.4243)

Y = 0.003848X + 0.09917 (R2
= 0.9462)

0.0

0.5

1.0

1.5

2.0

A
5
7
0

4h
6h
8h

12h
24h

(c)

Figure 5: Correlation between the surface roughness and the S. mutans attachment. (a) The correlation between the surface roughness and
the initial adhesion force. (b) The correlation between the surface roughness and the number of attached S. mutans after incubation for 2 h.
(c) The correlation between the surface roughness and A570 after incubation for 4 h, 8 h, 12 h, and 24 h.

biofilm formation.Within the limitations of this research, we
concluded that the surface nanoroughness and hydrophobic-
ity of zirconia had influence on not only the adhesion forces
but also the early attachment of S. mutans. The current study
deepened our understanding on the mechanism of bacterial
adhesion and biofilm formation on the dental restorative
materials. More researches in vitro and in vivo are needed
with respect to other oral bacteria and factors that may affect
the results.
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Introduction.The aim of this study was to compare MTA with another base material, IRM, which is generally used on pulpal floor
after root canal treatment, regarding their effect on the success of root canal treatment of primary teeth with furcation lesions.
Materials and Methods. Fifty primary teeth with furcation lesions were divided into 2 groups. Following root canal treatment,
the pulpal floor was coated with MTA in the experimental group and with IRM in the control group. Teeth were followed up
considering clinical (pain, pathological mobility, tenderness to percussion and palpation, and any soft tissue pathology and sinus
tract) and radiographical (pathological root resorption, reduced size or healing of existing lesion, and absence of new lesions at the
interradicular or periapical area) criteria for 18 months. For the statistical analysis, Fisher’s exact test and Pearson’s chi-square tests
were used and a𝑝 value of<0.05was considered to be statistically significant.Results.Although there were no statistically significant
differences between two groups in terms of treatment success, lesions healed significantly faster in the MTA group. Conclusion. In
primary teeth with furcation lesions, usage of MTA on the pulpal floor following root canal treatment can be a better alternative
since it induced faster healing.

1. Introduction

The aim of root canal treatment in primary teeth, similar to
permanent teeth, is to remove all bacteria; necrotic and vital
pulp remnants; and infected dentin and to fill the root canal
system hermetically [1, 2]. However, the furcation area in
primary teeth and permanent teeth exhibits certain different
characteristics. The thin pulpal floor, higher prevalence of
accessory canals, and wider dentin tubules found in primary
teeth result with high permeability of pulpal floor and [3–7];
these factors are generally considered to cause furcation
lesions in primary teeth with irreversible pulpitis or necrotic
pulps. Moreover, the permeability of the pulpal floor may
increase following lesion formation, since Da Silva et al. [8]
reported that there were resorption areas on the cement
tissue of the teeth with necrotic pulps and radiographic
pathology.Thus, it can be assumed that after lesion formation,

the permeability on the pulpal floor may also increase due
to pathological changes. Mani et al. [9] reported that, in
some primary molar teeth having pulpectomy treatment,
Ca(OH)

2
resorbed only at the coronal part of the root

canal and the authors attributed that result to the accessory
canals that are present in primary teeth. Therefore, despite
careful selection of cases and correct treatment procedures,
the communication between pulp and periodontal tissue
can cause treatment failure since the connection between
pulpal space and furcation area may result with transition
of microorganisms and their products [10]. Also, leakage
of tissue fluids may provide nutrients for any remaining
microorganisms in the root canal system and prevent the
healing of inflammation. Therefore the material used to coat
pulpal floor following root canal treatment may be in a
key role in the prognosis of primary teeth with furcation
lesions and eliminating the leakage of inflammatory fluids by
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sealing the pulpal floor properly following root canal filling
may increase the success rate of the endodontic treatment of
primary teeth with furcation lesions.

Intermediate restorative material (IRM), which is a rein-
forced zinc oxide eugenol, is used widely for the dressing
of the pulpal floor following root canal filling in primary
teeth [11–14]. Although IRM was reported to have good
sealing ability, studies comparing this material with mineral
trioxide aggregate (MTA) reported that MTA has superior
sealing ability when compared to IRM [15, 16]. MTA is a
biocompatible material, which was proven to have a great
sealing ability and to stimulate healing in hard tissues, and it
was shown to be successful in the sealing of root and furcation
perforations in many studies [17–20].

Considering the high prevalence of furcation lesions
in primary teeth, the number of studies investigating the
outcome of treatment in these cases is insufficient and in light
of above mentioned data the aim of the present study was
to compare MTA with another base material, IRM, which
is a commonly used material for the coating of pulpal floor
following root canal treatment, regarding their effect on the
treatment success in primary teeth with furcation lesions.

2. Materials and Methods

2.1. Study Population. The study population consisted of 50
children (22 boys and 28 girls) aged 4–9 years each having
a mandibular primary molar tooth with a lesion in the
furcation area. All children were healthy and cooperative.
Ethical approval was received from the Institutional Review
Board (PN: 135/2), and informed consent was obtained from
participants and their parents. Teeth were included in the
study if (i) they had a lesion in the furcation area that did
not extend beyond the apical half of the space between
bifurcation and permanent tooth germ; (ii) there was no
internal/external resorption or inadequate bone support; (iii)
the lesion did not involve the crypt of the succedaneous
tooth germ; (iv) restoration with a stainless steel crown was
possible; and (v) physiological root resorption did not exceed
one-third of the root. In order to simplify radiographic exam-
ination during diagnosis and follow-up, all teeth included
were mandibular primary molars.

2.2. Study Groups. The sample size was calculated to be 50
teeth (25 for each group) with a 0.4 effect size, a level of
95% confidence, and power of 80%. Teeth were randomly
distributed between the two groups by assigning each tooth
a number and then assigning all odd-numbered teeth to the
IRM (Dentsply, USA) group (𝑛 = 25) and all even-numbered
teeth to the MTA (Proroot MTA, Dentsply, USA) group (𝑛 =
25). All treatment procedures were performed by the same
pediatric dentist.

2.3. Technique. Two-visit pulpectomy was performed for
all teeth. A preoperative radiograph was taken at the first
visit. Following local anesthesia with Ultracain D-S (Aventis,
İstanbul, Türkiye) teeth were isolated. After the removal of
all carious structure and accessing the pulp chamber, coronal

pulp was excavated, barbed broaches were used to extirpate
pulp tissue, and root canals were irrigated using 2.5% sodium
hypochlorite (NaOCl). Canal length was determined by
taking a radiograph with a fine reamer inserted gently into
the canal. The working length was maintained 2mm short
of the apex. Canals were prepared to a master file size of 35
using H-files (G-Star Medical Co. Ltd., Guangdong, China)
with a pull-back action. Canals were irrigated with 2mL of
2.5% NaOCl between each change of instrument. After the
preparation was complete, root canals were finally irrigated
with NaOCl and physiological saline and dried with paper
points and Cresophene (Cresophene, Septodont Ltd., UK)
was applied in the pulp chamber with a cotton pellet and
tooth was filled with a temporary filling material (Cavit G,
3M ESPE, Germany). After 48 hours, canals were irrigated
with NaOCl and physiologic saline, dried with paper points,
and filled with a Ca(OH)

2
/iodoformpaste (Tg-pex, Technical

and General Ltd., UK) using plastic syringe provided by
the manufacturer and lentulo spirals. Following root canal
fillings, base materials were applied to the cavity floor and
cavities were temporarily filled with IRM. For the MTA
group, after approximately 3mm of MTA was placed on the
pulpal floor a moistened cotton pellet in contact to MTA
was left in the cavity before the application of the temporary
filling material. A final radiograph was taken to check the
level of root canal filling, which was recorded as either “flush-
filled” (filling ended between apex and working length for
at least 2 root canals), “underfilled” (filling ended shorter
than working length for at least 2 root canals), or “overfilled”
(filling extended beyond apex in any of the root canals).
After 24 hours, for Group II, temporary filling andmoistened
cotton pellet were removed and the cavity was filled with
metal-reinforced glass ionomer cement (Ketac Molar, 3M
ESPE, Germany). For Group I, to achieve standardization,
IRM was removed from the cavity until approximately 3mm
of the material is left on the pulpal floor and the cavity was
filled with metal-reinforced glass ionomer cement. All teeth
were restored with stainless steel crowns (3M ESPE Unitek,
USA).

2.4. Clinical and Radiographic Examinations. Teeth were
followed up clinically and radiographically for 18 months.
Follow-up visits were conducted once a month for 3 months,
at the 6th month, and once every 6 months for an addi-
tional 12 months and two calibrated pediatric dentists per-
formed clinical and radiographic examinations. Examiners
were blinded to the groups. Two training sessions were
performed for calibration on the follow-up radiographs of 10
primary molar teeth that were not included in the study for
the furcal/periapical lesions and external pathological root
resorption. Kappa scores for each variable ranged between 0.8
and 1, indicating good agreement in the second session.

Treatment success was evaluated based on the following
clinical and radiographic criteria:

(i) Absence of pain.
(ii) Absence of pathological mobility.
(iii) Absence of tenderness to percussion and palpation.
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50 mandibular primary molar teeth

IRM (25 teeth) MTA (25 teeth)

3rd month

6th month

12th month

18th month

Total

25 clinical and
radiographic successes

(100% success)

25 clinical successes
23 radiographic successes
2 radiographic failures

(92% success)

25 clinical successes
21 radiographic successes
2 radiographic failures

(84% success)

25 clinical successes
16 radiographic successes
5 radiographic failures

(64% success)

16 successes
9 failures

(64% success)

25 clinical and radiographic
successes

(100% success)

25 clinical and radiographic
successes

(100% success)

25 clinical successes
23 radiographic successes
2 radiographic failures

(92% success)

25 clinical successes
19 radiographic successes
4 radiographic failures

(76% success)

19 successes
6 failures

(76% success)

Figure 1: Flowchart showing successes and failures throughout the study.

(iv) Absence of any soft tissue pathology and sinus tract.
(v) Absence of pathological root resorption.
(vi) Reduced size or healing of existing lesion.
(vii) Absence of new lesions at the interradicular or peri-

apical area.

2.5. Statistical Analysis. Statistical analysis was performed
using the software program SPSS 20.0 (SPSS 20.0 for Win-
dows; SPSS Inc., Chicago, IL, USA). Fisher’s exact test was
used to compare success rates of the groups and to evaluate
the effect of filling extent to success rates. To compare
two groups regarding healing time, Fisher’s exact test and
Pearson’s chi-square tests were used and a 𝑝 value of <0.05
was considered to be statistically significant.

3. Results

A total of 50 teeth were treated and followed up clinically and
radiographically for 18 months.

The root canal fillings were considered as flush for 15 teeth
and as overfilled for 20 teeth for both groups. There were no
teeth considered as underfilled. Extruded filling material was
completely resorbed in all teeth after a period of 1–6 months.
When the effect of filling extents on the successwas evaluated,
no statistical relationship was found between filling extents
and success rates in either of the groups (𝑝 > 0.05) (Table 1).

Table 1: Comparison of different filling extents in terms of success
in two groups.

Success Fail 𝑝 value
IRM group

Flush-filled 11 (68.8%) 4 (44.4%) 0.397
Overfilled 5 (31.2%) 5 (55.6%)

MTA group
Flush-filled 13 (68.4%) 2 (33.3%) 0.175
Overfilled 6 (31.6%) 4 (66.7%)

At the end of 18 months, for 9 teeth in IRM group and 6
teeth inMTAgroup, pulpectomieswere considered as failures
radiographically. Neither of the teeth showed clinical signs or
symptoms; therefore there were no clinical failures (Figure 1).
Representative successful cases from each group can be seen
in Figures 2 and 3. The statistical analysis showed no sig-
nificant difference between two groups regarding treatment
success (𝑝 > 0.05) (Table 2). Also there were no statistical
differences between the success rates at different follow-up
appointments (𝑝 > 0.0025). When the successful cases
were evaluated regarding healing time, the statistical analysis
revealed that the total healing of the lesions was significantly
faster in the MTA group when compared to IRM (𝑝 < 0.05)
(Table 3).
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(a) (b)

(c) (d)

(e)

Figure 2: (a) Radiograph of second primary mandibular molar with a lesion in the interradicular area in IRM group. (b) Radiograph of the
tooth after treatment. (c) Radiograph of the tooth at the 3rd month visit. (d) Radiograph of the tooth at the 12th month visit. (e) Radiograph
of the tooth at the 18th month visit.

4. Discussion

Furcation lesions are more common in primary teeth than
in permanent teeth and this phenomenon is attributed to the
high permeability of the primary tooth pulpal floor which
is a result of the high number of accessory canals, wide
dentin tubules, and thin pulpal floors [3–5].These lesions are
important because of their potential hazardous effects on the
successor teeth in the neighborhood. In addition to leading
to furcation lesions, permeability of the pulpal floor can also
cause failure in endodontic treatment by allowing the leakage
of bacteria and their toxins into the pulpal space following
endodontic treatment [21]. This hypothesis is supported by
low success rates of root canal treatments in teeth with

furcation lesions [11, 22] and thus the coating agent used
on pulpal floor may affect the success of the endodontic
treatment in these cases.

A search in literature shows that there are only 2 stud-
ies investigating the effect of different applications on the
permeability of primary molar pulpal floors. In their in
vitro study, Lopes-Silva and Lage-Marques [21] investigated
the effect of Er:YAG laser and 2-octyl cyanoacrylate on the
permeability and none of the materials completely prevented
the permeability. In a similar in vitro study, Guglielmi et al.
[4] compared Nd:YAG laser and a self-etch adhesive system
(Adhese). They reported that Nd:YAG laser decreased but
could not completely eliminate permeability on the pulpal
floor. There are no in vivo studies about the subject yet.
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(a) (b)

(c) (d)

(e)

Figure 3: (a) Radiograph of second primary mandibular molar with a lesion in the interradicular area in MTA group. (b) Radiograph of the
tooth after treatment. (c) Radiograph of the tooth at the 3rd month visit. (d) Radiograph of the tooth at the 12th month visit. (e) Radiograph
of the tooth at the 18th month visit.

Therefore, the present study aimed to evaluate the effect of
MTA on the root canal treatment success of primary teeth
with furcation lesions when used as a base material on the
pulpal floor by comparing it to IRM, which is a commonly
used material for the coating of pulpal floor following root
canal treatment.

According to the results of our study, success rates were
64% for IRMand 76% forMTAgroup at the end of 18months.
The lowest success rate reported in studies evaluating root
canal treatments using Ca(OH)

2
/iodoform is 56% [11] while

the highest success rate is 100% [12, 23, 24]. Differences in
success rates in different studies are probably a result of differ-
ences in follow-up periods, success criteria, and pathological
conditions of teeth before treatment. The success rates in our

Table 2: Comparison of two groups regarding treatment success
during follow-up period.

Controls IRM group
(𝑛 = 25)

MTA group
(𝑛 = 25) 𝑝 value

1st month 25/25 (100%) 25/25 (100%) —
3rd month 25/25 (100%) 25/25 (100%) —
6th month 23/25 (92%) 25/25 (100%) 0.490
12th month 21/25 (84%) 23/25 (92%) 0.667
18th month 16/25 (64%) 19/25 (76%) 0.355

study for both groups are coherent with the literature, closer
to the lower bound.This result can be expected since all teeth
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Table 3: Comparison of two groups in terms of lesion healing times
in successful cases.

Successful
cases

Total healing at the
3rd month

Total healing at the
6th month 𝑝

IRM Group 11 5 0,013
MTA Group 19 0

included in the study had wide lesions in their furcation area
and presence and extent of periradicular infection is reported
to affect treatment outcome in both permanent and primary
teeth [13, 23, 25, 26]. Similar to our study, Nakornchai et
al. [11] reported a 56% success rate for primary teeth at the
end of 12 months. They used a Ca(OH)

2
/iodoform paste

for root canal fillings and most of the teeth included in
the study had lesions in the furcation area. However the
authors did not limit lesion size while including teeth in their
study and this is the possible reason for the lower success
rate in their study when compared to our results. For pri-
mary tooth pulpectomies with another Ca(OH)

2
/iodoform

paste (Vitapex), Trairatvorakul and Chunlasikaiwan [24] also
reported a similar success rate (89%) to our study at the end
of 12 months for 27 primary molar teeth of which 19 had
furcation lesions.

In the present study, the usage ofMTA on the pulpal floor
was expected to increase success rate in primary molars with
furcation lesions since the superior sealing ability of MTA
was indicated by many studies and it was also reported that
MTA promotes healing in hard tissues [17–20]. MTA was
reported to preserve its high pH for a long time owing to
calcium release and calcium hydroxide formation [27] and it
was reported that MTA shows antimicrobial effect on various
microorganisms including E. faecalis andC. albicans [28–30].
However, although the success rate was higher in the MTA
group when compared to IRM group, the difference was not
found statistically significant. IRM it is not as biocompatible
as MTA and has poorer sealing ability when compared to
MTA; thus the success of this material can be explained
with its antibacterial affect which was previously reported
[31, 32]. Also there are various factors affecting the success
of root canal treatment in primary teeth. The adaptation of
the filling materials on root canal walls is one of these factors.
A perfect sealing in the root canal system cannot be achieved
in primary teeth, since cones and condensation are not used
during root canal fillings and unlike permanent teeth; the
adaptation between root canal walls and filling paste becomes
poor [33–35]. As a result even if a perfect sealing could be
obtained on the pulpal floor, the leakage in the apical part
of the canals may have led to failure. On the other hand,
another finding in the present studywas that, in the successful
cases, lesions healed faster in MTA group when compared to
IRM group. Faster healing in MTA group can be attributed
to the materials sealing ability, high pH, and hard tissue
healing stimulation as well as its antimicrobial effect [17–
20, 27–30]. In addition, canal wall adaptation of this material
was reported to be better than Portland cement, IRM, LC
GIC, Super EBA, and amalgam [15, 16, 36]. Thus, MTA may
have decreased healing time by preventing the leakage of

microorganisms and their products between pulpal space and
lesion area.

5. Conclusion

According to the results of the present study, although using
MTA did not affect overall healing success, it decreased
healing time in primary teeth with furcation lesions.
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[28] M. E. Odabaş, Ç. Çinar, G. Akça, I. Araz, T. Ulusu, andH. Yücel,
“Short-term antimicrobial properties of mineral trioxide aggre-
gate with incorporated silver-zeolite,”Dental Traumatology, vol.
27, no. 3, pp. 189–194, 2011.

[29] K. Al-Hezaimi, T. A. Al-Shalan, J. Naghshbandi, S. Oglesby, J. H.
S. Simon, and I. Rotstein, “Antibacterial Effect of Two Mineral
Trioxide Aggregate (MTA) preparations against enterococcus
faecalis and Streptococcus sanguis in vitro,” Journal of Endodon-
tics, vol. 32, no. 11, pp. 1053–1056, 2006.

[30] K. Al-Hezaimi, J. Naghshbandi, S. Oglesby, J. H. S. Simon,
and I. Rotstein, “Comparison of antifungal activity of white-
colored and gray-colored mineral trioxide aggregate (MTA)
at similar concentrations against Candida albicans,” Journal of
Endodontics, vol. 32, no. 4, pp. 365–367, 2006.

[31] S. Gundam, J. Patil, B. S. Venigalla, S. Yadanaparti, R. Maddu,
and S. R. Gurram, “Comparison of marginal adaptation of min-
eral trioxide aggregate, glass ionomer cement and intermediate
restorativematerial as root-end fillingmaterials, using scanning
electron microscope: an in vitro study,” Journal of Conservative
Dentistry, vol. 17, no. 6, pp. 566–570, 2014.

[32] M. Ceci, R. Beltrami, M. Chiesa, M. Colombo, and C. Poggio,
“Biological and chemical-physical properties of root-end filling
materials: A Comparative Study,” Journal of Conservative Den-
tistry, vol. 18, no. 2, pp. 94–99, 2015.

[33] H. Ayhan, A. Alacam, and A. Olmez, “Apical microleakage of
primary teeth root canal fillingmaterials by clearing technique,”
Journal of Clinical Pediatric Dentistry, vol. 20, no. 2, pp. 113–117,
1996.

[34] O. A. Bawazir and F. S. Salama, “Apical microleakage of primary
teeth root canal filling materials,” Journal of Dentistry for
Children, vol. 74, no. 1, pp. 46–51, 2007.

[35] A. M. Kielbassa, H. Uchtmann, K.-T. Wrbas, and K. Bitter, “In
vitro study assessing apical leakage of sealer-only backfills in
root canals of primary teeth,” Journal of Dentistry, vol. 35, no.
7, pp. 607–613, 2007.

[36] A. E. Badr, “Marginal adaptation and cytotoxicity of bone
cement comparedwith amalgamandmineral trioxide aggregate
as root-end fillingmaterials,” Journal of Endodontics, vol. 36, no.
6, pp. 1056–1060, 2010.



Clinical Study
Randomized Clinical Trial of Composite Restorations in
Primary Teeth: Effect of Adhesive System after Three Years

Secil BektaGDonmez,1 Melek D. Turgut,1 Serdar Uysal,2 Pinar Ozdemir,3

Meryem Tekcicek,1 Brigitte Zimmerli,4 and Adrian Lussi4

1Department of Pediatric Dentistry, Hacettepe University, Ankara, Turkey
2Department of Maxillofacial Radiology, Hacettepe University, Ankara, Turkey
3Department of Biostatistics, Hacettepe University, Ankara, Turkey
4Department of Preventive, Restorative and Pediatric Dentistry, University of Bern, Bern, Switzerland

Correspondence should be addressed to Melek D. Turgut; melekturgut@yahoo.com

Received 17 August 2016; Accepted 15 September 2016

Academic Editor: Tamer Tüzüner
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The purpose of this study was to assess the clinical performance of composite restorations placed with different adhesive systems
in primary teeth. In 32 patients, 128 composite restorations were placed using a split-mouth design as follows (4 groups/patient):
three-step etch-and-rinse (Group 1), two-step etch-and-rinse (Group 2), two-step self-etch (Group 3), and one-step self-etch (Group
4). The restorations were clinically evaluated at baseline and at 6, 18, and 36 months according to the FDI criteria. There was no
significant difference between the adhesive systems in retention of the restorations (𝑝 > 0.05). Over time, there was a statistically
significant decrease in marginal adaptation in all groups, whereas surface and marginal staining significantly increased in Groups
3 and 4 (𝑝 < 0.05). The etch-and-rinse adhesive systems resulted in better marginal adaptation than the self-etch adhesive systems
(𝑝 < 0.05). It was concluded that preetching of the primary enamel might help improve the clinical performance of the self-etch
adhesive systems in primary teeth.

1. Introduction

Tooth-colored materials are widely used in pediatric den-
tistry for the restoration of carious primary teeth [1]. Of
these materials, resin composites have been gaining increas-
ing popularity over the past few decades because of their
favorable esthetic and mechanical properties [2, 3].

Composite restorations are placed following pretreat-
ment of the cavities with an adhesive system. Until recently,
etch-and-rinse adhesive systems have been regarded as the
gold standard owing to their good clinical and labora-
tory record [4]. However, these adhesive systems involve
numerous application steps. In pediatric dentistry, and espe-
cially when treating uncooperative children, such a time-
consuming technique is undesirable and oftentimes difficult
to carry through [5]. To simplify the bonding procedure and
to reduce technique sensitivity of the etch-and-rinse adhesive
systems, self-etch adhesive systems have been developed

[6]. For the treatment of primary teeth, the etch-and-rinse
adhesive systems may offer the advantage of a separate acid
etching step, which has been suggested to be necessary for the
prismless enamel [7]. Compared to the permanent dentin, the
inorganic content of intratubular primary dentin is less. The
number of dentinal tubules is lower, resulting in less surface
moisture and increased susceptibility of the primary dentin to
decalcification [5, 8, 9]. In this regard, the self-etch adhesive
systems may offer the advantage of limited decalcification
of the primary dentin [10]. The number of clinical studies
comparing etch-and-rinse adhesive systems with self-etch
adhesive systems, however, is limited which means that the
superiority of any one category of adhesive system in primary
teeth has yet to be firmly established [11–13]. To the best of our
knowledge, no study has yet compared the clinical efficacy of
various types of etch-and-rinse or self-etch adhesive systems
in primary teeth. Therefore, the aim of this clinical trial was
to evaluate the clinical performance of composite restorations
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Recall at 36 months
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Figure 1: Flow diagram.𝑁p: number of patients,𝑁r: number of restorations.

placed with one of four adhesive systems (a three-step etch-
and-rinse, a two-step etch-and-rinse, a two-step self-etch, or a
one-step self-etch adhesive system) in primary teeth.The null
hypothesis to be tested was that there was no difference in the
clinical performance of the adhesive systems after 3 years.

2. Methods

The study was approved by the local ethics committee of
the university (Project number FON 08/58). A total of
653 healthy children aged 4–7 years attending the Pediatric
Dentistry Department were examined to determine their
eligibility for the study. Thirty-two of the children were
selected as they met the study criteria including the presence
of four first and/or second primary molars with proxi-
mal caries extending into dentin and having occlusal and
proximal contacts (Figure 1). The procedure, risks, possible
discomforts, and benefits were explained to the parents and
their informed consents were obtained prior to the study.

The four carious primary molars in each patient were
randomly allocated into four groups. For randomization

(beginning from the lower right quadrant followed by the
lower left quadrant, upper left quadrant, and upper right
quadrant), the four teeth in each patient were sorted. From
the web site (https://www.random.org/), sequences for group
numbers (1 to 4) were generated. The group numbers in each
sequence and the teeth were matched.

The restorations were placed by one trained operator.
Local anesthesia was administered, a rubber dam was placed,
and nonbeveled Class II cavities were prepared on the
primary teeth.

3. Restoration Groups

In Group 1, a three-step etch-and-rinse adhesive system
(OptiBond FL, Kerr Corporation, Orange, CA, USA) was
used. The cavity was etched with 37,5% phosphoric acid (30 s
for enamel and 15 s for dentin), rinsed thoroughly for 15 s,
and gently air-dried for 5 s. The primer was applied by light
scrubbing motions for 15 s and then gently air-dried for 5 s.
The adhesive was applied in a uniform layer and light-cured
for 30 s.

https://www.random.org/
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(a) (b)

Figure 2: Clinically excellent occlusomesial restoration on upper second primary molar at 36 months (a); lost restoration on lower second
primary molar (loss at 30 months) (b).

In Group 2, a two-step etch-and-rinse adhesive system
(XP Bond, Dentsply DeTrey, Konstanz, Germany) was used.
The cavity was etched with 36% phosphoric acid for the
same durations as in Group 1. The adhesive was applied, left
undisturbed for 20 s, air-dried thoroughly for 5 s to evaporate
the solvent, and light-cured for 20 s.

InGroup 3, a two-step self-etch adhesive system (AdheSE,
Ivoclar Vivadent, Schaan, Liechtenstein) was used. The
primer was applied for 15 s and brushed for another 15 s, and
excess primer was then dispersed with a strong air stream for
5 s. The bond was applied, dispersed with a weak air stream
for 5 s, and light-cured for 10 s.

In Group 4, a one-step self-etch adhesive system (G-Bond
GC Corporation, Tokyo, Japan) was used. The adhesive was
applied, left undisturbed for 10 s, dried thoroughly under
maximum air pressure for 5 s, and light-cured for 10 s.

Following treatment of the cavity with one of the four
adhesive systems, a resin composite (Esthet-X, Dentsply
DeTrey,Konstanz,Germany)was placed in 2mm increments,
each light-cured for 20 s with a visible light curing unit
(Hilux Ultra Plus, Benlioglu Dental, Ankara, Turkey; light
curing intensity of 700mW/cm2). Finishing and polishing
of the restorations were done with diamond finishing burs,
yellow rubber cups (Diatech, Diatech Dental AG, Heerbrugg,
Switzerland), and aluminum oxide discs (Sof-Lex, 3M/ESPE,
Seefeld, Germany).

4. Clinical Assessment

All restorations were clinically evaluated at baseline (1 week
after placement) and after 6, 18, and 36months by one trained
operator who was blinded to the restorative group under
examination. Standard photographs of the restorations were
taken and the assessment was made according to the FDI
World Dental Federation criteria with codes ranging from
1 to 5 (Code 1: clinically excellent, Code 2: clinically good,
after polishing very good, Code 3: clinically sufficient, Code
4: clinically unsatisfactory, repair is necessary, and Code 5:
clinically poor, replacement is necessary) (Table 1) [14].

To determine the intraexaminer reliability, 20 restorations
at different recalls were reevaluated with an interval of 1 week
and statistically evaluated with Kappa test.

5. Radiographical Assessment

All restorations were radiographically evaluated at baseline
and after 18 and 36 months by one trained operator who
was blinded to the restorative group under examination.
Radiographic examination was not performed at 6 months
to lessen radiation exposure.The periapical radiographs were
obtained with the parallel technique and scanned at 2400 dpi
with a scanner (Epson Expression 10000XL, Seiko EpsonCo.,
Nagano, Japan). From these images, the tooth-restoration
interface was analyzed at ×600 magnification using an image
analysis program (ImageJ 1.43n, NIH, USA).

To determine the intraexaminer reliability, all radio-
graphs were reevaluated after 1 week by the same operator.
Intraexaminer reliability was analyzed by intraclass correla-
tion coefficient (ICC).

6. Statistical Analyses

The statistical analyses were performed by a statistician.
The data obtained were subjected to statistical analysis at a
0.05 level of significance. For each recall time, the groups
were compared using the Kruskal-Wallis test (intergroup
comparisons). The differences between recall times in each
group were compared using the Friedman test (intragroup
comparisons).

7. Results

Of the 32 children (mean age 5.96 ± 0.82 years) who
participated in the study, 27 (84.4%) were girls and 5 (15.6%)
were boys. The intraexaminer reliability of the clinical and
radiological assessments was 96% and 82%, respectively.
Examples of a clinically excellent restoration and a lost
restoration are shown in Figure 2.
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Table 2: Esthetic properties of the groups.

Criteria Time Score Group 1 Group 2 Group 3 Group 4
𝑛 (%) 𝑛 (%) 𝑛 (%) 𝑛 (%)

Surface gloss and roughness

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)
6 months 1 32 (100) 32 (100) 32 (100) 32 (100)
18 months 1 30 (100) 31 (100) 30 (100) 30 (100)
36 months 1 25 (100) 24 (100) 25 (100) 24 (100)

Surface and marginal staining∗

Baseline 1 32 (100) 32 (100) 32 (100) 30 (93.8)
3 2 (6.3)

6 months 1 32 (100) 31 (96.9) 31 (96.9) 30 (93.8)
3 1 (3.1) 1 (3.1) 2 (6.3)

18 months
1 29 (96.7) 29 (93.5) 27 (90) 26 (86.7)
2 1 (3.2)
3 1 (3.3) 1 (3.2) 3 (10) 4 (13.3)

36 months
1 22 (88) 21 (87.5) 17 (68) 16 (66.7)
3 3 (12) 2 (8.3) 8 (32) 8 (33.3)
4 1 (4.2)∗∗

Color match and translucency

Baseline 1 31 (96.9) 32 (100) 31 (96.9) 31 (96.9)
2 1 (3.1) 1 (3.1) 1 (3.1)

6 months 1 31 (96.9) 32 (100) 31 (96.9) 30 (93.8)
2 1 (3.1) 1 (3.1) 2 (6.3)

18 months 1 30 (100) 31 (100) 29 (96.7) 28 (93.3)
2 1 (3.3) 2 (6.7)

36 months
1 25 (100) 23 (95.8) 23 (92) 23 (95.8)
2 1 (4) 1 (4.2)
3 1 (4.2) 1 (4)

Anatomic form

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)

6 months 1 32 (100) 32 (100) 31 (96.9) 32 (100)
4 1 (3.1)

18 months 1 30 (100) 31 (100) 30 (96.8) 30 (100)
4 1 (3.2)

36 months
1 25 (100) 23 (95.8) 24 (92.3) 24 (100)
3 1 (3.8)
4 1 (4.2)∗∗ 1 (3.8)∗∗

∗Significant changes in surface and marginal staining in Groups 3 (baseline/36 months 𝑝 = 0.01, 6 months/36 months 𝑝 = 0.02) and 4 (baseline/36 months
𝑝 = 0.003, 6 months/36 months 𝑝 = 0.03). ∗∗Due to partial restoration fracture.

The overall failure rates at 36 months were 3.8%, 4.2%,
7.4%, and 7.7% for Groups 1–4, respectively. The failures were
due to partial restoration loss in 5 teeth (1 tooth in Groups 1,
2, and 3 and 2 teeth in Group 4) and total restoration loss in 1
tooth (Group 3, Table 3).

At the end of the study, all restorations had clinically
excellent surface gloss. The rate of restorations with excellent
color match and anatomic form varied from 92% to 100%.
In the radiographic evaluation, many of the restorations were
assigned a score of 2 at all recall appointments (Tables 2 and
3).

At 36 months, secondary caries was detected in 3 teeth (1
tooth in Group 2, 2 teeth in Group 3). In Group 4, secondary
caries was detected in one patient at 18months but the patient
did not attend to further recall (Table 4).

In regard to proximal contact point criteria, many of the
restorations were given a score of 4, because of physiological

spaces in primary dentition (Table 3). Those restorations
were not repaired and no clinical symptoms were detected
during the evaluation period. Postoperative sensitivity, tooth
fracture, localized soft tissue reactions, and oral and somatic
psychiatric symptoms were not detected throughout the
study (Table 4).

With respect to intragroup differences over time, statis-
tically significant differences were found for the surface and
marginal staining and for the marginal adaptation criteria
(𝑝 < 0.05). Surface and marginal staining for the restorations
in Groups 3 and 4 had increased significantly at 36 months
compared to those recorded at baseline and at 6 months (𝑝 <
0.05). Marginal adaptation of restorations in Groups 1 and 2
had decreased significantly at 36 months compared to those
at baseline and at 6 months (𝑝 < 0.05). Marginal adaptation
of restorations in Group 3 had decreased significantly at 18
months and 36 months compared to those at baseline and
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Table 3: Functional properties of the groups.

Criteria Time Score Group 1 Group 2 Group 3 Group 4
𝑛 (%) 𝑛 (%) 𝑛 (%) 𝑛 (%)

Fracture of restorative material

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)

6 months
1 30 (93.8) 32 (100) 31 (96.9) 31 (96.9)
3 1 (3.1)
4 1 (3.1) 1 (3.1) 1 (3.1)

18 months
1 29 (93.5) 30 (96.8) 30 (96.8) 29 (93.5)
3 1 (3.2) 1 (3.2)
4 1 (3.2) 1 (3.2) 2 (6.5)

36 months

1 24 (92.3) 23 (95.8) 24 (88.9) 24 (92.3)
3 1 (3.8) 1 (3.7)
4 1 (3.8) 1 (4.2) 1 (3.7) 2 (7.7)
5 1 (3.7)

Marginal adaptation∗

Baseline 1 32 (100) 32 (100) 31 (96.9) 31 (96.9)
3 1 (3.1) 1 (3.1)

6 months∗∗
1 28 (87.5) 27 (84.4) 13 (40.6) 20 (62.5)
2 2 (6.3) 2 (6.3) 9 (28.1) 3 (9.4)
3 2 (6.3) 3 (9.4) 9 (28.1) 8 (25)
4 1 (3.1) 1 (3.1)

18 months∗∗∗
1 20 (66.7) 20 (64.5) 4 (12.9) 10 (32.3)
2 1 (3.2)
3 10 (33.3) 11 (35.5) 26 (83.9) 18 (58.1)
4 1 (3.2) 2 (6.5)

36 months∗∗∗∗
1 12 (48) 11 (45.8) 2 (7.7) 2 (7.7)
3 13 (52) 12 (50) 23 (88.5) 22 (84.6)
4 1 (4.2)∗∗∗∗∗ 1 (3.8)∗∗∗∗∗ 2 (7.7)∗∗∗∗∗

Proximal contact point

Baseline 3 15 (46.9) 14 (43.8) 16 (50) 13 (40.6)
4 17 (53.1) 18 (56.3) 16 (50) 19 (59.4)

6 months 3 15 (46.9) 20 (62.5) 19 (59.4) 13 (40.6)
4 17 (53.1) 12 (37.5) 13 (40.6) 19 (59.4)

18 months
2 1 (3.3) 1 (3.3)
3 15 (50) 18 (58.1) 20 (66.7) 14 (46.7)
4 14 (46.7) 13 (41.9) 10 (33.3) 15 (50)

36 months

0 1 (4) 1 (4.2) 3 (12)
2 1 (4) 1 (4.2)
3 10 (40) 8 (33.3) 12 (48) 9 (37.5)
4 13 (52) 15 (62.5) 10 (40) 14 (58.3)

Radiographic examination

Baseline
2 31 (96.9) 31 (96.9) 30 (93.8) 31 (96.9)
3 1 (3.1) 1 (3.1)
4 1 (3.1) 1 (3.1) 1 (3.1)

18 months
2 29 (96.7) 30 (96.8) 29 (96.7) 29 (96.7)
3 1 (3.2)
4 1 (3.3) 1 (3.3) 1 (3.3)

36 months

0 1 (4.3) 1 (4.3)
2 23 (95.8) 21 (91.3) 22 (91.7) 21 (91.3)
3 1 (4.3) 1 (4.2)
4 1 (4.2) 1 (4.2) 1 (4.3)

∗Significant changes in marginal adaptation in Group 1 (baseline/36 months 𝑝 = 0.000, 6 months/36 months 𝑝 = 0.003); Group 2 (baseline/36 months
𝑝 = 0.000, 6 months/36 months 𝑝 = 0.001); Group 3 (baseline/18 months 𝑝 = 0.000, baseline/36 months 𝑝 = 0.000, 6 months/18 months 𝑝 = 0.022, and 6
months/36 months 𝑝 = 0.000); Group 4 (baseline/18 months 𝑝 = 0.000, baseline/36 months 𝑝 = 0.000, and 6 months/36 months 𝑝 = 0.000). ∗∗Significant
differences between Groups 1 and 3 (𝑝 = 0.008) and 2 and 3 (𝑝 = 0.017) at 6 months, ∗∗∗Groups 1 and 3 (𝑝 = 0.001) and 2 and 3 (𝑝 = 0.002) at 18 months,
and ∗∗∗∗Groups 1 and 4 (𝑝 = 0.032) at 36 months. ∗∗∗∗∗Due to partial restoration fracture.
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Table 4: Biological properties of the groups.

Criteria Time Score Group 1 Group 2 Group 3 Group 4
𝑛 (%) 𝑛 (%) 𝑛 (%) 𝑛 (%)

Postoperative sensitivity
and tooth vitality

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)
6 months 1 32 (100) 32 (100) 32 (100) 32 (100)
18 months 1 30 (100) 31 (100) 30 (100) 30 (100)
36 months 1 25 (100) 24 (100) 25 (100) 24 (100)

Secondary caries

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)

6 months 1 31 (96.9) 32 (100) 32 (100) 32 (100)
3 1 (3.1)

18 months
1 30 (100) 30 (96.8) 29 (96.7) 29 (96.7)
2 1 (3.3)
3 1 (3.2) 1 (3.3)

36 months
1 25 (100) 23 (95.8) 23 (92) 24 (100)
2 1 (4)
3 1 (4.2) 1 (4)

Tooth cracks and fractures

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)
6 months 1 32 (100) 32 (100) 32 (100) 32 (100)
18 months 1 30 (100) 31 (100) 30 (100) 30 (100)
36 months 1 25 (100) 24 (100) 25 (100) 24 (100)

Localized reactions of soft
tissue in direct contact with
the restoration

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)
6 months 1 32 (100) 32 (100) 32 (100) 32 (100)
18 months 1 30 (100) 31 (100) 30 (100) 30 (100)
36 months 1 25 (100) 24 (100) 25 (100) 24 (100)

Oral and
somatic/psychiatric
symptoms

Baseline 1 32 (100) 32 (100) 32 (100) 32 (100)
6 months 1 32 (100) 32 (100) 32 (100) 32 (100)
18 months 1 30 (100) 31 (100) 30 (100) 30 (100)
36 months 1 25 (100) 24 (100) 25 (100) 24 (100)

at 6 months. Finally, marginal adaptation of restorations in
Group 4 had decreased significantly at 18 months and 36
months compared to at baseline and at 36 months compared
to 6 months (𝑝 < 0.05) (Tables 2 and 3).

Regarding intergroup differences, statistically significant
differences were found for the marginal adaptation criterion
(𝑝 < 0.05). At 6 months and at 18 months, there was a
statistically significant difference betweenGroup 1 andGroup
3 and between Group 2 and Group 3. At 36 months, there
was a statistically significant difference between Group 1 and
Group 4 (𝑝 < 0.05) (Table 3).

8. Discussion

Split-mouth studies offer a way of comparing restorations
intraindividually and offer the advantage of limiting patient-
dependent variables [15]. The major disadvantage of split-
mouth studies, however, is the difficulty in gathering patients
with a sufficient number of similar types of caries lesions.
The sample size of the present study (32 patients) may be
regarded as small, but it reflects the great difficulty in finding
four similar proximal caries lesions in primary teeth of one
individual. The lack of split-mouth studies including four

Class II restorations in primary teeth in the literature also is
an indication of this difficulty.

Available studies on the clinical performance of restora-
tive materials in primary teeth mainly focus on the efficacy
of compomer, amalgam, and glass ionomer cement. A few
studies have reported on the clinical success of resin com-
posites in primary teeth [12, 15–20]. In the majority of these
studies, the restorations were assessed according to the Ryge
criteria. Only one retrospective and one prospective study
used the FDI criteria, and these focused on survival of the
restorations rather than giving a detailed analysis as was done
in the present study [12, 21].

Hickel et al. [14] have proposed a system according to
which the results of studies that used the Ryge criteria can
be compared to those that used the FDI criteria. According
to this system, the FDI scores of 1 and 2 correspond to a Ryge
score of alpha, a FDI score of 3 corresponds to a Ryge score of
bravo, and the FDI scores of 4 and 5 correspond to the Ryge
scores of charlie and delta. Application of this conversion
system to the present results gives the following ranges of
alpha and bravo scores for the surface and marginal staining
criterion of the four groups: 66.7–88% (alpha) and 8.3–
33.3% (bravo).These results are in accordancewith previously
reported ranges of marginal discoloration of 66.7–81% for
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alpha and 14–31.6% for bravo according to the Ryge criteria
[17, 18, 20].

As for marginal adaptation, the rates reported in litera-
ture are 36.8–92% for alpha and 5–63.2% for bravo scores,
indicating a wide variation between the different studies
[15, 17, 18, 20]. Compared to those of the aforementioned
studies, the rate of alpha scores in the present study is lower
(7.7–48%) whereas the rate of bravo is higher (50–88.5%), a
finding that may be related to the longer evaluation time of
the restorations in the present study. No previous study in
primary teeth has used an evaluation time of 3 years, and it
is reasonable to expect a decrease in the alpha grading after 3
years compared to that after 18 months or 2 years as reported
in the aforementioned studies [15, 17, 19, 20, 22, 23].

The manufacturers of the two etch-and-rinse adhesive
systems recommend etching of the enamel and dentin for
15 seconds regardless of whether the procedure is used in
primary or permanent teeth. In the present study, an etching
time of 30 seconds was used for enamel [24]. Although no
consensus has been reached regarding the most appropriate
etching time for primary enamel, it is generally accepted that
a longer etching time is required owing to the presence of
an outer prismless layer [25]. The dentin may be etched as
well during the enamel etching process, frequently at the
bottomof the proximal box in primary teethwhere no enamel
layer is left. This could lead to an overetching of the dentin
and reduced bond strength of the restorations. However, the
results of the present study demonstrated no such effect on
the clinical retention of the restorations.

The morphological differences between primary enamel
and dentin require different mechanisms of action. The pH
of the self-etch adhesive systems should be sufficiently low to
remove the smear layer but should also be sufficiently high
so as not to cause excessive demineralization of the dentin
substrate [5, 26]. It has been suggested that self-etch adhesive
systems might be more suitable for primary teeth owing to
their less aggressive etching of the less mineralized primary
dentin [27, 28]. The pH of the two-step and one-step self-
etch adhesives used in the current study was 1.7 and 2.3,
respectively [29, 30], thus classifying them as mild adhesive
systems [29]. In the present study, the two etch-and-rinse
adhesive systems resulted in better marginal adaptation and
less marginal staining of the restorations than the two self-
etch adhesive systems. This result may be attributed to the
higher pH of the self-etch adhesive systems resulting in a
shallow etching pattern in primary enamel and influencing
themarginal integrity of the restorations [4, 31, 32]. In order to
increasemarginal integrity, preetching of the enamel has been
suggested [33, 34]. However, contamination of the dentin
with phosphoric acid is inevitable causing decalcification
that is too deep to be completely infiltrated by the adhesive
[35, 36]. The morphological differences between primary
and permanent dentin mean that decalcification would be
more pronounced on primary dentin [37]. In the present
study, no preetching of the enamel was done. This decision
was made for the aforementioned reasons as well as the
aim to ascertain the absolute effect of the self-etch adhesive
system on primary teeth. The fact that we found better
surface andmarginal adaptation and lessmarginal staining of

the restorations treated with etch-and-rinse adhesive systems
than self-etch adhesive systems may indicate the need for
preetching primary enamel and for clinical studies in primary
teeth looking into this aspect.

Numerous in vitro studies on primary teeth have found
less marginal leakage and greater bond strengths with the
etch-and-rinse adhesive systems as compared to self-etch
adhesive systems [4, 38, 39]. Of the etch-and-rinse adhe-
sive systems used in the present study, Ramires-Romito
et al. [39] reported higher microtensile bond strength of
primary enamel with OptiBond FL than with the self-etch
version, OptiBond Solo SE. Lemos et al. [40] demonstrated
higher bond strength and a better-defined etching pattern
and resin tags on primary enamel with OptiBond FL than
with OptiBond All-in-One. Despite the results reported for
primary enamel, it has been suggested that optimal bonding
to primary dentin is achieved with self-etch adhesive systems
[4]. Nevertheless, there have been limited studies so far and
the results regarding the survival of restorations made with
etch-and-rinse versus self-etch adhesive systems in primary
teeth are conflicting [12, 15].

There has been no other clinical study that tested the four
current adhesive systems in primary teeth whereas studies
with these adhesive systems in permanent teeth have been
reported [41, 42]. Delbons et al. [41] reported no statistically
significant differences among the four adhesive systems
with respect to all parameters including retention, marginal
adaptation, and staining. In a recent systemic review and a
meta-analysis, it was concluded that besides adhesive strategy
(i.e., etch-and-rinse versus self-etch), the specific brand is also
important as there is a wide variation in the performance of
adhesive systems [43, 44]. The present study, however, did
find differences between etch-and-rinse adhesive systems and
self-etch adhesive systems. Similar to our results, Perdigão
et al. [42] reported more enamel marginal deficiencies for
the self-etch adhesive systems and similar retention rates for
etch-and rinse and self-etch adhesive systems.

Not only the adhesive systems but many other factors
determine the durability of restorations in primary teeth.
The failure rates for composite restorations vary between
13.6% and 22.5% in primary teeth [12, 15, 17, 21, 23]. The
lower failure rates found in the present study may be related
to the use of rubber dam, which has been found to be
an important factor in achieving a higher survival rate of
composite restorations [12]. It is also worth mentioning that
all restored teeth had occlusal and proximal contacts, which
could have been important for the survival of the restorations
[14].

In the current study, many of the restorations were
assigned a score of 4 for the proximal contact point criteria,
implying the need for repair. According to the clinical
experience of the present authors, many intact primary teeth
are also given a score of 4 because of the physiological spaces
in primary dentition. It was decided, therefore, not to repair
those restorations, and no clinical symptomswere detected in
the present study.

In addition to the aforementioned criteria, two modifica-
tions were made for the radiographic evaluation parameter.
In the parameter, the steps and gaps between the tooth and
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restoration were classified from 1 to 5 according to their
dimensions. In the FDI criteria, although positive/negative
steps <150𝜇m were scored as 2, gap dimensions <150 𝜇m
were not included. It was learned that the reason of it was
due to inadequate resolution of the radiographs that may
prevent proper radiographic analysis (correspondence with
Dr. R. Hickel). In the present study, the score 2 included gaps
<150𝜇m as the resolution of the radiographs was adequate
for analysis. Three restorations were detected with a gap
size >250𝜇m, implying the need for repair according to
the radiographic evaluation parameter of the FDI criteria.
Those restorations were not repaired or replaced because
there has been no report about the gap dimensions causing
clinical problems in primary teeth. No clinical symptoms
were detected during the clinical follow-up period in the
current research.

In the current research, the clinical performance of
composite restorations was evaluated using the FDI criteria.
The null hypothesis was rejected, as better marginal adap-
tation and less surface and marginal staining were found
in restorations placed using etch-and-rinse adhesive systems
than self-etch adhesive systems.

9. Conclusions

Under the limitations of this study, the following conclusions
can be drawn:

(1) In the current study, better marginal adaptation was
found in composite restorations made with etch-and-
rinse adhesive systems than with self-etch adhesives.

(2) Marginal staining tended to increase over time in
restorations made with self-etch adhesives.
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Objective. To investigate the shear bond strength of self-adhering flowable resin composite, to dentin, after exposing it to Er:YAG
laser radiation, at different energy densities. Materials and Methods. Sixty freshly extracted human third molars were randomly
divided into five groups (𝑛 = 12). In the control group, dentin was left unirradiated, whereas, in the other four groups, dentin was
irradiated with Er:YAG laser in noncontact mode (MSP mode = 100𝜇s; 10Hz; beam diameter: 1.3mm; speed of 1mm/second; air
6mL/min; and water 4mL/min), and respectively, with the following level of energy (50mJ, 60mJ, 80mJ, and 100mJ). Then, self-
adhering flowable resin composite was bonded to all prepared dentin surfaces. Shear bond strength (SBS) was applied and fractured
surfaces were examined using scanning electron microscopy. Results. SBS values showed significant differences in 60mJ (𝑃 < 0.05)
compared to other groups. Morphological evaluation revealed tags or plugs in dentinal tubules, especially when 60mJ and 80mJ
were used. All four groups tended to leave more residues on the dentin surface, than the control group. Conclusion. Er:YAG dentin
irradiation may enhance SBS of the self-adhering flowable resin composite when it is used at the appropriate low level of energy
density.

1. Introduction

During the last decade, adhesive systems improvement—
ranging from three steps to a single step—had a direct impact
on practitioner’s daily clinical applications. Although three-
step adhesive systems were known to be the gold standard for
adhesion to enamel and dentin [1], new adhesives tended to
replace conventional method for their ease of use and clinical
timesaving procedure. Other than self-etch bonding systems,
few self-adhesive composites were introduced to the market;
the performance of their bond strength was unsatisfactory
when compared to gold standard or self-etch bonding sys-
tems [2, 3]. Mahdan et al. have demonstrated that pulpal
pressure and smear layer characteristics negatively affected
the initial bond strengths of one-step self-etch adhesives
to dentin [4–8]. Moreover, two-step self-etch and one-step

self-etch bonding systems and self-adhesive composite (SAC)
require phosphoric acid etching prior to bonding in order to
achieve clinically acceptable SBS values especially on enamel
[3, 8–10]. Therefore, removing the smear layer by whatever
means is intrinsic when attempting to improve bond strength
results [3, 5, 11].

The most effective dental lasers on hard tissue are
the erbium lasers. Lasers, such as erbium-doped yttrium
aluminium garnet (Er:YAG) and erbium, chromium-doped
yttrium, scandium, gallium, and garnet (Er,Cr:YSGG), were
introduced earlier than 1997 but first dental practices had
begun in 1997 according to literature [12]. When erbium
lasers were used in fast cutting dental hard tissues, a high level
of energy was applied. This caused fusion of dentin surface.
Thus, it compromised the restoration bond strength [13–16].
Subsequently, based on the work of Ekworapoj et al. and
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Bahrami et al., preparing dentin surface for bonded restora-
tion requires low-level laser energy to help eliminate smear
layer and open dentin tubules [12, 13, 17]. Dentin irradia-
tion, using erbium laser with temperature reaching values
around 300∘C, partially denatures collagen structure [18, 19],
whereas when using fluency below 1.94 J/cm2 effects, such as
water loss, organic matrix (collagen) degradation, and OH−
increase, appear to be more intense in the central irradiated
area and on the superficial tissue layer. Affected area is less
intense in the surrounded irradiated surface and deeper in
the tissue layers [18]. This thermal damage increases grad-
ually with the intensification of laser energy [20] and when
temperature exceeds 225∘C. Collagen fibers start to denature
and no reversion to initial conformation is observed after
rehydration [19].

It was demonstrated that Ca/P ratio of an irradiated
Er:YAG laser was significantly lower than the theoretical
value for hydroxyapatite. This indicates a decline in the
concentration of Ca. This phenomenon is similar to decal-
cification of the tooth [20]. Moreover, Brulat et al. mentioned
that dentin conditioning by low fluence with Er:YAG laser
improved adhesion of composite resin to dentin [17, 21]. Yet,
results showed that the absence of smear layer formation
during dentin preparation by Er:YAG laser did not improve
the adhesion values of self-etching adhesive systems [22, 23].
Nevertheless, Yazici et al. have proven that dentin prepared
with Er:YAG laser might improve bonding effectiveness to
dentin [10, 19, 24, 25], similar to using phosphoric acid
prior to applying SACs [25–27]. However, some other studies
have reported opposite results; studies showed that laser
irradiation weakens the bond strength of the adhesive [28]
and that conventional etching with 35% phosphoric acid
yielded significantly higher bond strength values compared
to thermal etching with the Er:YAG laser [29].

Also, irradiation distance could affect shear bond
strength. So, increasing the distance would decrease the
negative effects of laser irradiation [30]. It was demonstrated
in previous studies that high level of energies increased
dentin microhardness in the deepest area of the cavity
until 60 𝜇m [31]. Consequently, the shear bond strength, in
surfaces with lower energy density, was high due to fewer
morphologic changes [32]. Bonding self-adhering flowable
resin composite to laser irradiated dentin still remains a
challenge because of the lack of information about alterations
in collagen fibrils and mineral content promoted by Er:YAG
laser irradiation.

The results of shear bond strength tests of composite
bonded to Er:YAG pretreated dentin are still controversial.
One of the possible causesmay be the variability of irradiation
conditions in published studies and the difficulty in standard-
izing the pressure on applied composites to dentin during
curing and bonding protocol.

The purpose of our preliminary in vitro study was to
determine whether different low level of Er:YAG laser energy
densities when preparing dentin helps improve values of
shear bond strength of self-adhering flowable composite.
The null hypothesis tested was that there is no difference in
the shear bond strength of self-adhering resin composite to
dentin when four levels of laser density energy were used.

2. Materials and Methods

Our study was conducted in accordance with the recom-
mendations of the ethics committee of our university. Sixty
freshly extracted human third molars were selected free from
any restoration, fracture, cavities, or whatever pathology that
could affect the expected bond strength results. Immediately
after the extraction, teeth were stored for one week in a
0.1% thymol solution at room temperature for disinfection.
They were then washed abundantly with filtered water, hand-
scaled, and embedded into fast setting autopolymerizing
resin acrylic (Paladur, Heraeus Kulzer, Inc., South Bend, IN,
USA) with the crown extending 2mm above the enamel-
cementum junction. Flat dentin surfaces were obtained after
a transversal cut of the crowns at a distance of 4mm from the
occlusal plane (IsoMet 2000, Buehler�, Ltd., IL, USA) using
a slowly rotating diamond blade (250 rpm) with 100 grams
of load. The smear layer was standardized by wet-grounding
dentin flat surfaces, respectively, with 320 grit and then 600
grit silicon carbide paper (Matador, Germany). All samples
were checked under a stereomicroscope (Leica/Meyer Instru-
ments, Houston, USA) confirming the absence of exposed
pulp or remaining enamel except at the periphery.

The 60 teeth were randomly divided into 5 groups.
Dentin of the first group (control, 𝑛 = 12) did not receive
any laser irradiation. The other 4 groups (𝑛 = 12) were
irradiatedwith Er:YAG laser wavelength of 2.940 nm (Fidelis;
Fotona, Medical Laser, Ljubljana, Slovenia) in a noncon-
tact mode using handpiece H14 with Micro-Short Pulse
mode (MSP, pulse duration: 100 𝜇s), frequency of 10Hz,
under air/water spray (air, 6mL/min, and water, 4mL/min),
and 1.3mm as a beam diameter at the impact point,
with, respectively, the energy levels and fluency of 50mJ
(17.692 J/cm2), 60mJ (20.769 J/cm2), 80mJ (25.385 J/cm2),
and 100mJ (31.769 J/cm2) (Table 1) and with an irradiation
speed of 1mm/second. This was done using a custom made
2D motion robot driven by stepper motors connected to a
computer through Universal Serial Bus port. Figures 1(a) and
1(b) show the automated impact and the uniformly irradiated
dentin of different laser energy levels, excluding possible
variation of irradiation between samples.

According to the manufacturer’s instructions, all samples
received a thin layer of self-adhering flowable resin composite
(Vertise Flow, Kerr, Orange, CA, USA) by rubbing half of
the irradiated dentin surface for 15 to 20 seconds with the
proprietary microbrush and then light cured for 20 seconds
(Demi Plus LED Light Curing System, Kerr, USA).The other
half of the irradiated dentin surface was left without any
bonding treatment for scanning electron microscope (SEM)
observation. A cylinder with a diameter of 2.38mm and a
height of 2mm of self-adhering flowable resin composite was
added over the first light-cured layer using a special bonding
mold insert (Ultradent Products, Inc., South Jordan, UT,
USA) (Figure 2). All samples were stored in distilled water at
room temperature for 24 hours before performing the shear
bond strength test.

Shear bond strength test was applied on all samples using
a notched edge in a testingmachine (Ultradent Products, Inc.,
South Jordan, UT, USA) at a crosshead speed of 1.0mm/min.
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Table 1: Mean shear bond strength (in megapascals) and standard deviation for the experimental groups.

Experimental group Energy selected Frequency
(Hz)

Energy density
(J/cm2) Mean (MPa) ± SD

Group 1 (control) No irradiation — — 08.1667 ± 2.59837
Group 2 Er:YAG 50mJ 10 17.692 09.2417 ± 3.87895
Group 3 Er:YAG 60mJ 10 20.769 12.9167 ± 4.62441
Group 4 Er:YAG 80mJ 10 25.385 10.0500 ± 4.60583
Group 5 Er:YAG 100mJ 10 31.769 09.4167 ± 2.25301

(a) (b)

Figure 1: Impact of laser on dentin using a computer driven robot.

Figure 2: Almost half of the irradiated dentin received self-adhering
flowable resin composite with the 2.38 × 2mm cylindrical build-
up. The rest of the dentin was left unbounded for SEM observation.
D: dentin irradiated without self-adhering flowable resin composite
over irradiated dentin; C: cylindrical build-up.

Results were obtained in megapascal from the peak load
at failure. Dentin surfaces were examined with a stereomi-
croscope (Leica/Meyer Instruments, Houston, USA) at 20x
magnification to determine the failure mode.

The modified adhesive remnant index (ARI) proposed
by Ostby et al. [23] was employed to assess the amount of
adhesive left on the dentin surfaces as follows:

Score 1: all of the adhesives remained on the tooth

Score 2: more than 90% of the adhesives remained on
the tooth

Score 3: 10–90% of the adhesives remained on the
tooth

Score 4: less than 10% of the adhesives remained on
the tooth

Score 5: no adhesive remained on the tooth

2.1. Specimen Preparation for SEMObservation. Each sample
served for double SEM observation. Part of the irradiated
dentin that did not receive any self-adhering flowable resin
composite treatment served as control showing the impact
of laser on sound dentin. The second observation was
performed to the zone that received the SBS tests. All samples
were dehydrated in a graded series of aqueous ethanol (25%,
50%, 75%, 90%, and 100%), respectively, for 20 seconds for the
first three groups and then for 30 seconds for the fourth group
and for one hour for the last ethanol concentration (100%).
Samples were left 24 hours for their final dehydration. Dentin
surfaces were gold-sputtered and observed for topographical
changes under SEM at 500x to 2500x magnification.The data
were finally analyzed using one-way ANOVA and Tukey’s test
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Table 2: Predominant failure patterns (in percent) by stereomicroscope under ×20 magnification (𝑛 = 12/group).

Experimental group Failure mode
Score 1 (%) Score 2 (%) Score 3 (%) Score 4 (%) Score 5 (%)

Group 1 (control) 0 (0%) 0 (0%) 0 (0%) 2 (16.68%) 10 (83.32%)
Group 2 0 (0%) 1 (8.34%) 2 (16.68%) 5 (41.64%) 4 (33.34%)
Group 3 0 (0%) 0 (0%) 1 (8.34%) 7 (58.33%) 4 (33.33%)
Group 4 0 (0%) 0 (0%) 0 (0%) 4 (33.33%) 8 (66.67%)
Group 5 0 (0%) 0 (0%) 1 (8.34%) 8 (66.66%) 3 (25%)

Table 3: Statistical comparison for the experimental groups.

Experimental group Mean difference Std. error Sig.
No laser treatment versus Er:YAG 50mJ −1.07500 1.48008 0.998
No laser treatment versus Er:YAG 60mJ −4.75000∗ 1.48008 0.045∗

No laser treatment versus Er:YAG 80mJ −1.88333 1.48008 0.937
No laser treatment versus Er:YAG 100mJ −1.25000 1.48008 0.995
∗Themean difference is significant at the 0.05 level.

Repeated measures one-way ANOVA data
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Figure 3: Bar graph showing the mean values with the standard
deviations.

(𝑃 = 0.05) using SPSS software ver. 21.0 (SPSS, Co., Ltd.,
Tokyo, Japan).

3. Results

3.1. Descriptive Results. The means and the standard devi-
ations for SBS are exhibited in Table 1. Group 3 repre-
senting 60mJ of energy exhibited the highest mean with
12.9167MPa; then again values decrease at a higher level
of energy (Figure 3). When examining failure mode in
fractured specimens as they are represented in Table 2, score
5 and score 4—where no adhesive or only 10% of adhesives
remain on dentin—appear to be the most common failure

mode. Stereomicroscopic observation resulted in adhesive
dominance in comparison to cohesive failure.

3.2. Analytical Results. Bond strength data were submitted to
statistical analysis. One-wayANOVAandTukey’s test showed
a statistically significant difference between control group
and irradiated dentin when using Er:YAG at 60mJ of energy
(𝑃 < 0.05) (Table 3).

3.3. SEM Topographical Observation. SEM examination of
dentin surface after laser irradiation showed what is pre-
sented in Figure 4.

The smear layer appears to be clean at all levels. Tubules
are open, especially for 60mJ and 80mJ (Figures 4(b) and
4(c)). There is no presence of any cracks or melted dentin in
all figures.Whenusing 60mJ (Figure 4(b)) peritubular dentin
is less affected, while laser impact with 80mJ and 100mJ
(Figures 4(c) and 4(d)) seems to be more effective on inter-
and peritubular dentin.

SEMexamination of dentin surface after SBS tests showed
the following:

(1) At very low level of energy (50mJ), the resin com-
posite is not totally eliminated, and a small number
of tubules appear (Figure 5(a)).

(2) At a higher level of energy (60mJ), the smear layer is
eliminated, and a large number of tubules are visible,
with most of them filled with resin tags (Figure 5(b)).

(3) When a larger amount of energy is used (80mJ), the
smear layer is completely removed; a large number
of tubules are visible, with some of them containing
resin tags, while others are empty with a small
diameter (Figure 5(c)).

(4) When a higher level of energy is used (100mJ), the
smear layer is completely removed; the dentin tubules
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(a) (b)

(c) (d)

Figure 4: SEM observation after irradiation with Er:YAG and before bonding self-adhering flowable resin composite, respectively, with (a)
50mJ, (b) 60mJ, (c) 80mJ, and (d) 100mJ.

opening seems to be very small and part of the tubules
is free of resin composite (Figure 5(d)).

4. Discussion

In this study, standardized flat surfaces of sound dentin were
employed for testing self-adhering flowable resin composite
bond strength when prepared with Er:YAG at different levels
of energies. Flowable composite was used to avoid any dif-
ference in the pressure of composite paste during the curing
procedure. Unprepared dentin surfaces were considered as
the control group. The acidic phosphate group of the chosen
self-etch flowable resin composite etches the tooth structure
and creates chemical bonds with the calcium. However, the
acidity of the product was insufficient to eliminate the smear
layer. This smear layer prevents the diffusion of resin into the
dentin structure (collagen layer), hence affecting SBS values
[29]. Consequently, it is advisable to eliminate the smear layer
in order to improve the infiltration of the flowable composite
into superficial collagen fibers and dentin tubules.

Previous studies have proven that dentin treatment with
laser at a low level of energy is effective in eliminating the
smear layer. It may allow a reduction in the microfissures

and roughness of the irradiated surfaces [33]. Some studies
mentioned that when using high energy laser tends to melt
the irradiated dentin, alters and denatures collagen fibers,
closes tubules, and prevents bonding infiltration in opened
tubules and the formation of resin tags [12]. Tuloglu et al.
[34] evaluated the shear bond strength of conventional and
self-adhering resin composite to dentin and they found that
SBS values of self-adhering resin composite are lower than
conventional ones whether they are bonding to lacteal or
permanent teeth. Moreover Russo et al. [35] concluded that
Er:YAG laser irradiation prior to bonding has increased
the SBS values of all adhesive systems used including self-
adhering resin composite. That was evident in our study
when SEM observation combined with SBS values showed
net amelioration at low level of energy (60mJ) compared to
values coming from a higher one. Our results correlate with
Bahrami et al.’s study [13], where tensile bond strength values
at low fluency were improved even though a different type of
bonding system was used; it demonstrated that laser at low
energy of 80mJ helps eliminate denatured collagen fibrils,
melted, fused, and weakly attached to adjacent dentin. Such
dentin represents porous layer of melted minerals, which
forms microfissures that could partially be infiltrated by
adhesive [24].
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(a) (b)

(c) (d)

Figure 5: SEMobservation after SBS done on dentin surfaces bondedwith self-adhering flowable resin composite. (a) shows cohesive fracture
with resin composite remnants; some tubules are open without any visible tags or plugs inside. (b) shows adhesive fracture; dentin tubules
are visible. Most of them are filled with resin tags or plugs; fracture occurred between tags and composite; peritubular collagen fibrils are
visible. (c) shows typical adhesive fracture; dentin is totally visible; tubules are open with less resin composite tags or plugs inside, signifying
less infiltration of self-adhering flowable resin composite inside dentin tubules; and peritubular collagen fibrils are visible. (d) shows a large
amount of dentin tubules with smaller opening and typical adhesive fracture; and fewer tags or plugs infiltrated dentin tubules. R: resin
composite; T: tags or plugs; Tb: dentin tubules.

Results from the failure mode correlate with SBS values
and SEM observation regarding the enhancement of self-
adhering flowable resin composite bond quality. Meanwhile,
almost all dentin surfaces for sound or unirradiated dentin
scored a total absence of composite when observed with a
stereomicroscope using 20x magnifications [2]. The increase
in remnants left when laser irradiation was performed would
explain the effect of demineralization of laser, while the
decrease of remnants on unirradiated surfaces explains the
reduced etching effect of self-adhering flowable resin com-
posite on dentin. This would correlate with the studies of
Shahabi et al.; they concluded that if the remnant is increased
or cohesive fracture occurred, SBS values should increase,
explaining the amount of dentin demineralization effect of
the technique [36]. These findings prove that the etching
effect of self-adhering flowable resin composite is relatively
weak and should, therefore, be enhanced; they also prove
that laser cavity preparation is seemingly a promising technic.
Yazici et al. [19] compared two different types of dentin prepa-
ration: SiC paper and Er:YAG irradiation. They concluded
that laser treatment increased dentin-bonding values of
self-adhering flowable resin [9].

Stereomicroscopic observation showed deeper morpho-
logical alteration of dentin. However, SBS values did not
increase, respectively, by increasing energy levels. When the
same dentin was examined under SEM, the smear layer was
visibly washed away and tubules were opened similar to a
low level of energy. However, one exception was observed:
peritubular dentin is less affected by the laser yielded to
less opened tubules, preventing resin composite from infil-
trating into dentin structure (Figure 1). Bachmann et al.
have reported that when heating human and bovine dentin
temperature increased to a certain point above 225∘C which
would denature collagen fibers, irreversibly yielding to weak
bonding with resin composite [14, 15]. Other studies have
reported that microhardness of dentin decreases subsequent
to laser irradiation when using high level of energy due to
the increase in temperature and alteration of the physical and
chemical composition [12].

One ought not to compare our results to others due to the
number of variables used in the study: bonding agents, laser
parameters starting fromenergy level to frequencymode, and
the amount of spray (water/air) that could modify the laser
thermal effect on dentin.
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In conclusion, the null hypothesis is only rejected when
using Er:YAG at 60mJ. It is important to understand that
using high level of energy for excavating caries and cutting
enamel and dentin does not necessarily prepare tooth hard
tissues for bonding procedure. We tried to prove in our
study the importance of laser low level of energy based on a
combination of power, frequency, water, and air which can
dissolve the smear layer without destroying the remaining
collagen fibers by enhancing the shear bond strength of self-
adhering flowable resin composite to dentin.

Additional studies might be of interest in order to study
the stability of the obtained bond strength within time.

5. Conclusion

Within the limitation of this study, we concluded that Er:YAG
laser beam used for dentin preparation can increase the
quality of shear bond strength of self-adhering flowable resin
composite when used at the appropriately delivered energy
density (60mJ, 10Hz inMSP, and noncontactmode of 1.3mm
tip diameter) under air/water cooling.
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Objective.The aim of this study was to compare to fracture resistance test of inlay restorations prepared using direct inlay technique
(Gradia�Direct Composite) and Indirect Restoration System� (Gradia Indirect Composite) and CAD/CAD system (Vita Enamic�
Block). Study Design. 48 noncarious extracted maxillary second primary molars were randomly divided into 4 groups with 12 in
each group. All the teeth were prepared based on inlay class II preparations except for the control group. Other groups were restored
with Gradia Direct Composite, Gradia Indirect Composite, and Vita Enamic Block, respectively. All restorations were cemented
self-adhesive dual cure resin (3M Espe, RelyX�Unicem Aplicap). A fracture test was performed using a compressive load. Results
were analyzed using one-way analysis of variance and Duncan’s post hocmultiple comparison tests (𝛼 = 0.05). Results. Vita Enamic
Block and Gradia Indirect Composite showed significantly higher fracture resistance than Gradia Direct Composite (𝑝 < 0.05).
There was no significant difference fracture resistance between Vita Enamic Block and Gradia Indirect Composite (𝑝 > 0.05).
All restorations tested led to a significant reduction in fracture resistance (𝑝 < 0.05). Conclusion. In inlay restorations, Indirect
Restoration Systems and CAD/CAM systems were applied successfully together with the self-adhesive dual cure resin cements in
primary molars.

1. Introduction

It is very difficult to make restoration in children in the
existence of extensive coronal destruction of primary molars
[1]. There are some disadvantages of stainless steel crowns
such as their nonaesthetic appearance and possibility of
damaging gingival tissues. Likewise, the direct restorations
require extensive working time, creating operation difficulty
in the noncooperative children and failures due to polymer-
ization shrinkage [2, 3]. When all of these problems are taken
into consideration, there has been a need for the treatment
options that can be easily prepared and applied and can meet
the aesthetic needs.

It is possible to obtain successful treatment results by
applying inlay restorations in children through the use of
different systems.The ways of making inlay restorations were
first introduced by Dr. Philbrook in 1897. These restorations

which are extraorally made and cemented into the teeth are
classified as inlays, onlays, and overlays depending on the
dimensions of the cavities [4]. It is possible to make the
inlay restorations with both composite resins and ceramics.
With the development of the restoration materials, adhesive
cement, and systems that are being used, making restorations
became easier and has become more attractive for children
[5].

With the evolving technology, inlay restorations can be
easily fabricated with chair-side CAD/CAM systems by using
blocks with a variety of alternative shades [5, 6]. Likewise,
the manufacturers have specified that better polymerization,
improvement in the physical properties of the restorations,
and chance of easier work could be provided in the com-
posite inlays prepared with the recently developed Gradia
Indirect Restoration System (GC Gradia Indirect Composite,
Labolight LV-III) [7]. Researched with these new developed
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Figure 1: Proximal view of inlay class II preparations (a); occlusal view of inlay class II preparations (b).

systems, studies for the primary teeth have been limited only
to the case reports. Therefore, the aim of this study was to
determine the superiority prepared with direct inlay tech-
nique, indirect composite systems, and CAD/CAM systems
in the primary teeth in terms of their usage and fracture
resistance.

2. Materials and Methods

2.1. Preparation of the Teeth Samples. 48 noncarious extracted
maxillary second primarymolars were removed from the soft
tissue deposits with a hand scalar. The teeth were disinfected
in 10% thymol for 24 hours and then stored in distilled water
at 4∘C until preparation. Then, the teeth specimens were
embedded perpendicularly in the self-cured acrylic resin
(Takilon�, WP-Dental, Barmstedt, Germany) up to 2mm
below the enamel-cement junction in the standard plastic
molds. All of the teeth were randomly divided into 4 groups
with 12 in each group. The procedures in this study were
approved by the Ethics Committee of Ataturk University
Faculty of Dentistry (Erzurum/TURKEY).

2.2. Cavity Preparation. All the teeth were prepared based on
their inlay class II preparations except for the control group.
Inlay preparations were prepared using diamond trunk conic
burs (KG Sorensen, Barueri, SP, Brazil).The gingival wall was
prepared 0.5mm above the enamel-cement junction, while
the buccolingual width was prepared as 2.5mm. Occlusal
depth was designed as 2.5mm below the enamel-dentine
border (Figure 1). Millimetric end of the periodontal probe
was used for measuring the cavities. The angle between the
cavity floor and the sidewalls was observed to be 95–100
degrees expanding towards the occlusion.

2.3. Preparation of the Restorations

First Group (Control). No preparation was performed.

Second Group. The teeth were restored by using direct inlay
technique. Firstly, separating liquid (GC Gradia separator)
was applied to the cavity. Gradia Direct Posterior Composite

(GC America Inc., Alsip, IL, USA) was placed in the cavity
in two layers and was removed from the cavity after the
prepolymerization of 10 seconds. Afterwards, it was light-
cured for 3 minutes in total from all surfaces with a light-
emitting diode (LED) polymerizing unit (Elipar S10; 3M
ESPE, St. Paul, MN) with irradiance of 1200mW/cm2.

ThirdGroup.The teeth were restored by usingGradia Indirect
Restoration System (GC America Inc., Alsip, IL, USA).
The prepared teeth were impressed with a polyvinylsiloxane
material (Elite HD, Zhermack, Rovigo, Italy) and impression
was poured with type IV die stone (Elite Rock, Zhermack,
Rovigo, Italy). All stone dies were sealed with a die hardener
(Gradia Die Hardener) and then a thin layer of separator
(Gradia separator) was applied for isolation. Gradia Indirect
Composites in the system were placed in the cavity in two
layers and each layer was exposed to prepolymerization with
the Steplight SL-1 (GC America Inc., Alsip, IL, USA) for 10
seconds (Figure 2(a)). Finally, the final polymerization was
performed for 3 minutes with the Gradia Labolight LV-III
(Figure 2(b)).

Fourth Group. The teeth were restored by using CAD/CAM
system (Sirona, Bensheim, Germany) and Vita Enamic
Blocks (Vita Zahnfabrik, Bad Sackingen, Germany). The
prepared teeth were scanned with CEREC Omnicam camera
and a color 3D virtual model was obtained (Figure 3(a)).
The restoration design was made on the virtual model
(Figure 3(b)). Vita Enamic Blocks were placed in the milling
unit (CEREC5MCXL) and the blocks weremilling according
to the design (Figure 3(c)).

2.4. Cementation of the Restorations. The cementation of the
inlay restorations was performed with self-adhesive resin
cement (3M Espe, RelyX Unicem Aplicap). Cementation was
done according to the manufacturers’ instructions for use.
The inner surface of the composite inlays (Gradia Direct
Composite andGradia Indirect Composite) were sandblasted
for 10 seconds with aluminum oxide particles and the inner
surface of the blocks were etched with 10% hydrofluoric acid
for 60 seconds and rinsed with water for 30 sec and dried for
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Figure 2: Prepolymerization with the Steplight SL-1 (a), final polymerization with Labolight LV-III (b).

(a)

(b)(c)

Figure 3: Prepared teeth scanning with CEREC Omnicam camera (a), restoration designing on virtual model (b), and milled Vita Enamic
Block (c).

20 sec. Silane was applied to inner surfaces of all restorations
(Ultradent� Silane, Ultradent Products Inc., UT, USA) and
after 60 seconds of waiting, air was sprayed to spread it
homogenously. All of the samples were cemented using RelyX
Unicem Aplicap. Afterwards, all surfaces including occlusal,
buccal, lingual, and proximal were cured for 40 seconds for
each. After the polymerization, the polishing was performed
with the polishing discs (Sof-Lex�, 3M Espe, USA).

2.5. Fracture Test. The fracture resistance of the teeth was
measured using Instron� universal testing machine (Instron,
Model 2710-003, Instron Corp., USA). The stainless steel bar
with rounded ends of 3.5mmdiameterwas used.The steel bar
was adjusted to simultaneously contact the buccal and palatal
cusps of all restorations during the fracture test. Pressure was

performedwith 0.5mm/min of cross-head speed and the data
obtained as a result of the fracture test were calculated in
Newtons.

The Shapiro-Wilks normality test was applied to the
fracture test data. Because the data show a normal distri-
bution, results were analyzed with statistical software (SPSS
version 19.0, SPSS Inc., Chicago IL, USA) using a one-
way analysis of variance (ANOVA) and Duncan’s post hoc
multiple comparison tests (𝛼 = 0.05).

3. Results

The fracture resistance means in all groups are shown in
Table 1. When the fracture resistance values of the groups
are compared, it was seen that the Gradia Indirect group
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Table 1: Mean and standard deviations of different experimental or control groups.

Groups 𝑁 Mean SD Minimum Maximum
Control 12 850.167a 96.238 701.0 1007.0
Gradia Direct Composite (direct inlay technique) 12 677.717b 105.465 531.2 821.2
Gradia Indirect Composite, (Indirect Restoration
System) 12 764.817c 94.001 556.1 890.2

Vita Enamic Block (CAD/CAM system) 12 762.283c 95.321 651.5 932.1
Different small letter superscripts indicate that fracture resistance values are significantly different at 𝑝 < 0.05.
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Figure 4: Descriptive statistics of fracture resistance of test groups in this study.

has the lowest mean fracture resistance (677.7 ± 105.4) while
the control group has the highest value (850.2 ± 96.2). It
was also seen that the fracture resistances of Gradia Indirect
Composite and Vita Enamic Blocks were statistically similar
(resp., 764.8 + 94.0 and 762.3 + 95.3) (Figure 4).

According to the results of fracture resistance testing,
a statistically significant difference was found among the
groups (𝑝 = 0.001). Duncan’s post hoc test was used to deter-
mine which group results are significantly different from
others. According to the results of this analysis

(i) the control group with the highest fracture resistance
has a significant difference from other groups (𝑝 <
0.05);

(ii) Gradia Direct group with the lowest fracture resis-
tance is significantly different from other groups (𝑝 <
0.05);

(iii) no statistically significant difference has been found
between Vita Enamic Blocks and Gradia Indirect
groups with very similar values (𝑝 > 0.05).

4. Discussion

ln pediatric dentistry, time is more important than in the
other areas of dentistry. In the restoration of the primary teeth

which have more extensive loss in the younger patient, the
placement of direct composite resins with the incremental
technique and curing each increment lengthens the treatment
a lot and this might cause this child patient to get bored
[8], because the placement of direct resin composite requires
technical sensitivity, patient cooperation, better isolation of
the site, and an extensive working time. In addition, when
the child gets tired and closes his mouth frequently, it causes
salivary contamination and therefore the reduction of the
restoration success [9].

Recently, ideal contact points, good surface finishing,
obtaining more aesthetic and more longevity restorations,
and better marginal adaptation were becoming popular in
indirect restorations [10, 11]. One of the indirect restoration
techniques is inlay restorations. Inlay restorations protect the
tooth structure very well and may be an ideal alternative to
the crown restorations [12]. Due to the increase of aesthetic
expectation in pediatric dentistry, the need for different
restoration techniques and the spreading of ceramic and
composite materials made the ceramic and composite inlays
outstanding in this area. When the indirect inlay techniques
are compared with direct composite techniques, there is
placement of the tooth with an anatomy close to the natural
one, better control of the occlusal and proximal contact
points, better marginal integrity especially in the gingival
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wall, minimal polymerization shrinkage caused by adhesive
agent, better polishing and finishing opportunities, shorter
clinical work, and less contamination risk [13].

Indirect Restoration Systems and the new system of
CAD/CAM practices have been started to be used in indirect
restorations in pediatric dentistry; and it has been reported
that this method can be prepared and cemented in a shorter
time than the placement time of the SSCs and it can be
an alternative to the SSCs in terms of patient satisfaction,
endurance, abrasion properties similar to the enamel, and a
better quality of the marginal adaptation [14, 15]. In addition,
reduction of the errors caused by the conventional impression
methods thanks to the screening method in CAD/CAM
applications and the presence of a program providing the
preplanning of the restoration as well as the production
of the restoration without the need for a laboratory makes
it possible to have CAD/CAM restorations as the future
restorations in pediatric dentistry [16]. Despite all of these
specified advantages, the clinical data regarding CAD/CAM
applications in pediatric dentistry are limited to the case
reports. Therefore, in order to test the applicability of the
CAD/CAM restorations in pediatric dentistry, we compared
it with the other commonly used methods by working in
primarily in vitro study.

It is of critical importance to minimize the unconverted
(co)monomers amount in resin based materials and to
polymerize them at the right light source for a sufficient time
in order to prevent damage to the biological tissues [17].
Unfortunately it is not always possible to completely perform
polymerization in the child patients [18]. We have aimed for
inlay techniques in our study.

Self-adhesive dual cure resin cement (RelyX Unicem
Aplicap) was used in our study. Self-adhesive dual cure
resin cement can be applied in a short time without the
need for any preprocessing such as primer, adhesive, and
acid. Moreover, this material has less technical sensitivity
and fluoride releasing, so it can be used more attractive for
dentists.

Depending on both forces occurring in occlusion and
function in the used restorative materials, stress might be
formed within the material. The fracture resistance is an
important criteria in evaluating the long-term success of
restorative materials [19, 20]. Although fracture as a result
of normal bite forces in healthy teeth is observed rarely,
fracture is observed more frequently in the teeth with cavity
preparation or caries. As a result of cavity preparation, the
structure of the tooth is weakened and its tendency towards
fracture is increasing. It was seen in a study that the structure
of the upper premolar teeth with a MOD cavity weakened by
59% [21]. Therefore, it was found that the teeth in the control
group which did not undergo any restoration process had the
highest fracture values in our study.

It was observed that the fracture resistance of Gradia
Indirect Composites (Gradia Indirect Restoration System)
was more than the Gradia Direct Composites. The reason
for this was that the filing rate within the Gradia Indirect
Composites was increased and the physical properties were
improved thanks to the silane coated ceramic particles. In

addition, the light curing units used during final polymer-
ization and prepolymerization (Labolight LV-III, Steplight
SL-I) provided homogeneous polymerization in the low
wavelength and the polymerization shrinkage was reduced.

The fracture resistance values of Vita Enamic Blocks
and Gradia Indirect Composites were found to be similar.
Vita Enamic Block is the first hybrid dental ceramic in the
world with a dual-network structure. Vita Enamic is a dental
hybrid material that combines the positive characteristics of
a ceramic and a composite. Vita Enamic Blocks abrasion
properties are similar to enamel, so it is reported that it
protects better the antagonist teeth and enables a good
adhesion with the self-adhesive dual cure resin cement due
to its composite-like structure. The microstructural analy-
ses showed a hybrid material composed of interconnected
networks: a dominant ceramic and a polymer [22, 23].
High magnification microscopy showed a few microcracks
in the network structure. These defects may decrease the
mechanical properties of materials [24]. Despite its ceramic
content, the dual network structure inside and its com-
plete production under fabrication conditions increased the
fracture resistance of Vita Enamic Blocks and its fracture
resistance was found to be similar to the Gradia Indirect
Composite.

5. Conclusions

The restorations prepared with indirect technique (Gradia
Indirect Restoration System and CAD/CAM system) in case
of more extensive loss of dental structure in the primary teeth
can be preferred because of their better fracture resistance,
aesthetic looks, implementation in a single visit, and shorter
intraoral working-time.When all of these are considered, the
restorations preparedwith the indirect techniques in children
and especially CAD/CAM restorations should be researched
more in terms of in vivo and in vitro finding in terms of
pediatric dentistry.
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The purpose of this study was to evaluate and compare the retention strength of five cement types commonly used in implant-
retained fixed partial dentures, before and after compressive cyclic loading. In five solid abutments screwed to 5 implant analogs, 50
metal Cr-Ni alloy copings were cemented with five luting agents: resin-modified glass ionomer (RmGI), resin composite (RC), glass
ionomer (GI), resin urethane-based (RUB), and compomer cement (CC). Two tensile tests were conducted with a universal testing
machine, one after the first luting of the copings and the other after 100,000 cycles of 100N loading at 0.72Hz.The one way ANOVA
test was applied for the statistical analysis using the post hoc Tukey test when required. Before and after applying the compressive
load, RmGI and RC cement types showed the greatest retention strength. After compressive loading, RUB cement showed the
highest percentage loss of retention (64.45%). GI cement recorded the lowest retention strength (50.35N) and the resin composite
cement recorded the highest (352.02N). The type of cement influences the retention loss. The clinician should give preference to
lower retention strength cement (RUB, CC, and GI) if he envisages any complications and a high retention strength one (RmGI,
RC) for a specific clinical situation.

1. Introduction

Currently, the high long-term survival of implants, especially
in patients with good oral hygiene, makes the rehabilitation
with a partial implant-supported fixed prosthesis an option
frequently offered by the clinician and requested by the
patient. There are only two systems to fix this kind of
prosthesis to implants: screw-retained and cement-retained
implant-supported restorations. Both systems have advan-
tages and disadvantages and, depending on the particular
clinical situation, one retention type could be more appro-
priate than the other [1]. The use of one or another retention
system has long been discussed and still remains controver-
sial among practitioners. There are not enough guidelines
based on evidence-based clinical data to recommend a
certain type of mechanism [2] and it seems to depend on
the personal preferences and experience of the clinicians.

Aesthetics, good mechanical environment, major passive fit,
and occlusal control are the main advantages of a cement-
retained implant-supported prosthesis, and the increased
likelihood of peri-implantitis and the difficulty of retrievabil-
ity are the main disadvantages. By contrast, the retrievability,
ease of use, and greater stability in immediate loading and
provisional restorations are the main advantages of a screw-
retained implant-supported prosthesis and the mechanical-
technical complications (screw loosening and others) are the
main disadvantages [1]. However, recent systematic reviews
[1–4] show similar survival rates, with no significant dif-
ferences between the two retention types. Moreover, there
is significantly lower total rate of technical and biological
complications and more frequent fracturing of the veneer-
ing material in screw-retained implant-supported prostheses
compared to the cemented ones [3].
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When the clinician chooses a cement-retained implant-
supported fixed partial prosthesis, he expects easy retrievabil-
ity and enough retention strength to avoid decementation.
However, there is a lack of sufficient scientific evidence
relating to cement which fulfills these two conditions. Nowa-
days there is no consensus to establish which cement is the
most appropriate for luting implant prostheses. Although
some cement types are specifically manufactured to cement
implant restorations, temporary or permanent cement types
manufactured for the cementation of conventional dental-
supported prostheses are widely used [5]. The dental liter-
ature evaluates and compares the retention of temporary
cement types under different conditions and for different
designs, and it has been reported that themost common com-
plication is prosthesis debonding [6–12]. However, the high
cost of implant-supported prostheses makes patients per-
ceive this complication as unacceptable and obliges the
prosthodontist to increase retention strength, using per-
manent cement or a screw-retained prosthesis [6, 13–16].
Regardless of the geometry of the abutment and other
mechanical and biological factors that can strongly influence
the retentiveness of the cement, the retention strength and
degree of retrievability of the cemented restorations depend
on the chosen cement, and, by definition, permanent cement
types are those that offer the greatest retention. However,
the greatest disadvantage of permanent cement is the lack
of retrievability, and yet their clinical use is common, with
frequent research carried out to compare their retention
strength [6, 10, 11, 13, 17–23]. Urethane-based resin, com-
pomer, glass ionomer, resin-modified glass ionomer, and
resin composite are some of the kinds of cement available and
used clinically to cement fixed partial prostheses to implant
abutments [5].

A large number of literature references compare the
retentiveness of these cement types in implant dentistry
with different types of prosthetic restorations and abutments,
different conditions of compressive loading, and different
simulating intraoral conditions [6, 9–11, 17–29]. By contrast,
there are very few references comparing retentiveness before
and after a cyclic compressive loading which simulates
mastication to decide whether the final retention of these
cement types after a long period of mastication is enough
to support the retrievability and at the same time keep the
restoration in place [8, 18, 20, 26]. Knowledge of these data
may be useful to clinicians to decide which cement to use if
they need to retrieve the restoration. The aim of this study
was to assess and compare retention before and after a cyclic
compressive loading of five commonly used dental cement
types when cementing cast crowns to implant abutments in
relation to the retrievability of the restoration. The null
hypotheses were that retention loss after the cyclic compres-
sive loading of the cement types with higher tensile bond
strength (resin composite and resin-modified glass ionomer)
would be similar to cement types with lower tensile bond
strength, such as glass ionomer, compomer, and urethane-
based resin, and five cement types would allow the retriev-
ability of implant-supported cemented prostheses.

Figure 1: Working model. Cyclic compressive load test.

2. Materials and Methods

2.1. Preparation of Specimen. The working model was a rect-
angular metal frame filled with self-curing acrylic rose with
a transparent methyl-methacrylate recipient on top. In the
resin block, 5 holes (10 to 12mm apart) were made and, with
the aid of a parallelometer, 5 implant analogs 4×10 (Stark-D;
Sweden & Martina, Due Carrare, Italy) were placed in them.
A titanium solid abutment, tapered 6 degrees and 7mm in
height, was screwed to each implant using a manual torque
controller at 30Ncm and the abutments were numbered from
1 to 5 on the outside of the model (Figure 1). 50 individual
premachined castable copings were cast in nickel-chromium
alloy (Wiron 99; Bego, Lincoln, RI). On its occlusal surface,
each coping was provided with a loop for attachment to the
tensile testing machine. Copings were numbered 1 to 50 and
were randomized into the five cement types to be assessed
(𝑛 = 10); moreover, each coping from each cement group
was randomly assigned to each abutment.

2.2. Luting of Copings. Five kinds of cement were evaluated:
resin-modified glass ionomer cement (Fujicem Automix; GC
Europe, Leuven, Belgium); resin composite cement (Multi-
link Implant; Ivoclar, Schaan, Liechtenstein); glass ionomer
cement (Fuji I Capsule; GC Corporation, Tokyo, Japan);
compomer cement (Stay BondKDM; Kalma,Madrid, Spain);
and urethane-based resin cement (Premier Implant Cement;
Premier, Plymouth Meeting, PA) (Table 1). All the copings
were cemented by the same operator, who, like the data
analyst, was unaware of the cement being used (double blind).
The cementation protocol for the five types of cement was in
accordancewith themanufacturers’ instructions; also,mixing
error and mixing time were minimized by using Automix
syringes or mechanical mixing capsules. The copings were
completely covered with the luting agent and were placed on
the abutment by applying firm finger pressure for 20 seconds,
followed by a 5 kg compressive axial load for 10 minutes.
Excess cement was removed from the margin at 30 minutes
cementation and the complete seating of the coping on the
complex implant-abutmentwas visually checked formarginal
integrity and to ensure there was no marginal gap and after
another 30 minutes the initial tensile test was carried out.

2.3. Testing of Tensile Strength. After the initial tensile test,
copings and abutment-implants were cleaned with distilled
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Table 1: Features and composition of the dental luting agents used in this study.

Cement type Brand Manufacturer Composition

Resin-modified
glass ionomer
cement

Fujicem Automix GC Europe
Leuven, Belgium

Fluoroaluminosilicate glass, aqueous
solution of polycarboxylic acid

modified with methacrylate groups,
HEMA

Resin composite
cement Multilink Implant Ivoclar Vivadent

Schaan, Liechtenstein
Matrix: dimethacrylate resin, HEMA
Fill: barium glass, ytterbium fluoride

Glass ionomer
cement Fuji I Capsule GC Corporation

Tokyo, Japan

Powder: silica glass, alumina glass
Liquid: polyacrylic acid, tricarboxylic

copolymer acid

Compomer cement Stay Bond KDM, Kalma
Madrid, Spain

UDMA, bifunctional monomers
Fill: silica and alumina glass

Resin
urethane-based
cement

Premier Implant
Cement

Premier
Plymouth Meeting, PA,

USA

Base: UDMA, TEGDMA, HEMA
Catalyst: UDMA, TEGDMA, benzoyl

peroxide
HEMA: hydroxyethylmethacrylate. UDMA: urethane dimethacrylate. TEGDMA: triethylenglycoldimethacrylate.

Figure 2: Tensile test after cyclic compressive loading.

water for 10 minutes, using a Hollenback carver and an ultra-
sonic bath. Complete removal of the cement was confirmed
with a 4x magnifying glass. The copings were then cemented
again using the procedure described above. The container of
the methyl-methacrylate working model was then filled with
a saturated physiological saline solution colored with crystal
violet to cover two-thirds of the height of the copings and
the compression test was carried out. Each coping from each
cement group was subjected to a cyclic compressive load of
100N, at a frequency of 0.72Hz, until 100,000 cycles were
completed, to simulate 2-3 months of average human masti-
catory function (Figure 1). After the compression test, the liq-
uid medium was removed with a syringe and then the tensile
test was performed (Figure 2). A model EM1/5FR universal
testing machine (Microtest, Madrid, Spain) and SCM3000
software (Microtest, Madrid, Spain) were used to apply
the compressive and tensile forces to the copings (Figure 3).

2.4. Statistical Analysis. In order to examine the equality
of mean retention values between groups before and after
compressive loading in the cement types, one way ANOVA
tests were performed. Afterwards the post hoc Tukey test was
used to find which cement types mean retention values were
significantly different from each other. All the statistical tests
were conducted at 𝑝 < 0.05 significance level.

Figure 3: Universal tensile-compressive test machine.

3. Results

Table 2 shows retention strength values before and after
cyclic compressive loading and the retention index of the five
cement types tested. Before the application of the compressive
load, resin-modified glass ionomer and resin composite
cement showed the greatest retention strength. The values
of resin composite cement were statistically significantly
different from the other four cement types of the study. The
temporary urethane-based resin cement had the next highest
retention value. The retention of this cement was approxi-
mately half that of the resin composite and resin-modified
glass ionomer cement types, slightly higher than compomer
cement retention and 75% greater compared to the retention
of glass ionomer cement, with no statistically significant
differences being revealed by the Tukey post hoc test.

After the compressive test, the retention of all cement
types was lower compared to the initial retention, with
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Table 2: Mean tensile retention strength of tested cement types before and after cyclic compressive loading.

Cement type and brand
Retention before

loading
(N) (SD)

Retention after loading
(N) (SD) 𝑝 value

Retention
index
(%)

Resin-modified glass
ionomer
(Fujicem Automix)

253.35∗
(85.38)

174.50∗∗∗
(92.09) 0.155 31.12

Resin composite
(Multilink Implant)

443.15∗∗
(69.41)

352.02∗∗
(76.05) 0.055 20.56

Glass ionomer
(Fuji I Capsule)

100.41
(33.55)

50.35
(30.37) 0.007 49.86

Compomer
(Stay Bond)

161.13
(53.34)

75.12
(72.63) 0.005 53.38

Resin urethane-based
(Premier Implant
Cement)

174.76
(45.59)

71.25
(73.86) 0.005 59.23

Values of retention inNewton; 𝑛 = 10. Standard deviation in brackets.The Tukey test: ∗statistically significant differences with respect to glass ionomer cement;
∗∗statistically significant differences with respect to the other four cement types; ∗∗∗statistically significant differences with respect to glass ionomer and resin
urethane-based cement types.

statistically significant differences for urethane-based resin,
compomer, and glass ionomer cement types. The retention
index measures the percentage rate of change of retention
before and after compressive loading and is calculated using
the following formula: Retention Index = (1− retention after
load/retention before load) ×100.

According to this index, the Premier Implant Cement,
Stay Bond, and Fuji I Capsule cement types show the greatest
percentage loss of retention strength compared to Fujicem
Automix and Multilink Implant cement types. Also, after
compressive loading, the Multilink Implant shows the great-
est retention strength with statistically significant differences
from the other four cement types, as does the Fujicem
Automix cement from the Fuji I Capsule andPremier Implant
Cement.

4. Discussion

4.1. Clinical and Biologic Implications. This study was con-
ducted to determine the loss of retention strength in five
cement types commonly used in clinical practice after cyclic
compressive loading equivalent to two to three months of
mastication. The results obtained prevent us from accepting
the stated null hypothesis, since, after compressive loading,
cement types of higher tensile strength showed significant
differences in retention strength compared to lower ten-
sile strength cement types, which, moreover, do not per-
mit retrievability of the cement-retained implant-supported
prosthesis.

Before application of a compressive load, five cement
types showed enough retention strength to keep the crowns
in place, a force of between 100.41N (Fuji I Capsule cement)
and 443.15N (Multilink Implant cement) being required to
dislodge them.This great retentiveness of the resin composite
cement agrees with the high retention strength values of
the resin composite cement types, with or without 10-
MDPmonomer (10-methacryloyloxydecyl dihydrogen phos-
phate), quoted in other studies [10, 11, 17, 21–23]. Likewise,

the resin-modified glass ionomer cement (Fujicem Automix)
showed retention strength values similar to those found by
other authors but also different from other studies that report
higher or lower values [10, 11, 17, 19, 20, 22, 23]. In the same
way, the Premier Implant Cement and the Fuji I Capsule
cement types revealed initial retentiveness values close to
those cited in the dental literature or, conversely, higher or
lower [9, 15, 17, 19, 21–24, 27–29]. Although retention strength
data have not been found for compomer cement in the
literature, its initial mean retention strength values, before
loading, are in the range reported by other authors for glass
ionomer cement [10, 19, 22, 23]. Regardless of the nature of
the cement types, the use of different alloys/materials, tapers,
heights, diameters, roughness and surface treatment abut-
ments, mixes and luting, environment, and waiting times for
the tensile test differences, as well as commercial differences
in cement composition, may explain the differences in the
initial retention strength values of these dental cement types
reported in the literature [9, 11, 15, 16, 21, 22, 26].

Furthermore, independently of factors thatmay influence
the retention strength before compressive loading, the results
obtained showed that any cement of this study has enough
initial strength to lute a single implant or conventional
prosthesis. However, the high retention values recorded with
the Multilink Implant and Fujicem Automix cement showed
that these cement types aremore suitable for cementing unfa-
vorable fixed prostheses (low height or excessively tapered
abutments), while the Premier Implant Cement, Fuji I Cap-
sule, and compomer cement typeswould bemore appropriate
in cases with better prosthetic retention characteristics.

On the other hand, if the retentive strength is an indi-
rect measure of the ability of the prosthetic restoration to
withstand dislodgement forces, in this study this ability has
decreased markedly for the five cement types after compres-
sive loading corresponding to 2-3 months of simulated chew-
ing, with differences in the percentage of retention loss. How-
ever, the Multilink Implant and Fujicem Automix cement
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showed a high retention strength that does not favor the
retrievability of the restoration; 174.50N would be required
to dislodge the crowns cemented with resin-modified glass
ionomer (Fujicem Automix) and double that strength for
the ones cemented with resin composite (Multilink Implant).
Therefore, these cement types should not be used in those
cases where the dentist needs to retrieve the crowns, unless
the technique of cement-screw-retained restoration is used,
which consists of making a hole in the occlusal surface of
the crown to allow direct access to the abutment screw.
This technique does not appear to significantly decrease the
cement retention strength [13]. For the compomer (Stay Bond
KDM) and glass ionomer (Fuji I Capsule) cement types, the
retention strength decreased after compressive loading by
about half (50%) and by three-fifths (64%) in the case of resin
urethane-based (Premier Implant Cement) cement. Despite
this higher percentage of retention loss, resin urethane-based
cement maintained a retention strength similar to that of
compomer cement, and both had retention values 50%higher
than the glass ionomer cement. These results confirmed
that the mechanical stress of the cyclic compressive loading
reduces the retentiveness of the cement types, though not to
the same degree.

Also, these three cement types showed retention strength
values after compressive cyclic loading of between 50.35N
(Fuji I Capsule cement) and 75.12N (Stay Bond cement),
which can ensure retrievability butmay not prevent dislodge-
ment of the crown during function.

When the patient’s treatment is a cemented implant-
supported fixed partial denture, one of the main concerns
of the clinician, in addition to preventing peri-implantitis
and bone loss around implants, is to use cement that allows
restoration retrievability in the event of a complication
arising. The data of this study showed that despite the large
percentage of retention loss of the five cement types, only the
use of the Premier Implant Cement, Fuji I Capsule, and Stay
BondKDMcement typeswould help prosthesis retrievability,
as a maximum force of just 75.12N would be sufficient to
dislodge the crowns. However, it is not possible to assert
whether the retention strength of these three cement types is
enough to keep the restoration in place. In the dental liter-
ature no data were found regarding the minimum retention
strength values of cement needed to keep a crown in place.
However, knowing the results of this study can be useful for
practitioners if they want cement that allows them to retrieve
the restoration. In contrast, if the retrievability is not a prob-
lem and the clinicians wish for cement to keep the restora-
tions in place for a long time without frequent debonding,
the Fujicem Automix and Multilink Implant cement types
are suitable. This is confirmed by the 174.50N and 352.02N
needed, respectively, to debond the crowns with these two
cement types.

Therefore, in accordance with the results of this research,
when the dentist suspects a short-term biological or
mechanical-technical complication of any kind, he must
choose the urethane-based resin, compomer, or the glass
ionomer cement types. If, on the other hand, the dentist
does not envisage any complication or the abutments have
poor retention forms, resin composite (Multilink Implant)

or resin-modified glass ionomer (Fujicem Automix) cement
types are the most suitable luting agents. Although neither
of these two cement types favors retrievability, the clinician
should know that choosing the resin-modified glass ionomer
cement allows a greater possibility of retrievability than does
the resin composite cement.

4.2. Limitations and Justification of the Experimental Design.
This study is an in vitro test that simulates the influence
of mastication on dental cement retention strength. During
mastication, complex strength patterns occur in different
directions with a combination of compression, tensile, and
shear stress, all contributing to crown debonding. This
situation is not easily reproducible in vitro and constitutes a
limitation, since only axial compressive loading and a pure
tensile testwere used. Furthermore, inter- and intraindividual
mastication variability associated with the type of food, age,
sex, missing teeth, and use of prosthesis or joint and muscle
pathology means that there is great variability in the number
of cycles corresponding to the average daily, weekly, or annual
human masticatory function. In this trial, the number of
compressive cycles coincides with one study and was lower
than in other studies [8, 20]. A load of 100N was applied, a
value close to that produced in the front part of themouth and
not far from the 75–110Nof other studies [8, 26].This trial did
not take into account the temperature, the tests having
been performed at room temperature of between 22 and 24
degrees. All of this constitutes a limitation, because although
not all cement types are affected to the same extent by temper-
ature changes, it has been noted that thermal cycles decrease
the retention strength of cement types, when there are large
differences between thermal expansion coefficients of the
metal casting and cement [20, 27]. Furthermore, the lower
values of the retention strength of the glass ionomer (Fuji I
Capsule) cement both before and after the compressive cyclic
loading may be because of the little time (one hour) that
has elapsed between the cementing of the copings and the
beginning of the initial tensile and compressive load tests as
well as the humid environment of the experiment. It is well
known that glass ionomer and resin-modified glass ionomer
cement types have, in addition to the ability to absorb water,
a very peculiar setting process, that is, a prolonged acid-base
reaction taking days or weeks to reach its maximum strength
[30, 31]. This is also a relative limitation, as the patients
treated with a conventional or unconventional fixed prosthe-
sis cemented with this kind of cement begin to chew 1–3 h
after cementation.

The reuse of the copings for the tensile test after compres-
sive loading and of the abutments for each type of cement
can be a limitation, because although there is insufficient
information available on the effect of this reuse on retention
strength, there is one study that indicates that this strength
may be altered due to luting and removing cement from
abutments and metal castings [11]. Future research should
take these limitations into account by increasing the sample
size and standardizing the experimental design with in vitro
conditions as close as possible to the oral environment during
mastication. Furthermore, in vitro studies are unable to
replicate exactly all of the oral environment variables during
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mastication, such as temperature changes, salivary character-
istics (pH, buffering capacity, and flow rate), characteristics
of food, occlusal forces, and tongue movements, all of which
may influence dental cement retention strength. Therefore,
no clear correlation can be established between the results
obtained and clinical practice performance.

5. Conclusions

Within the limitations and the in vitro conditions used in
this study and in accordance with the results obtained, the
following conclusions may be drawn:

(1) The cyclic compressive load decreases the retention
strength of the five cement types. The resin composite (Mul-
tilink Implant) and resin-modified glass ionomer (Fujicem
Automix) cement types recorded the lowest percentage of
retention loss and the resin urethane-based (Premier Implant
Cement) cement the highest. (2) The glass ionomer, com-
pomer, and urethane-based resin cement types may favor the
retrievability of implant-supported cemented prostheses. In
contrast, the resin composite and the resin-modified glass
ionomer keep the crowns in place, preventing their dislodge-
ment during function. (3) Since the type of cement influences
the retention loss, clinicians should give preference to a lower
retention strength cement if complications are envisaged
and a high retention strength cement for a specific clinical
situation.
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This 12-week clinical study evaluated the impact of 10% CPP-ACP and 5% sodium fluoride varnish regimes on the regression of
nonorthodontic white spot lesions (WSLs).The study included 21 children with 101WSLs whowere randomised into four treatment
regimes: weekly clinical applications of fluoride varnish for the first month (FV); twice daily self-applications of CPP-ACP paste
(CPP-ACP); weekly applications of fluoride varnish for the first month and twice daily self-applications of CPP-ACP paste (CPP-
ACP-FV); and no intervention (control). All groups undertook a standard oral hygiene protocol and weekly consultation. Visual
appraisals and laser fluorescence (LF) measurements were made in weeks one and twelve. The majority of WSLs in the control
and FV groups exhibited no shift in appearance, whereas, in the CPP-ACP and CPP-ACP-FV groups, the lesions predominantly
regressed. The visual and LF assessments indicated that the extent of remineralisation afforded by the treatments was of the
following order: control ∼ FV < CPP-ACP ∼ CPP-ACP-FV. Self-applications of CPP-ACP paste as an adjunct to standard oral
hygiene significantly improved the appearance and remineralisation of WSLs. No advantage was observed for the use of fluoride
varnish as a supplement to either the standard or CPP-ACP-enhanced oral hygiene regimes.

1. Introduction

Dental caries is the destruction of tooth tissue in the presence
of organic acids produced by cariogenic bacteria located
in the dental biofilm [1, 2]. Tooth enamel comprises ∼
90% substituted hydroxyapatite (Ca

10
(PO
4
)
6
(OH)
2
), which

is subjected to consecutive cycles of dissolution (deminerali-
sation) and recrystallisation (remineralisation). Oral bacteria
ferment carbohydrates to produce organic acids which lower
the pH and cause the subsurface dissolution of the hydroxya-
patite crystals. Under normal physiological conditions (pH
7), saliva is supersaturated with calcium and phosphate
ions which diffuse into the vacancies created during acid-
mediated demineralisation episodes [1, 2]. Noncavitated
white spot lesions (WSLs) are the first indication that the
complex dynamic physicochemical processes that maintain
healthy enamel have shifted in favour of demineralisation.

It is possible to reverse the early stages of enamel
caries, during which the surface remains intact and the
net dissolution of calcium and phosphate ions occurs from
the body of the lesion [1–3]. A combination of good oral
hygiene, dietary control, and fluoride therapy is a widely
recommended strategy for the prevention and reversal of
early caries. The substitution of smaller spherical fluoride
ions for hydroxide ions in hydroxyapatite strengthens the
bonds within the lattice and reduces the solubility product
[1]. This means not only that fluorapatite is less soluble than
its unfluoridated counterpart, but also that it will recrystallise
more readily at lower concentrations of its component ions.

Fluoride formulations include mouthwashes, dentifrices,
toothpastes, gels, and varnishes [4, 5]. All forms of fluoride-
delivery have been shown to be effective in the treatment of
WSLs; however, a particular advantage of clinically applied
varnishes is that they negate the need for patient compliance
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[4, 5]. One concern regarding fluoride therapy for the
treatment of WSLs is the potential hypermineralisation of
the surface layer in the presence of high concentrations of
fluoride ions which prevents the subsequent penetration of
calcium and phosphate ions into the body of the lesion [6].

In most cases, the concentration and bioavailability of
calcium ions are the limiting factors in the remineralisation
process and accordingly a number of home-use and clinical
products have been developed to enhance the calcium and
phosphate concentrations of saliva and plaque [1, 7–9].
These include dentifrices and topical pastes which contain
bioactive calcium-sodium-phosphosilicate glass (e.g., Sen-
sodyne Repair & Protect, GlaxoSmithKline, UK), synthetic
hydroxyapatite (e.g., mirasensitive hap+�, Hager Werken,
Germany), and casein phosphopeptide-amorphous calcium
phosphate, CPP-ACP, (e.g., GC Tooth Mousse, GC, Japan).

CPP-ACP, a milk-derivative, comprises peptide frag-
ments that are rich in phosphorylated seryl and glutamic
acid residues that bind to amorphous calcium phosphate
nanoparticles [11]. The peptide residues stabilise the amor-
phous calcium phosphate phase and inhibit its premature
crystallisation in the oral cavity, thus maintaining a supply
of bioavailable calcium and phosphate ions for subsurface
remineralisation. These CPP-ACP nanoclusters are reported
to adhere to enamel, plaque and pellicle, to inhibit bacterial
adhesion to the tooth, to form fluoridated CPP-ACFP com-
plexes, and to act as a pH buffer against acid assault [9, 11, 12].

Evidence from in vitro [13–15], in situ [16], and in
vivo [12, 17–22] studies has indicated that CPP-ACP is an
effective remineralising agent for the treatment of “natural,”
postorthodontic and artificially induced WSLs; however, its
reported efficacy with respect to that of traditional fluoride
therapy is contentious [17–23]. A potential synergistic effect
of CPP-ACP and fluoride therapy is also disputed [13, 16, 23].

The aim of this clinical study was to evaluate the impact
of CPP-ACP and fluoride varnish regimes, applied separately
and in combination, on the regression of nonorthodontic
WSLs. The appearance of the WSLs was appraised by visual
assessment and laser fluorescence at the beginning and
at the end of the 12-week trial. The null hypothesis was
that the changes in visual score and fluorescence for the
three interventional regimes would not differ from those
of a positive control group undertaking a standard rem-
ineralisation protocol consisting of oral hygiene instruction,
fluoride toothpaste, xylitol chewing gum, and chlorhexidine
mouthwash.

2. Materials and Methods

2.1. Patients. Thirty eligible patients were originally invited
to participate in the study, 9 of whom failed to comply and
were eliminated.The final study group consisted of 21 healthy
children of both sexes aged between 8 and 15 years who
were referred for the treatment of WSLs. 101 nonorthodontic
maxillary and mandibular permanent teeth with WSLs on
either the buccal or lingual surfaces were included in the
study. Filled and decayed teeth were excluded. All patients
were provided with an informative leaflet on dental caries,
dietary advice and good oral hygiene.

This research was approved by the Ethical Committee
of the Faculty of Dentistry at Gazi University on April 21,
2009, and has been performed in accordance with the ethical
standards laid down in the 1975 Declaration of Helsinki
and its later amendments. The informed written consent
of all human participants or their legal representatives was
obtained prior to their inclusion in the study.

2.2. Remineralisation Protocols. The patients were randomly
divided by a two-coin toss into three treatment groups and
one positive control group by a third party who was not
directly involved in the research project (as listed in Table 1).
All groups were provided with oral hygiene instructions and
a package of dental products for home-use. The package
contained a toothbrush, fluoride dentifrice, xylitol chewing
gum and antibacterial mouthwash (as listed in Table 2). All
patients were required to attend a weekly consultation for
twelve weeks during which their oral hygiene was appraised
and the contents of their packages weremonitored to confirm
their compliance.

All participants were requested to brush their teeth after
breakfast and before bedtime with a pea-sized quantity of
fluoride toothpaste. Additional brushing or water irrigation
after the midday meal was also recommended but was not
an essential requirement of the study. On each day of the
first, fifth and ninth weeks of the study, the patients were
required to rinse their mouths with 5 cm3 of the antibacterial
mouthwash for one minute after their evening brushing
session. The patients were also requested to chew two pieces
of xylitol gum for five minutes four times per day (preferably
after snacks) throughout the 12-week period. The control
group received no further treatment or intervention.

The subjects in groups “FV” and “CPP-ACP-FV” were
treated with a dental varnish containing 5% sodium fluoride
(FlorOpal�, Ultradent, USA) in accordance with the manu-
facturer’s instructions during the consultations in weeks one,
two, three, four and twelve. They were advised not to eat,
brush their teeth, or chew gum for at least two hours after
the application of the varnish. The patients in groups “CPP-
ACP” and “CPP-ACP-FV” were provided with topical CPP-
ACP paste (GC ToothMousse, GC JAPAN, Japan).They were
required to apply the CPP-ACP paste to the WSLs with a
finger or toothbrush after their morning and evening oral
care regimes and to avoid eating or drinking for at least thirty
minutes after the application.

2.3. Assessment Criteria. On the first day of the study, the
teeth were cleaned and plaque was removed. Enamel surfaces
were examined visually with the aid of a light, mouth mirror
and dental probe. The visual assessment was conducted by
two examiners (one of whom was “blinded”) in accordance
with the scoring criteria established by Ekstrand et al. [10]
(listed in Table 3). Only lesions scoring either 2 or 3 were
included in the study. The same visual assessment was
conducted during the final consultation in week twelve to
evaluate the efficacy of the different treatment regimes.

Laser fluorescence (LF) measurements were also made
in triplicate on air-dried teeth for each visibly opaque lesion
in weeks one and twelve using a portable DIAGNOdent
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Table 1: Treatment groups.

Parameter Control FV CPP-ACP CPP-ACP-FV
Coin toss allocation Head-Head Tail-Tail Head-Tail Tail-Head
Number of teeth 32 22 21 28
Number of males 4 1 3 5
Number of females 2 4 1 1
Oral hygiene instructions ✓ ✓ ✓ ✓

Fluoridated dentifrice ✓ ✓ ✓ ✓

Antibacterial mouthwash ✓ ✓ ✓ ✓

Xylitol chewing gum ✓ ✓ ✓ ✓

Fluoride varnish M ✓ M ✓

CPP-ACP paste M M ✓ ✓

Table 2: Composition of commercially available products used in this study.

Material Composition
Fluoridated dentifrice
(Colgate Total�,
Colgate-Palmolive
Company, NJ, USA)

Sodium fluoride (1450 ppmF−), water, glycerin, hydrated silica, sorbitol, PVM/MA copolymer,
sodium lauryl sulfate, aroma, carrageenan, sodium hydroxide, propylene glycol, cellulose gum,
triclosan, sodium saccharin, limonene, CI 77891 (white pigment)

Xylitol chewing gum
(Vivident�, Perfetti Van
Melle, Esenyurt, Turkey)

Xylitol (23.2%), sorbitol, mannitol, maltitol syrup, aspartame, chewing gum, flavorings, Arabic
gum, E171, glycerol, soya lecithin, carnauba wax, E320

CPP-ACP
(GC Tooth Mousse, GC,
Tokyo, Japan)

CPP-ACP (10%), water, glycerol, D-sorbitol, xylitol, sodium carboxymethylcellulose, propylene
glycol, silica, titanium dioxide, zinc oxide, phosphoric acid, magnesium oxide, guar gum,
sodium saccharin, ethyl p-hydroxybenzoate, butyl p-hydroxybenzoate, propyl
p-hydroxybenzoate

Fluoride varnish
(Flor-Opal, Ultradent, UT,
USA)

Sodium fluoride (5%), ethyl alcohol, methyl salicylate, hydrogenated rosin

Antibacterial mouthwash
(Andorex, Delta Vital,
Istanbul, Turkey)

Benzydamine hydrochloride (0.15%), chlorhexidine gluconate (0.12%), water, saccharine,
ethanol, methyl paraben, quinoline yellow, patent blue V, peppermint essential oil

Table 3: Visual examination criteria used in the selection and
assessment of samples [10].

Score Visual assessment criterion

1 No, or slight, change in enamel translucency after
air-drying for 5 seconds

2 Opacity or discoloration hardly visible on the wet
surface but visible after air-drying

3 Visible opacity or discoloration without air-drying

4 Localised enamel breakdown with opacity or greyish
discoloration from the underlying dentin

5 Cavitation in opaque or discolored enamel exposing
the dentin

pen (KaVo Dental GmbH, Germany) which was calibrated
prior to each patient with the ceramic standard disc provided
by the manufacturer. LF provides an indirect measure of
the extent of demineralisation of noncavitated caries: the
tooth surface is exposed to light of wavelength 655 nm which
causes organic matter in the demineralised lesion to fluo-
resce. The intensity of the fluorescence is converted into

an arbitrary numerical scale by the instrument. According
to the manufacturer, LF readings of 0–14 indicate sound
enamel, initial caries fall in the range 14–20, and readings of
greater than 20 are indicative of dentinal caries. Only WSLs
with initial LF measurements within the range 14–20 were
included in this study.

2.4. Statistical Evaluations. The Kolmogorov method indi-
cated that the baseline and posttreatment visual assessment
data were nonparametric and that the LF data were normally
distributed. Median differences among the visual assessment
data for each of the groups were compared using the Kruskal
Wallis test (𝑝 = 0.05) and the baseline and posttreatment data
for each group were evaluated using a Bonferroni Adjusted
Wilcoxon Sign Rank test (𝑝 = 0.0125) [24]. Interexaminer
reproducibility was analysed with the kappa statistic.

The intergroup variations in the mean reduction in LF
measurements after treatment were subjected to a one-way
ANOVA test (𝑝 = 0.05) and individual one-tailed t-tests
(𝑝 = 0.05). The baseline and posttreatment LF data for each
group were also subjected to individual one-tailed t-tests
(𝑝 = 0.05) [24]. Power analysis was carried out on the t-
test data to ensure that the sample sizes and the magnitude of
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the observed effects were sufficient to ensure an appropriate
rejection of the null hypothesis [24].

3. Results

3.1. Patients. Thirty patients were originally invited to partic-
ipate in the study. Four participants were eliminated during
the initial consultation on the basis of poor oral hygiene or
lack of cooperation in the chair. Five further patients failed
to attend all of the weekly check-up sessions, due to other
parental commitments, and were omitted from the study.
The remaining 21 participants were motivated to adopt good
oral hygiene practices and to improve the appearance of
their WSLs. None of the participants across the study either
reported or exhibited any adverse or allergic reactions to any
of the dental products to which they were exposed.

3.2. Visual Assessment. Frequency plots showing the distri-
butions of pre- andposttreatment visual assessment scores for
each treatment regime are given in Figure 1. An interexaminer
kappa statistic of 0.91 was obtained for the visual assessment
scores which indicates high reproducibility. A summary of
the results of the corresponding statistical analysis via the
Bonferroni Adjusted Wilcoxon Sign Rank test is listed in
Table 4. These results indicate that there were statistically
significant improvements in the visual appearance of the
WSLs in the three treatment groups (FV, CPP-ACP, and CPP-
ACP-FV) but that there was no apparent net regression of the
lesions in the control group.

The percentages of WSLs that were observed to have
regressed, progressed or exhibited no change in visual
assessment score for each of the treatment regimens are
plotted in Figure 2. All of the WSLs in the FV, CPP-ACP
and CPP-ACP-FV treatment groups were either stabilised or
regressed during the study; however, 3 lesions (i.e., ∼9%) in
the control group continued to progress from scores of 2
to 3. In the control and FV groups, the majority of lesions
exhibited no shift in aesthetic appearance (72 and 64%,
resp.), whereas in the CPP-ACP and CPP-ACP-FV groups
the lesions predominantly regressed (57 and 75%, resp.).
There were no statistically significant differences between the
aesthetic improvements of the control and FV groups (𝑝 =
0.111) and between the CPP-ACP and CPP-ACP-FV groups
(𝑝 = 0.288). The differences in lesion regression between all
other “pairs” of treatment regimes were found to be signi-
ficant at 𝑝 = 0.05.

3.3. Laser Fluorescence Assessment. Themean pre- and post-
treatment LF data for each of the groups are plotted in
Figure 3, and a summary of the corresponding intragroup
t-test results are listed in Table 5. Power analysis indicated
>99% power to appropriately reject the null hypothesis. No
significant differences in the mean LF pretreatment baseline
readings were noted among the four groups, whose range was
16.5 ± 2.0 to 16.9 ± 2.2. According to the mean reductions in
LF measurements between baseline and posttreatment, sig-
nificant improvements in the remineralisation of the lesions
were observed for all four groups after the 12-week period
(𝑝 < 0.001).

The mean decreases in LF readings between baseline and
posttreatment, which provide an indirect evaluation of the
extent of remineralisation for each treatment regime, and a
summary of the one-way ANOVA test are listed in Table 6.
The results of intergroup one-tailed t-tests on these data sets
are also listed in Table 7.

The results of the LF assessment confirm the findings
of the visual appraisal and indicate that the extent of rem-
ineralisation afforded by the four different treatment regimes
investigated in this study is of the following order: control
∼ FV < CPP-ACP ∼ CPP-ACP-FV. A plot of mean LF data
against visual score (for all of the treated teeth in the study) is
shown in Figure 4 and indicates that an approximately linear
relationship exists between the two methods of evaluation
over this range of measurements (with 𝑅2 = 0.992).

4. Discussion

4.1. Patients. This study evaluated the impact of CPP-ACP
and fluoride varnish regimes, applied separately and in com-
bination, on the regression of nonorthodontic incipient car-
ious lesions. Many studies have indicated that a 12-week
time-frame is sufficiently long to enable the semiquantifiable
detection of lesion regression [12, 18–20]. Conversely, other
studies argue that a period of at least six months is preferable
in order to detect any adverse or beneficial effects of caries-
preventive strategies [23]. This research project was limited
to twelve weeks because of concerns that the nonorthodontic
patients, who were not accustomed to regular dental consul-
tations, would not comply with longer term follow-ups for
personal and/or socioeconomic reasons. Indeed, during the
study, five of the thirty original participants selected failed to
attend one or more of the weekly check-ups and were accord-
ingly eliminated. The compliance of the remaining partici-
pants was high. None of the participants withdrew due to
any adverse effects (e.g., allergies, gingival inflammation,
enamel-staining, and accelerated plaque accumulation) and
no detrimental effects were observed with any of the treat-
ment protocols during the course of the study.

4.2. Standard Oral Hygiene (Control). The standard oral
hygiene programme devised as the positive control for this
study was designed to ensure that no patient was placed at
a clinical disadvantage. All participants received oral hygiene
instruction, weeklymonitoring, highly fluoridated dentifrice,
antimicrobial mouthwash and xylitol chewing gum.

The complex chemistry of the demineralisation and
remineralisation processes of dental enamel and the specific
mechanisms by which fluoride species operate in these
processes are not yet fully understood [1]; however, the role
of extraneous fluoride ions in the prevention and treatment of
early caries is universally accepted [1–5]. It is for this reason
that all participants were required to brush twice daily with
dentifrice containing 1450 ppm fluoride ions.

Chlorhexidine (mouthwash) and xylitol (gum) were also
incorporated into the standard oral hygiene programme for
all patients, as their antibacterial action against the highly
cariogenic Streptococcus mutans group of oral pathogens is
widely acknowledged [25, 26]. Exposure to 5 cm3 of 0.12%
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Figure 1: Frequency distribution plots for the pre- and posttreatment visual scores for (a) control group, (b) FV group, (c) CPP-ACP group,
and (d) CPP-ACP-FV group.

Table 4: Median pre- and posttreatment visual examination scores, interquartile ranges, and significance levels at which the null hypothesis
is rejected for the Wilcoxon Sign Rank test.

Treatment regime Control FV CPP-ACP CPP-ACP-FV
Pretreatment median (interquartile range) 2 (2-3) 3 (2-3) 2 (2-3) 3 (2-3)
Posttreatment median (interquartile range) 2 (2-3) 2 (2-3) 2 (1-2) 1 (1-2)
Sample size (𝑛) 32 22 21 28
Significance level (𝑝) 0.257 0.003 <0.001 <0.001

Table 5: Mean pre- and posttreatment LFmeasurements, standard deviations, 𝑡 statistics, and significance levels at which the null hypothesis
is rejected for the one-tailed 𝑡-test.

Treatment regime Control FV CPP-ACP CPP-ACP-FV
Pretreatment mean (standard deviation) 16.9 (2.2) 16.9 (2.1) 16.7 (1.6) 16.5 (2.0)
Posttreatment mean (standard deviation) 6.42 (3.1) 6.18 (3.0) 3.16 (1.3) 3.95 (2.6)
𝑡-critical (𝑝 = 0.05) 1.672 1.687 1.685 1.675
𝑡-calculated 15.56 13.78 30.24 19.95
Significance level (𝑝) <0.001 <0.001 <0.001 <0.001
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Table 6: Mean decrease in LF measurements after treatment for each regime, variances, 𝐹-statistics, and significance level at which the null
hypothesis is rejected for the one-way ANOVA test.

Treatment regime Control FV CPP-ACP CPP-ACP-FV
Mean reduction after treatment 10.48 10.68 13.56 12.57
Variance 9.71 12.20 5.19 5.69
F-critical (𝑝 = 0.05) 2.696
F-calculated 6.645
Significance level (𝑝) <0.001

Table 7: Results of one-tailed t-tests to compare the decrease in mean LF readings after each different treatment regime and the significance
levels at which the null hypothesis is rejected.

Comparison treatment regimes 𝑡-critical (𝑝 = 0.05) 𝑡-experimental 𝑝

Control < FV 1.682 0.219 0.414
Control < CPP-ACP 1.676 4.146 <0.001
Control < CPP-ACP-FV 1.672 2.939 0.002
FV < CPP-ACP 1.688 3.210 0.001
FV < CPP-ACP-FV 1.688 2.171 0.018
CPP-ACP < CPP-ACP-FV 1.680 1.466 0.075
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Figure 2: Percentage transitions in the visual scores of the WSLs in
the four treatment groups.

chlorhexidine mouthwash was restricted to one minute per
day during the first, fifth and ninth weeks of the study, to
eliminate enamel-staining and its potential impact on the LF
measurements in week twelve.

Xylitol chewing gum has been recommended as a follow-
up treatment inmany remineralisation cases [27]. In addition
to its inhibition of S. mutans, xylitol cannot be fermented by
plaque bacteria, and it is reported to act as carrier for calcium
ions [28]. The choice of xylitol in chewing gum form was
intended to maintain the salivary flow, bicarbonate density
and pH of the oral cavity (especially after snacking).The daily
exposure to xylitol in this study was 2.56 g, which is reported
to be an effective dose in other remineralisation studies [26].

This standard oral hygiene regimen was observed to have
no impact on the aesthetic appearance of the WSLs in the
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Figure 3: Mean pre- and posttreatment laser fluorescence readings
of the WSLs in the four treatment groups.

control group; however, laser fluorescence measurements
indicated that significant remineralisation of the lesions had
occurred during the 12-week programme.

4.3. Fluoride Varnish. Fluoride varnish provides a temporary
reservoir of highly concentrated fluoride ions in direct con-
tact with the enamel surface which are able to diffuse into the
hydroxyapatite crystals. The substitution of free fluoride ions
for hydroxide ions decreases the crystal volume, increases the
stability and reduces the solubility of the apatitic crystals [29].
In addition to diffusion, fluoride ions can also be directly
incorporated into apatitic crystals during precipitation (i.e.,
remineralisation). In the latter case, in vitro studies have
demonstrated that fluoride ions also accelerate the kinetics
of apatite formation [29].



BioMed Research International 7

1 2 3 40
Visual score

0

2

4

6

8

10

M
ea

n 
LF

 m
ea

su
re

m
en

t (
ar

b) LF = 1.725 visual score + 1.5467

R
2
= 0.992

Figure 4: Mean laser fluorescence readings as a function of visual
score for treated teeth.

The clinical application of fluoride varnish as an adjunct
to good oral hygiene has been reported to provide an advan-
tage in both the prevention and reversal of WSLs [4, 5, 22];
however, this finding is not unanimous [20]. As previously
mentioned, one concern regarding fluoride therapy for the
treatment ofWSLs is the potential hypermineralisation of the
surface layer in the presence of high concentrations of fluo-
ride ions which physically blocks the subsequent ingress
of calcium and phosphate ions into the body of the lesion
[6]. Accordingly, some researchers have conjectured that low
doses of fluoride are effective in controlling the regression and
remineralisation of lesions in order to prevent hyperminerali-
sation and that high doses are recommended to inhibit initial
lesion formation [6, 30]. It would appear that exposure of
WSLs to excessive quantities of fluoride may be detrimental
to their subsurface remineralisation, although optimumfluo-
ride doses and delivery mechanisms have yet to be estab-
lished.

The findings of this study have indicated that four weekly
clinical applications of 5% sodium fluoride varnish as a
supplement to the standard oral hygiene programme did
not afford any remineralisation advantage. Neither the visual
appearance nor the LF measurements of the WSLs in the FV
group differed significantly from those of the control group.
The results of this study are in agreement with those of Huang
et al. [20], who found that a single application of 5% sodium
fluoride varnish in an 8-week follow-up had no impact on
postorthodontic WSL regression. Conversely, other studies
have indicated that fluoride varnishes can have a beneficial
impact on lesion regression during and following orthodontic
treatment and also in reversing active pit-and-fissure enamel
lesions in primary teeth [4, 5, 31, 32].

Supplementary fluoride varnish treatment is clearly an
advantage for noncompliant patients with early carious
lesions; however, it may be unnecessary and possibly even
detrimental to thosewho are observing stringent oral hygiene
regimens which include fluoridated dentifrices and/or
mouthwashes. Many researchers currently suggest that fur-
ther investigations are required to determine appropriate
fluoride doses and delivery systems for the prevention and
amelioration of WSLs [20, 32].

4.4. CPP-ACP. Statherin and proline-based proteins in saliva
bind to and stabilise bioavailable calcium and phosphate
ions which support the remineralisation processes of enamel.
In this respect, CPP-ACP is reported to act as a salivary
biomimetic, as its peptide residues fulfil a similar function.
It is recommended for use as an adjunct to and not a
replacement for fluoride therapy [31]. Topical CPP-ACP paste
has been shown to be an effective remineralising agent for
the treatment of natural and postorthodonticWSLs; however,
the current evidence regarding its clinical efficacy is highly
conflicting [9, 11, 12, 17–23, 33].

The results of this study have indicated that twice daily
topical applications of 10% CPP-ACP paste as an adjunct to
the standard oral hygiene programme significantly improved
the visual appearance and remineralisation of the WSLs.
These findings confirm those of previous in vivo studies in
which the cosmetic appearance, extent of remineralisation,
and/or size of incipient lesions were improved when topical
applications of CPP-ACPpastewere used to supplement good
oral hygiene protocols in which the daily use of fluoridated
dentifrices was incorporated [17, 18, 33].The combined use of
CPP-ACP and fluoride has been reported to exhibit a syner-
gistic anticariogenic effect. This synergistic phenomenon has
been attributed to the formation of fluoridated CPP-ACFP
complexes which co-localise bioavailable calcium, phosphate
and fluoride species on the tooth surface [9]; however, other
researchers argue that insufficient evidence currently exists to
confirm this coadjuvant effect [23].

It contrast to the results of this study, a number of in
vivo investigations have failed to find any beneficial impact
of supplementary applications of CPP-ACP pastes for the
prevention or treatment of early carious lesions [12, 19–
21]. The remarkable discrepancies in the literature regarding
the clinical relevance of CPP-ACP have been attributed
to variations in study-design, duration of clinical trials,
differences in the activity and severity of lesions, and the
possible pathological dissimilarities between orthodontic and
nonorthodontic WSLs [33, 34]. The development of CPP-
ACP technology is relatively recent, and it is currently
acknowledged that further clinical studies are required before
definitive recommendations for its use can be made [23].

4.5. CPP-ACP and Fluoride Varnish. The findings of this
study indicated that the supplementary application of 5%
sodium fluoride varnish did not enhance the beneficial
impact of CPP-ACP on the regression of WSLs when a good
oral hygiene protocol incorporating twice daily brushingwith
fluoridated dentifrice was undertaken by compliant patients.
It is postulated that sufficient extraneous fluoride is present in
the standard oral hygiene programme included in this study
to provoke any potential synergistic effect with CPP-ACP and
that additional exposure to fluoride via the varnishwas super-
fluous. Accordingly, this research study neither confirms nor
refutes the possible coadjuvant interactions between CPP-
ACP and fluoride, although it does support the burgeoning
body of clinical evidence to suggest that CPP-ACP affords an
advantage in the remineralisation of incipient dental caries.

It should be noted that this study pertains to the
monitored treatment of nonorthodontic patients who are
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not generally accustomed to regular dental consultations.
In actuality, the clinical significance of these findings will
depend upon the compliance of individual patients with
following a good oral hygiene routine in tandemwith the self-
administered CPP-ACP home-treatment regime.

5. Conclusions

The findings of this 12-week clinical study have indicated
that twice daily topical applications of 10% CPP-ACP paste
as an adjunct to a standard oral hygiene programme, which
includes fluoridated dentifrice, antimicrobial mouthwash
and xylitol chewing gum, significantly improve the appear-
ance and remineralisation of white spot lesions. This study
also found that there was no clinical advantage for the use
of 5% sodium fluoride varnish as a supplement to either the
standard or CPP-ACP-enhanced oral hygiene regimes.
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Background. Addition silicones are popular as dental impression materials and are used in bite registration procedures. Objective.
This study aimed to compare the postsetting elasticities and other mechanical properties of thirteen addition silicone interocclusal
recording materials. Materials and Methods. The following materials were investigated: Colorbite D, Futar D, Genie Bite, Jet Blue
Bite fast, Memoreg 2, O-Bite, Occlufast Rock, Omni-Bite Plus, Regidur i, Registrado X-tra, Regofix transparent, StoneBite, and
Variotime Bite. Thirty specimens of each material were tested. The elasticities and strengths of the materials were measured with
a universal testing machine, and computer software was used to determine the E-moduli, ultimate tensile strengths, and ultimate
elongations of the specimens. Results.The results were subjected to statistical analysis using the Kruskal-Wallis test (𝑝 ≤ 0.05). The
statistics revealed that the mean E-modulus values varied significantly across the materials (𝑝 = 0.000) and were highest for the
StoneBite and Registrado X-tra and lowest for the Regofix transparent. The ultimate tensile strengths were highest for the Regofix
transparent and Registrado X-tra (𝑝 = 0.000) and lowest for the Jet Blue Bite fast and Memoreg 2 (𝑝 = 0.000). The elongation
percentages at the point of breaking varied significantly across the materials (𝑝 = 0.000); the lowest value was observed for the
StoneBite, whereas the Regofix transparent nearly doubled original length. Conclusions.The authors concluded that materials with
the high E-moduli and great ultimate tensile strengths may be most useful clinically. Registrado X-tra and StoneBite best met these
criteria.

1. Introduction

The precise assessment of a patient’s maxillomandibular rela-
tions is a key aspect of diagnosis and complex restorative
therapy in oral rehabilitation. However, this assessment is
insufficient without mounting the maxillary and mandibular
casts in accordance with the recorded jaw relation on the
articulator [1–8]. The interocclusal record is a registration of
the positional relationship of the opposing teeth or arches
and has become the most popular method of transferring
maxillomandibular relations from the mouth to the articula-
tor [2, 5]. An interocclusal record is mainly used to achieve
the horizontal stability, which is essential to prevent the
horizontal rotation or translation of the casts [9].

Materials used for occlusal registration include dental
waxes, metal oxide pastes (such as zinc oxide pastes),
acrylic resins, and elastomeric materials, such as polyethers
and addition silicones [10]. The materials should possess
attributes that are as similar as possible to the requirements
for ideal bite registration material [3, 11]. These ideal require-
ments have been described as follows: (1) limited resistance
before setting to avoid displacement of teeth or mandible
during closure, (2) dimensional stability and resistance to
compression after setting, (3) accurate recording of the incisal
and occlusal surfaces of the teeth, (4) ease of handling, (5)
biocompatibility with the tissues involved in the procedure,
and (6) ease of verification [3, 11]. By knowing how well
various registration materials meet these criteria, a dentist is
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Table 1: Interocclusal recording materials included in the study.

Material Lot number Manufacturer
Colorbite D 148137 Zhermack, BadiaPolesine, Italy
Futar D 112151 Kettenbach GmbH & Co. KG., Eschenburg, Germany
Genie Bite 110826 Sultan Healthcare, York, PA, USA
Jet Blue Bite fast C30559 Coltène/Whaledent AG, Altstätten, Switzerland
Memoreg 2 380036 Heraeus Kulzer GmbH, Hanau, Germany
O-Bite 683563 DMG Chemisch-Pharmazeutische Fabrik GmbH, Hamburg, Germany
Occlufast Rock 132241 Zhermack, BadiaPolesine, Italy
Omni-Bite Plus 20242 Omnident-Dental-Handels GmbH, Rodgau, Germany
Regidur i 203743/2912 Bielefelder Dentalsilicone GmbH & Co. KG, Bielefeld, Germany
Registrado X-tra 1229190 VOCO GmbH, Cuxhaven, Germany
Regofix transparent 207001.09 Dreve Dentamid GmbH, Unna, Germany
StoneBite 208132.10 Dreve Dentamid GmbH, Unna, Germany
Variotime Bite 380076 Heraeus Kulzer GmbH, Hanau, Germany

more likely to choose the best material to obtain a precise
and correct interocclusal record. Such records would allow
the accurate placement of restorations, which would reduce
the need for extensive adjustments and repeated clinical steps
[2, 11].

Currently, polyether and polyvinyl siloxane bite record-
ing materials are increasing in popularity due to their han-
dling characteristics, accuracy, and dimensional stability [2,
6, 12, 13].Thesematerials are very similar to dental impression
materials, but their properties following modifications via
the addition of plasticizers and catalysts are unknown [2,
6, 7]. They do not require a carrier and are cost effective.
Many papers have investigated the mechanical properties of
addition silicone (A-silicone) bite recordingmaterials includ-
ing the dimensional stability, compression resistance, and
accuracy [3, 13, 14]. However, some important characteristics,
such as elasticity, remain unexamined. The major possible
disadvantage of using elastomers is that any compressive force
applied to these materials during the mounting of the casts
may cause inaccuracies [5]. Compressive resistance depends,
among other factors, on the thickness and stiffness of the
material [2]. For these materials, it is important that a set
material be both elastic enough to be easily removed from the
mouth and rigid enough to resist deformationwhen forces are
applied [10].

The purpose of this study was to evaluate the elasticities
and other mechanical properties of thirteen A-silicone inte-
rocclusal recording materials. The null hypotheses were that
the tested materials would not differ in E-modulus, ultimate
tensile strength, and ultimate elongation percent.

2. Materials and Methods

Thirteen addition silicone interocclusal recording materials
were studied: Colorbite D, Futar D, Genie Bite, Jet Blue Bite
fast, Memoreg 2, O-Bite, Occlufast Rock, Omni-Bite Plus,
Regidur i, Registrado X-tra, Regofix transparent, StoneBite,
and Variotime Bite. This group of silicones was included
to the study because of their popularity and worldwide

availability. A detailed list of the studiedmaterials is presented
in Table 1.

Elasticity tests were performed on 390 specimens (30 of
each material). The materials were supplied in the form of
dental silicone cartridges. The cartridges had static mixing
tips and were attached to a mixing gun. Each material was
then injected into a silicone die (Dublosil 28, Emichem,
Poland) that was coated with a thin layer of insulating agent
(an aqueous solution of natural soap) for easy removal.
Next, a rigid plastic plate was placed on the top of the
silicone die with unset interocclusal registrationmaterial, and
manual pressure was applied.The sample remained in the die
for the setting time recommended by manufacturer. Thus,
the prepared stripes measured 80mm in length, 10mm in
width, and 2mm in thickness. All 390 samples were obtained
in a similar manner. The samples were stored in a room
temperature in tightly sealed containers (∼23∘C) for 24 hours
before testing [2, 8, 11].

A Z3 Nordic Transducer Teknik (Nordisk Transducer
Teknik, Denmark) universal testing machine with a 3000N
Load Cell was applied for the tensile strength tests. The spec-
imens were securely clamped using two grips. The distance
between the grips was held constant at 50mm.The two grips
applied increasing tension to a specimen by stretching it
in the vertical direction at a constant speed of 50mm/min
until the specimen broke [15]. The maximum load withstood
by the specimen prior to breaking was recorded in N
automatically by computer software (THSSD ZPM version:
1.0.1.57 R1). Next, the ultimate tensile strength (UTS) in MPa
was calculated according toASTMD412 specification [16, 17]:

UTS = 𝐹
𝐴
, (1)

where UTS is ultimate tensile strength of the stress at rupture,
MPa. 𝐹 is the force magnitude at rupture, MN. 𝐴 is cross-
sectional area of unstrained specimen, m2.

The E-modulus (used to describe the elasticity) and the
ultimate elongation at break in millimeters were automat-
ically determined by the software (THSSD ZPM version:
1.0.1.57 R1).Themaximal elongation of specimen is expressed
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as the ultimate percentage elongation (% Eb) [15]. % Eb was
determined according to the ASTM D412 specification [17]:

% Eb =
𝐿 − 𝐿
𝑜

𝐿
𝑜

× 100, (2)

where % Eb is ultimate elongation in percent. 𝐿 is observed
distance between the grips at the point of specimen rupture.
𝐿
𝑜
is original distance between the grips (50mm).
The data in the tables are presented as the mean values.

The statistical analysis was performed using the Kruskal-
Wallis test with the STATISTICA version 10 software (StatSoft
Inc., Tulsa, OK, USA). The level of significance was set at
𝑝 ≤ 0.05. Shapiro-Wilk tests revealed that the distributions
of the values of some groups were not normal. Similarly, the
variances between some groups were not homogeneous. The
Kruskal-Wallis test was used for all analyses.

3. Results

The tests of statistical significance rejected the null hypothe-
ses. The tested materials differed in E-modulus, ultimate
tensile strength, and ultimate elongation.

3.1. E-Modulus Results. The analysis indicated statistically
significant differences in the E-modulus values between the
tested materials. Table 2 demonstrates the results of the
analysis for all thirteen materials (𝐻 = 327.42; 𝑝 = 0.000).
The most elastic material was the Regofix transparent (E-
modulus is 6.53MPa). The StoneBite and Registrado X-tra
exhibited the highest E-moduli of all the tested materials
(167.19MPa and 107.38MPa, resp.).

To better understand the statistical relationships between
themost rigidmaterials, the authors performed an additional
statistical test that included only the first four materials
listed in Table 2, that is, StoneBite, Registrado X-tra, O-
Bite, and Variotime Bite (𝐻 = 89.68; 𝑝 = 0.000). The
additional Kruskal-Wallis test revealed that the E-modulus
of the StoneBite was significantly greater than that of the
Registrado X-tra (𝑝 = 0.000). The statistical significance of
the difference in the E-moduli of the Registrado X-tra andO-
Bitewasweak (𝑝 = 0.045).Therewas no significant difference
between the O-Bite and Variotime Bite (𝑝 = 0.222).

TheGenie Bite, Occlufast Rock, Regidur i, andOmni-Bite
Plus had similar elastic properties according to an analysis
of all thirteen tested materials. To better understand the sta-
tistical relationships between only the four above-mentioned
silicones, an additional statistical test was performed. The
additional Kruskal-Wallis test revealed that the Genie Bite
had the highest E-modulus value (𝐻 = 13.47; 𝑝 = 0.004).

3.2. Ultimate Tensile Strength. The comparisons revealed
significant differences in the ultimate tensile strengths of the
studied silicones. Table 3 presents the results of the analysis of
all thirteen materials (𝐻 = 217.73; 𝑝 = 0.000). The statistics
divided the materials into 5 subgroups with no significant
differences in the UTSs of the silicones in the subgroups
(𝑝 > 0.05). The 1st subgroup included Regofix transparent
and Registrado X-tra, which exhibited the highest UTSs of all

Table 2: Comparison of 𝐸-modulus mean values for the tested
materials.

Material 𝐸-modulus [MPa]
Mean value ± SD

(1) StoneBite 167.19 ± 19.59(1)

(2) Registrado X-tra 107.38 ± 11.36(1)

(3) O-Bite 93.94 ± 13.32(2)

(4) Variotime Bite 83.59 ± 8.76(3)

(5) Futar D 64.85 ± 9.05(4)

(6) Colorbite D 57.38 ± 7.52(5)

(7) Genie Bite 55.47 ± 7.27(6)

(8) Occlufast Rock 48.41 ± 7.38(6)

(9) Regidur i 48.11 ± 10.47(6)

(10) Omni-Bite Plus 47.88 ± 12.07(6)

(11) Jet Blue Bite fast 43.34 ± 9.66(7)

(12) Memoreg 2 42.22 ± 6.87(7)

(13) Regofix transparent 6.53 ± 2.34(8)
(1)
𝑝 < 0.05 in comparison to (5)–(13).
(2)
𝑝 < 0.05 in comparison to (6)–(13).
(3)
𝑝 < 0.05 in comparison to (7)–(13).
(4)
𝑝 < 0.05 in comparison to (1), (2) and (11)–(13).
(5)
𝑝 < 0.05 in comparison to (1)–(3) and (13).
(6)
𝑝 < 0.05 in comparison to (1)–(4) and (13).
(7)
𝑝 < 0.05 in comparison to (1)–(5).
(8)
𝑝 < 0.05 in comparison to (1)–(10).

Table 3: Comparison of ultimate tensile strength mean values for
the tested materials.

Material Ultimate tensile strength [MPa]
Mean value ± SD

(1) Regofix transparent 5.67 ± 1.06(1)

(2) Registrado X-tra 5.53 ± 1.13(1)

(3) Omni-Bite Plus 4.67 ± 0.87(2)

(4) Colorbite D 4.43 ± 0.83(2)

(5) StoneBite 4.37 ± 0.62(2)

(6) Occlufast Rock 4.18 ± 0.63(3)

(7) O-Bite 4.08 ± 0.80(3)

(8) Variotime Bite 4.07 ± 0.69(3)

(9) Genie Bite 3.92 ± 0.52(3)

(10) Regidur i 3.47 ± 0.51(4)

(11) Futar D 3.45 ± 0.60(4)

(12) Jet Blue Bite fast 2.95 ± 0.57(5)

(13) Memoreg 2 2.67 ± 0.47(5)
(1)
𝑝 < 0.05 in comparison to (6)–(13).
(2)
𝑝 < 0.05 in comparison to (10)–(13).
(3)
𝑝 < 0.05 in comparison to (1), (2) and (12), (13).
(4)
𝑝 < 0.05 in comparison to (1)–(5).
(5)
𝑝 < 0.05 in comparison to (1)–(9).

of the tested recordingmedia (5.67MPa and 5.53MPa, resp.).
The 2nd subgroup contained Omni-Bite Plus, Colorbite D,
and StoneBitewhich showedhighUTSs (4.67MPa, 4.43MPa,
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Table 4: Comparison of percentage ultimate elongation mean
values for the tested materials.

Material Ultimate elongation [%]
Mean value ± SD

(1) Regofix transparent 95.97 ± 19.42(1)

(2) Omni-Bite Plus 14.58 ± 1.34(2)

(3) Occlufast Rock 12.78 ± 1.40(3)

(4) Regidur i 12.56 ± 1.12(3)

(5) Colorbite D 11.01 ± 1.28(4)

(6) Memoreg 2 9.66 ± 1.25(5)

(7) Genie Bite 9.65 ± 1.27(5)

(8) Jet Blue Bite fast 8.93 ± 1.15(6)

(9) Futar D 8.43 ± 1.08(7)

(10) Registrado X-tra 7.12 ± 1.01(8)

(11) Variotime Bite 6.36 ± 0.64(9)

(12) O-Bite 5.81 ± 0.61(10)

(13) StoneBite 3.69 ± 0.53(11)
(1)
𝑝 < 0.05 in comparison to (5)–(13).
(2)
𝑝 < 0.05 in comparison to (6)–(13).
(3)
𝑝 < 0.05 in comparison to (8)–(13).
(4)
𝑝 < 0.05 in comparison to (1) and (10)–(13).
(5)
𝑝 < 0.05 in comparison to (1)-(2) and (11)–(13).
(6)
𝑝 < 0.05 in comparison to (1)–(4) and (12)-(13).
(7)
𝑝 < 0.05 in comparison to (1)–(4) and (13).
(8)
𝑝 < 0.05 in comparison to (1)–(5).
(9)
𝑝 < 0.05 in comparison to (1)–(7).
(10)
𝑝 < 0.05 in comparison to (1)–(8).

(11)
𝑝 < 0.05 in comparison to (1)–(9).

and 4.37MPa, resp.). Moderate loads were sustained in the
3rd subgroup, which included Occlufast Rock, O-Bite, Var-
iotime Bite, and Genie Bite (4.18MPa, 4.08MPa, 4.07MPa,
and 3.92MPa, resp.). The 4th subgroup included Regidur i
and Futar D and exhibited low tensile strengths (3.47MPa
and 3.45MPa, resp.). The lowest UTSs was observed in the
5th subgroup, which included Jet Blue Bite fast andMemoreg
2 (2.95MPa and 2.67MPa, resp.).

3.3. Ultimate Elongation. Statistically significant differences
were also observed in the elongation at break values (% Eb).
Table 4 provides detailed characteristics of the mean values
and the results of the analysis of all thirteen materials (𝐻 =
355.56; 𝑝 = 0.000). Nearly every material was significantly
different from the others.The Regofix transparent yielded the
highest % Eb (95.97%), whereas the StoneBite exhibited the
lowest elongation of only 3.69%.

The stress-strain curves, showing the relations between
UTSs and ultimate elongations for the tested materials, are
presented in Figure 1.

4. Discussion

Due to introduction of different interocclusal recording
materials, dentists encounter difficulties in the selection of the
optimummaterial for the registration and transfer of occlusal
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Figure 1: The stress-strain curves, showing the relations between
achieved mean values of ultimate tensile strengths [MPa] and
ultimate elongations [%] for the tested materials.

records to the articulator [11].Manufacturers compete against
each other for getting consumers by promoting the advan-
tages of their products; thus, clinicians need reliable sources
for product description.

The advanced management of occlusion requires proper
examination, recording, storage, and transferring the relation
of dental arches to the articulator [18]. Moreover, inaccuracy
in the transfer of information between dentist and technician
regarding occlusal contacts can cause problems when fabri-
cating indirect restorations, which can result in frustration
for the dentist, technician, and patient [19]. The occlusal
instability caused by incorrect final restoration may cause
inappropriate function of the stomatognathic system [20, 21].

Since 1756, when the first interocclusal record was made,
many materials have been used for maxillomandibular reg-
istration including dental waxes, acrylic resin, zinc oxide-
eugenol pastes, and elastomers [10, 11]. Elastomeric materials
are growing in popularity in the prosthodontics [18].They can
be applied in situations when a dentist needs to accurately
reproduce the intraoral conditions. Traditionally, they are
used as dental impression materials; however, due to their
properties, they are also applicative interocclusal recording
media. Megremis et al. [10] in ADA Professional Product
Review of eight addition silicones investigated several of
their characteristics. The results showed that, after removing
the deforming force, all of the them recovered between
98 and 100% of their original shape. That indicates their
ability to recover elastically after removal from the mouth.
All of the silicone bite registration materials were able to
reproduce the 20-micrometer-wide line completely over the
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entire length of the detail reproduction test block. All of the
evaluated silicones exhibited a linear dimensional change of
0.5 percent or less across 14 days, even after undergoing disin-
fection. Chun et al. [22] examined polymerization shrinkage
strain of interocclusal recording materials. The lowest setting
shrinkage strain showed O-Bite (polyvinylsiloxane-based
material): 0.18 ± 0.03–0.16 ± 0.03% at 5, 7, and 10min, fol-
lowed by polyether-based material, whereas dimethacrylate-
based material had the highest degree of shrinkage. In the
study of Anup et al., dimensional change and accuracy
of polyvinyl siloxane bite registration material were also
statistically significant but clinically insignificant [6]. Campos
and Nathanson [5] examined the compressibility of two
addition silicones interocclusal record materials, analyzing
the changes of maxillomandibular relations at the condyle
region. There was no significant change in maxillomandibu-
lar relations when forces up to 1 kg were applied to stabilize
the casts.

Previous studies have proven that wax and zinc oxide-
eugenol are not reliable as interocclusal registrationmaterials
due to substantial linear changes that occur even within the
first hour [5, 14]. The vertical changes that occur with waxes
(aluminumwax, 11±3microm; hydrocarbonwax compound,
12±3microm) are greater than those of elastomers (addition
silicones, from 0 ± 1 microm to 2 ± 1 microm; polyether,
−2 ± 2 microm) with loading forces up to 1 kg [23]. The
main disadvantages of wax relative to elastomers are the flow
characteristics caused by fluctuation in temperature, with
zinc oxide-eugenol paste being the material with lower resis-
tance to compression when compared to elastomers [3, 24].
Moreover, waxes do not accurately reproduce the incisal and
occlusal forms of teeth, spread laterally in closure, and cause
patient to close into undesirable patterns [6]. The advantages
of wax are low cost and ease of manipulation [9]. Although
polyether has been found to be a more dimensionally stable
interocclusal recording material than polyvinyl siloxane,
both can be used to relate working casts during mounting
procedures without significant vertical displacements [11, 25].

The accuracy of an interocclusal record is influenced not
only by the material properties but also by the recording
technique [6]. Based on the existing intraoral conditions,
the clinician needs to decide the most suitable material-
technique combination. According to Prasad et al., when
good intercuspation exists between the teeth no record may
be needed, whereas if there is poor intercuspation, a full arch
or segmental recordmay bemade using elastomericmaterials
or a segmental record may be made only over the prepared
tooth/teeth using rigid materials like wax, plaster, resin, or
paste [9]. Nowadays, instead of using a physical occlusal
registration material, the CAD-CAM-generated dental casts
can be mounted by using a best-fit alignment algorithm
without any physical interocclusal record. To mount the
physical dental casts made by CAD-CAM technology, the
buccal surfaces of the maxillary and mandibular teeth are
scanned in maximum intercuspation and then the scanning
data are analyzed with computer software [26]. According to
Solaberrieta et al., virtual occlusion is a valid procedure for
the location of the mandibular cast. The contacts observed
in the virtual environment were significantly more accurate

than those of the physical ones and provided more objective
andmeaningful data [27]. Moreover, digital analysis of occlu-
sion provides additional information on occlusal contact
pattern, including the quantification of force, sequence of
contact, and occlusal-disocclusal timing [21].

In the study, authors investigated theE-modulus, ultimate
tensile strength, and ultimate elongation.The elasticmodulus
is defined as the change in stress with an applied strain and
is inversely proportional to the elasticity of the material. The
higher the E-modulus, the lower the elasticity. Meththananda
et al. [28] confirmed that hardness of elastomeric dentalmate-
rials is related to E-modulus; that is, higher E-modulus was
associatedwith greater hardness of thematerial.Thehardness
of material is related in a general way to its compressive
strength [29] and is defined as the relative resistance that a
surface of the material imposes against the penetration of a
harder body. Ultimate tensile strength describes the ability
of interocclusal materials to resist tearing forces appearing
during removal from the mouth when the material goes into
undercuts or potential damage during transport or laboratory
procedures. Ultimate elongation is maximal extension of the
material up to its breaking point. It is associated with above-
mentioned physical properties. The ideal material should be
elastic enough to be easily removed from themouth and rigid
enough to resist deformation when forces are applied during
articulation. It should be durable and resistant to damage
during transport and shortage.

Tejo et al. [11] suggested that limited elasticity can cause
adverse effect such as the possibilities of breaking during
removal from the mouth, increased initial resistance, and
difficulty in verification due to brittleness. However, excessive
elasticity can influence the bite record or cause undesirable
shifts during adjustments of the positions of the casts in the
articulator. Cracked or fractured interocclusal material may
not allow casts to be mounted so that an articulator does not
accurately reproduce the relationships of the mandible to the
skull in the temporomandibular joints.

According to Nagrath et al. [2], the ability of an inte-
rocclusal recording material to resist compressive force is
critical. Compressive force is commonly exerted on the
interocclusal recording material during articulation and may
cause inaccuracy and distortion of the final restoration [2,
30]; thus, minimal pressure should be applied to articulated
casts during mounting when using elastomeric interocclusal
recording materials [2]. The deformation may vary with
the thickness and the stiffness of the recording material
[2, 31, 32]. The record should be minimally thick, and an
optimal material should exhibit minimal distortion during
compression; therefore, the material should have substantial
dimensional stability [2, 33].

Parker et al. [16] reported that, in aqueous environments,
all polymeric materials will absorb water and elastic moduli
can affect the level of water uptake. In the study, authors
compared two experimental silicones, which did not differ
in the UTS and percentage elongation. However, the lower
E-modulus of one silicone resulted in a lower restraining
force and thus greater water uptake in comparison to another
studied silicone [16]. The addition of a hydrophilic agents
to silicone-based materials can compromise the materials’



6 BioMed Research International

mechanical integrities, especially those with low moduli
[16]. Cadenaro et al. [34] indicated inverse correlations
between the E-moduli of some resin blends and their Hoy
solubility parameters; that is, higher elasticity was associated
with greater hydrophilicity. Unfortunately, literature does not
concern water uptake of additive silicones for interocclusal
registration; however, as they are polymeric materials, the
elasticities may have considerable influence on water absorp-
tion.

Due to mentioned characteristics, this independent
research has a strong clinical aspect because the potential
recipients will be able to consider which of the tested silicones
is close to have an optimal elasticity for clinical use. It has to be
emphasized that stiffness of silicone interocclusal recording
material is one of the most important mechanical features
in a practical point of view because of the jaw relation
reproduction ability and accuracy [18].

Regofix transparent exhibited the greatest UTS and the
greatest break resistance. However, thismaterial was themost
elastic material among those tested; therefore, the authors
do not recommend Regofix transparent as the material of
choice for bite registration. Due to limited stiffness, some
inaccuracies during mounting casts may occur.

The E-modulus seems to be inversely proportional to the
degree of elongation.The StoneBite, RegistradoX-tra, O-Bite,
Variotime Bite, and Futar D, that is, the five materials with
the greatest E-moduli, exhibited the lowest elongations at
break. StoneBite, which exhibited by far the highest stiffness
among the tested materials, ruptured after 3.69% elongation,
which was the lowest value observed in the ultimate tensile
strength test. During the test, only the velocity of grip was
constant. The force applied to the samples per second was
variable across materials. For example, the materials of the
5th subgroup, which withstood the smallest loads, exhibited
moderate ultimate elongation at break values. As mentioned
previously, Jet Blue Bite fast and Memoreg 2 exhibited the
lowest UTSs and quite high elasticities. Their E-moduli were
greater than only that of Regofix transparent. The clinical
application of these materials may also increase the risk of
errors.

Regidur i and Futar D composed another 4th subgroup
with lower UTSs than most of the tested materials. Their
UTSs were greater than only those of the 5th subgroup.
Regidur i was more elastic than Futar D. The materials with
limited strengths and small to moderate elasticities should be
applied cautiously due to the risk of cracks and fractures that
may occur during removal from the mouth or the trimming
away of the excess.

Registrado X-tra and the materials of the 2nd subgroup,
including Omni-Bite Plus, Colorbite D, and StoneBite, exhib-
ited satisfactory UTSs. Registrado X-tra was the second-most
durable and rigid material; therefore, Registrado X-tra was
found to be the optimal material. Although StoneBite was
the most rigid material, it withstood a high load. The risk of
cracks and fractures due to its limited elasticity appears to be
overcome with very good strength; thus, StoneBite may also
be recommended. Omni-Bite Plus and Colorbite D exhibited
very good break resistance, but Colorbite D, in contrast to
elastic Omni-Bite Plus, had moderate E-modulus value. The

other materials displayed intermediate values for the studied
characteristics.

The authors proved that the tested A-silicone bite record-
ing materials have different elasticities and mechanical prop-
erties. As laboratory conditions do not always predict clinical
behavior, further studies should be performed to evaluate
whether these differences have perceptible clinical implica-
tions in the registration of the centric relation.

5. Conclusions

Previous research has indicated that high E-modulus and
great ultimate tensile strengthmay be appropriate for judging
the clinical usefulness of bite registrationmaterial. Registrado
X-tra and StoneBite best met these criteria. Nonetheless, the
other materials that exhibited moderate values for the E-
moduli and UTSs can be successfully used, that is, O-Bite,
Occlufast Rock, Variotime Bite, and Genie Bite.

Abbreviations

UTS: Ultimate tensile strength
% Eb: Ultimate elongation in percent
ASTM: American Society for Testing and Materials
A-silicone: Addition silicone
ADA: American Dental Association.

Additional Points

Limitations of the Study. Main limitation was that in vitro
study results may differ compared to in vivo use of tested
material and its behavior. Moreover, there was the difficulty
in preparing a dumbbell-shaped specimen, which was rec-
ommended in ASTMD412 specification [17]. Nonetheless, in
accordance with the ASTM D412, specimens may also be in
shape of straight pieces; however, straight specimens tend to
break in the grips of universal testing machine.
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Objective. The aim of this study was to evaluate the cytotoxicity and cellular adhesion of Mineral Trioxide Aggregate (MTA) and
Biodentine (BD) on periodontal ligament fibroblasts (PDL).Methods. PDL cells were obtained from nonerupted third molars and
cultured;MTS cellular profusion test was carried out in two groups:MTA and BD, with respective controls at different time periods.
Also, the LIVE/DEAD assay was performed at 24 h. For evaluation of cellular adhesion, immunocytochemistry was conducted to
discern the expression of Integrin 𝛽1 and Vinculin at 12 h and 24 h. Statistical analysis was performed by the Kruskal-Wallis and
Mann-Whitney U tests. Results. MTA and BD exhibited living cells up to 7 days. More expressions of Integrin 𝛽1 and Vinculin
were demonstrated in the control group, followed by BD and MTA, which also showed cellular loss and morphological changes.
There was a significant difference in the experimental groups cultured for 5 and 7 days compared with the control, but there was
no significant statistical difference between both cements. Conclusions. Neither material was cytotoxic during the time evaluated.
There was an increase of cell adhesion through the expression of focal contacts observed in the case of BD, followed by MTA, but
not significantly.

1. Introduction

The objective of a cement placed at the root end is to provide
apical sealing that prevents bacterial flow, bacterial products,
and irritants from the root canal toward periapical tissues
and from the tissue to root canal [1, 2]; this material must be
biocompatible with periradicular tissues [2–4].

Currently, the most frequently used root-end filling
cement is Mineral Trioxide Aggregate (MTA), which is
composed of dicalcium and tricalcium silicate, tricalcium
aluminate, calcium sulfate dehydrate, and bismuth oxide. It
is produced from fine hydrophobic particles that harden in
the presence of humidity [5]. MTA is characterized by its
biocompatibility, radiopacity, and resistance, in comparison
with other root-endfillingmaterials, such as amalgam, Super-
EBA, and IRM [6–8]. It requires an estimated time of 5

minutes (min) of work and a setting time that ranges from
2 hours (h) and 45min to 4 h. Its cementogenic activity
occurs due to its release of calcium ions, which interact
with phosphate groups in the fluids surrounding the tissues
to form hydroxyapatite on the surface of MTA [4]. It has
disadvantages, such as long time to seal, low resistance to
compression, and low flow capacity [8].

Biodentine (BD) is a bioactive material that can be
employed for these different purposes, in addition to its
offering improvement over the characteristics of MTA in
terms of manipulation, compatibility, and hardening [4, 9,
10]. BD has been proposed with a dentine substitute [11]. Its
compounds in terms of a powder component of the material
consist of tricalcium silicate, a dicalcium silicate compound
better than Portland and MTA cement, calcium carbonate
and oxide filler, and iron oxide shade and zirconium oxide
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(as radiopacifier); the liquid contains calcium chloride as an
accelerator and a hydrosoluble polymer (as a water-reducing
agent) [12, 13].This product controls the purity of the calcium
silicate by removing the aluminum and other pollutants;
it also increases physicochemical properties such as rapid
hardening. Calcium silicate purity is controlled by removing
aluminum and other impurities, thus increasing physico-
chemical properties such as rapid curing, high mechanical
strength, and an initial setting time of 6min and final setting
time of 10–12min; this is an improvement compared with the
high-density glass ionomer and MTA [12].

When a novel material emerges, it must be evaluated by
the conduction of various tests in vitro. The first tests to be
performed in vitro are cytotoxicity tests, which estimate the
possible alteration in basic cellular functions leading to dam-
age that can be evaluated by detecting distinct cellular level-
behavior metabolism, structure, and properties essential for
cell survival, such as proliferation and cell function [11]. A
second test is that of biocompatibility, in which the ability of
a restorative material is evaluated to induce an appropriate
and advantageous response to the host’s response during
clinical use [14]. In this study, an immunocytochemical test
that allowed detection of specific antigens in fibroblasts was
performed. In this test, antigen-antibody binding comprises
a highly specific process; thus, this method is reliable for
protein localization to focal adhesion complexes [13].The aim
of this study was to evaluate the cytotoxicity and the cellular
adhesion ofMTA and BD on periodontal ligament fibroblasts
(PDL).

2. Materials and Methods

Third molars were used, donated voluntarily by patients
attending at the Clinic of Oral and Maxillofacial Surgery.
The patients or guardians of these patients previously signed
informed consent, agreeing to participate in the study, which
was approved by the Institutional Ethics Committee. The
teeth obtained were disinfected with 2% chlorhexidine glu-
conate (IndiSpense� Refill; Ultradent Products, Inc., USA).

2.1. First Culture of Periodontal Ligament Fibroblast. Peri-
odontal tissue was removed by root scraping. The extracted
tissue was placed into a 2mLmicrotube containing transport
medium (Phosphate-buffered solution [PBS]) with 3% of
antibiotics (1,000U/mL Penicillin, 1mg/mL Streptomycin,
and Amphotericin B, 2.5mg/𝜇L). The tissue was labeled and
stored at 4∘C for a period of 6–12 h for subsequent processing
in the laboratory.

2.2. Cell Culture. The samples were washed with sterile
PBS and incubated for 4–6 h with 2mg/mL collagenase
1 (Sigma-Aldrich BioSciences, St. Louis, MO, USA); after
this time, the periodontal tissue was dissected into pieces
of approximately 1–3mm per explant and plated on 25mL
cell box cultures with 3mL of culture medium (Dulbecco’s
Modified Eagle’s Medium [DMEM]-D6046; Sigma-Aldrich
BioSciences, St. Louis, MO, USA), supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic, incubated at
37∘C in an atmosphere of 95% humidity and 5% CO

2
, with a

change of medium every third day. Cells were employed once
they reached 80% confluence. When >80% confluence was
observed, subcultures were performed. Monolayers of the
cells adhered to the culture dishes were detached with the aid
of Trypsin EDTA0.25% 1x solution (Gibco, Life Technologies,
USA) to assess cell count and viability (50,000 cells for each
experiment).

2.3. Preparation of Culture Medium with the Different Bioma-
terials: MTA and BD. The two biomaterials (MTA and BD)
were prepared according to the manufacturer’s instructions.
Once the sealants were prepared, they were mixed with
supplemented medium to a concentration of 2.5mg/mL
and agitated overnight; the medium obtained was spun at
13,000 rpm for 5min, the supernatant was recovered, the
mediumwas spun, again, and the supernatant obtained at the
second spin was filtered with 0.22 membrane and stored at
4∘C for its later use, and this contained the products released
from the sealants which allow evaluation of cytotoxicity and
cell adhesion.

2.4. Cell Proliferation Assay (MTS). CellTiter 96� Aqueous
Nonradioactive Cell Proliferation is a colorimetric assay used
to measure the number of viable cells in proliferation or
chemosensitive cells. Once the cell cultures are found at 80–
90% confluence, they were detached with trypsin; 50,000
cells were plated in 100𝜇L of culture medium onto 96-
well microplates and these were incubated during a 4 h
period at 37∘C, 5% CO

2
, and 95% humidity. For this test,

two groups of fibroblasts treated with different sealants
were evaluated: (i) MTA-Angelus (Industria de Productos
Odontológicos, Londrina, PR, Brazil); (ii) BD (Septodont,
St. Maur-des-Fossés, France), and a control group. They
were evaluated by 12, 24, and 48 h, and at 5 and 7 days.
Initially, culture mediumwas added without cement, to allow
adaptation of the cells to the well for 24 h. After that time,
the culture medium was removed and replaced with 100 𝜇L
of culture medium with the cements evaluated (MTA and
BD, resp.) andmediumwithout cement for the control group.
Upon expiration of the corresponding evaluation periods,
a sufficient amount of working solution was prepared for
each 2-mL rate of MTS solution, 100 𝜇L of PMS solution
immediately prior to use was prepared (CellTiter 96 Aqueous
Nonradioactive Cell Proliferation Assay, Promega Corpora-
tion), and 20𝜇L was added to each well directly on cells.
Then, this was incubated for a 4 h period at 37∘C, 5% CO

2
,

and 95% humidity; during this period, the metabolically
active cells bioreducedMTS salt to formazan which is soluble
in the culture medium; this reaction takes place in the
mitochondria through the dehydrogenase enzymes and the
assay was subsequently read on a microplate reader (Thermo
Scientific FC Multiskan�, Vantaa, Finland) at 490 nm. The
absorbance is directly proportional to the number of living
cells in culture. All tests were compared with control cells
untreated with sealants, and all dilutions were tested in
triplicate.

2.5. LIVE/DEAD Test. Two- or 3-day cell cultures were
performed (the time at which they reached appropriate
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fibroblast density) in 24-well culture boxes, on top of which
circular coverslips (13mm) have been previously placed. The
cell culture was incubated with different root-end filling
materials (MTA and BD) for 24 h at 37∘C with 5% CO

2
and

95% humidity; afterward, the cells were washed with PBS
to remove the esterase present in the FBS utilized to enrich
the treated culture medium in which the cells were grown.
Live cells are distinguished by the presence of intracellular
esterase activity with the addition of calcein, this cells present
a green fluorescent. EthD-1 enters cells with damaged mem-
branes and binds to nucleic acids thereby producing a red
fluorescent in dead cells. The LIVE/DEAD working solution
was prepared at concentrations of 2 𝜇M calcein and 4 𝜇M
EthD-1 in PBS, according to the manufacturer’s directions
(Life Technologies LIVE/DEAD Viability/Cytotoxicity kit;
Life Technologies, USA). Of this solution, 100 𝜇L was added
directly to the cell culture, which was incubated for 45min
at room temperature. At the end of this time, the cells
were washed with PBS and the coverslip-stained cells were
removed and observed by confocal laser scanning micro-
scope (CLSM) (DMI4000B; Leica Microsystems, Wetzlar,
Germany). Images were processed and analyzed using the
LASAF� software (Leica, Germany). Adherent live cells were
identified and relative fluorescence was calculated based on
3 images at 40x acquired randomly. Two root-end filling
materials were compared with a negative and positive control
and tests were performed in triplicate.

2.6. Immunocytochemical Assay. The expression of Integrin
𝛽1 and Vinculin was evaluated in two groups as follows:
(a) fibroblasts treated with MTA, (b) fibroblasts treated with
BD, and control groups at 12 and 24 h; 8 × 10−3 cells per
sample were plated onto the circular slide on which 24-well
boxes were placed, culture medium was immediately added
without cement in order to allow adhesion of the cells to the
slide, and these were incubated for a period of 24 h at 37∘C,
5% CO

2
, and 95% humidity. After this period, the culture

mediumwas replacedwith culturemediumpreparedwith the
cement and they were cultured for 12 and 24 hours, after each
incubation period, the samples were fixed with 10% neutral
Formalin, and the process was blocked with PBS with 1%
albumin and 0.025% Tween prior to contact with the first
antibody (Integrin𝛽1mousemonoclonal IgG2a andVinculin
Monoclonal Mouse IgG1) in 1 : 100 dilutions; this incubation
was for an overnight period.The following day, samples were
washed with PBS and contacted with the second antibody,
normal mouse IgG Alexa Fluor 488, in 1 : 500 dilutions; this
process was carried out under conditions of darkness and
incubated for 3 h at room temperature. Finally, the samples
were washed with PBS and observed under CLSM and
inhibition percent of Integrin 𝛽1 and Vinculin was calculated
with respect to control.

2.7. Statistical Analysis. For comparing differences between
experimental materials and controls at different periods of
evaluation time, a Kruskal-Wallis test was used. To identify
possible significant differences between the results obtained
from the study groups, a nonparametric Mann-Whitney 𝑈
test was used, with a significance level set at 0.05 (𝑝 < 0.05) in
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Figure 1: Fibroblast cell proliferation of human periodontal lig-
ament in contact with Mineral Trioxide Aggregate (MTA) and
Biodentine (BD) cements at different periods of time.

Table 1: Relative fluorescence at 24 h.

Group Mean ± SD Range
Control 29.6 ± 3.7 25.5–32.7
BD 22.5 ± 1.3 21.3–24.0
MTA 11.0 ± 3.3 7.3–13.4
𝑝 < 0.05, BD versus MTA; data are expressed as relative fluorescence units.

a two-tailed test (SigmaPlot Ver. 11; Systat Software, Inc., San
Jose, CA, USA).

3. Results

In the cell proliferation assay, at 12 and 24 h, the majority
of cell proliferation was found in the control group, fol-
lowed by that in MTA-treated fibroblasts, and fibroblasts
cultured with BD-supplemented medium exhibited a slight
decrease in proliferation. At 48 h, the majority of cell pro-
liferation was observed in fibroblasts cultured with MTA-
supplemented medium; control fibroblasts and BD-treated
fibroblasts demonstrated very similar behavior; however,
these results were not statistically significant (𝑝 > 0.05).

During the remaining time periods, evaluation showed a
decrease in the percentage of cell viability; however, all groups
presented viable cells at 7 days (MTA 39.51% and BD 28.58%).
No statistically significant difference was found. There was a
statistically significant difference in the experimental groups
cultured for 5 (𝑝 = 0.018) and 7 (𝑝 < 0.001) days compared
with the control, but there was no statistically significant
difference between the two cements (Figure 1).

The LIFE/DEAD test was evaluated after a 24 h incuba-
tion period.MTA-treated cell cultures exhibited fewer cells in
cultures compared with BD-treated cells (𝑝 < 0.05) (Table 1).
This result was repeated in cell cultures maintained under
treatment for 24 h with different biomaterials (Figure 2).
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(a) (b) (c) (d)

Figure 2: LIVE/DEAD� assay: (a) control without cement at 24 h; (b) control withH
2
O
2
at 24 h; (c) fibroblast in contact withMineral Trioxide

Aggregate- (MTA-) enriched medium for 24 h, and (d) fibroblast in contact with Biodentine- (BD-) enriched medium for 24 h.

Table 2: Expression inhibition percent of Integrin 𝛽1 and Vinculin.

Group Integrin 𝛽1 Vinculin
12 h 24 h 12 h 24 h

BD 67.1 65.8 70.2 66.5
MTA 81.0 84.2 80.5 73.9

The immunohistochemistry test was performed in cell
cultures with two incubation periods (12 h and 24 h) with
different culture media. Integrin 𝛽1 expression at 12 h was
similar between the experimental groups and the control
group, while, at 24 h, this expression was reduced, mainly
in the MTA-treated group followed by group treated with
BD (Figure 3). Similarly, exposure of fibroblasts to medium
enriched with MTA and BD for 24 h caused morphological
changes in cells and fewer projections and focal contacts
(Figure 3).This result was repeated in tests in which Vinculin
expression was evaluated (Figure 3), with fewer cellular
adhesions to the substrate; these results were not statistically
significant (𝑝 > 0.05) (Table 2).

4. Discussion

In this study the cytotoxicity ofMTAandBDwas evaluated in
terms of cell viability usingMTS, in which the result obtained
was that viable cells remained in all evaluated periods and
no statistically significant difference was found between both
materials, showing greater similarity at 24 h and a higher per-
centage of cell proliferation at 48 h; the gradual increase in cell
viability can be attributed to the constituents of the materials
[15], because bioactive materials interact with the host tissue
in a controlled way, which goes beyond the characteristic of
biocompatibility [16]. Proliferation decreased at day 5, which
continued until day 7. This decrease in cell number may
be due to the stimulation occurring in development at 48 h
because of the presence of cement; there was an increase in
fibroblast proliferationwithout observing alteredmetabolism
with either cement; on introducing greater confluence, the
fibroblasts died during the competitive process, which gave
rise to a decrease in the amount of nutrients necessary for
their survival.

Results of the study are in agreement with those of
Khedmat et al. [17], in which BD and MTA exhibited similar
behavior to that of the other materials tested. Both MTA and
BD demonstrated being non-cytotoxic and did not present
a significant difference with regard to viability at 24 and
48 h; at 48 h, cells grown in the presence of MTA and BD
possessed a higher percentage of viability than the groups
treated with other cements, but there were no significant
differences between BD and MTA (𝑝 < 0.05) [17–19].

Meanwhile, the remaining assays that measured the
cytotoxicity of MTA and BD at three times (1, 3, and 5
days) employing the MTT assay found that both cements
demonstrated viable cells; the highest percentage of viability
was exhibited at 48 h and was decreasing at 72 h, consistent
with the results obtained in this study [20–23].

In a next step of the cytotoxicity analysis and after
assessing cell proliferation, the toxicity was observed of both
cements based on membrane-damage fibroblasts that may
cause and consequently generate cell death. This evaluation
was carried out by the LIFE/DEAD test. Both treatment
groups were treated for a period of 24 h with MTA and
BD maintaining their membrane integrates, allowing the
polyanionic calcein to be retained within the cells, generating
an intense green color. Thus, MTA and BD were shown to
be cytotoxic. These results confirm the data obtained with
the cell proliferation test, in which it was observed that both
materials are not cytotoxic.

In this study, cell adhesion was evaluated through the
formation of focal contacts, in order to determine initial
biocompatibility, with periodontal ligament fibroblasts versus
both cements. This parameter was evaluated by immunocy-
tochemistry because it is a specific test for the detection of
Integrin 𝛽1 and Vinculin. Vinculin is an adhesion molecule
and is localized on the surface of the cell membrane, which
allows it, among other functions, to serve as an “anchor”
to initiate and maintain fibroblast adherence to the surface
[24, 25]. Furthermore, adhesion molecule Integrin 𝛽1 is a
transmembrane molecule; thus, one of its functions is to
act as a “binder” of extracellular matrix molecules, such as
fibronectin, collagen, and vitronectin, which complement the
adhesion of a cell to a surface [26]. The loss of Vinculin
inhibits cell adhesion and diffusion. The absence of this
protein results in lower cell dissemination on the material
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Figure 3: Confocal LaserMicroScope (CLMS) to detect Vinculin and Integrin 𝛽1 in fibroblast periodontal ligament following treatment with
medium enriched with sealants. Integrin 𝛽1: (a) untreated fibroblasts cultured for 12 h; (b) Biodentine- (BD-) treated fibroblasts cultured for
12 h; (c) Mineral Trioxide Aggregates- (MTA-) treated fibroblasts for 12 h, (d) untreated fibroblasts cultured for 24 h; (e) cultured fibroblasts
treated with BD for 24 h; (f) fibroblast cultured with MTA-enriched culture medium for 24 h. Vinculin: (g) untreated fibroblasts cultured for
12 h; (h) BD-treated fibroblasts cultured for 12 h; (i) fibroblasts treated withMTA for 12 h; (j) untreated fibroblasts cultured for 24 h; (k) treated
fibroblasts grown by BD for 24 h; (l) fibroblasts cultured with MTA-enriched medium for 24 h.
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to be assessed and scarce formation of focal adhesions [27];
therefore, the images obtained in this study demonstrated
that the group treated withMTA exhibited the lowest expres-
sion of Vinculin.

While, in this study, adherent cells, the amount of exten-
sions, and the number of focal contacts were greater in the
group of fibroblasts treated with BD than in cells treated with
MTA, and this can suggest that sealants evaluated in vitro are
biocompatible, the adhesion of cells to the surfaces of differ-
ent materials reflects the relative in vitro biocompatibility of
cement placement.Thus, one must be critical in choosing the
latter, so as to ensure optimal biocompatibility.

The clinical significance of a material that is biocompat-
ible, such as the sealants evaluated in this work (MTA and
BD), is that when a suitable material is placed in contact with
the extracellular space, it is activated within a short time in
an accession process generated for transmembrane proteins,
which ultimately affects the repair of an injury [27, 28].

Although this work is an in vitro study, these trials
comprise an excellent tool to attempt to understand the effect
of endodontic materials that appear on the market, with
regard to the possible cytotoxic effect that may occur on their
use.

5. Conclusions

Both root-end filling materials, BD and MTA, are not cyto-
toxic when evaluated in cultured fibroblasts of periodontal
ligament in incubation periods of up to 5 days. The most
biocompatible material was BD.There was an increase of cell
adhesion through the expression of focal contacts observed
in the case of BD, followed by MTA, but not significantly.
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