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Abstract
The aims of this study were to observe the behavior of composite and formation of gaps during and immediately after light polymerization
using swept source optical coherence tomography (OCT) and to compare the interfacial integrity of adhesives in cavities through
3-dimensional (3D) image analysis. Forty tapered cylindrical cavities (4-mm diameter, 2-mm depth) were prepared in bovine incisors and
restored using Bond Force (BF), Scotchbond Universal Adhesive (SBU), OptiBond XTR (XTR), or Clearfil SE Bond 2 (SE2), followed by
Estelite Flow Quick flowable composite. Real-time imaging was performed at the center of restoration by the OCT system (laser center
wavelength: 1,330 nm; frequency: 30 KHz) during and up to 10 min after light curing. The 3D scanning was performed 0, 1, 3, 5, and
10 min after light curing. The percentages of sealed enamel and dentin interface area (E%, D%) were calculated using Amira software.
In real-time videos, the initial gaps appeared as a bright scattered area mainly on dentin floor and rapidly progressed along the cavity
floor. The timing, rate, and extent of gap formation were different among the specimens. From 3D visualization, gap progress could be
seen on both enamel and dentin even after irradiation; furthermore, typical toroidal gap patterns appeared at the dentin floor of BF
and SBU. XTR and SE2 showed nearly perfect sealing performance on the dentin floor up to the 10 min that images were recorded.
From quantitative analysis, SE2 and XTR showed significantly higher E% and D% than other groups. SBU showed the smallest E% and
BF showed a significantly smaller D% than other groups (P < 0.05). In conclusion, real-time observation of composite placement and 3D
quantification of interfacial gaps were implemented within the experimental limitations. Interfacial gap formation during polymerization
of the composite depended on the adhesive system used. The formed gaps continued to propagate after composite light curing finished.
Keywords: adhesives, polymers, composite resins, dental restoration failure, light curing of dental resins, optical coherence tomography

Introduction
Along with the development and improvement of adhesive formulations in recent years, resin composites have become the
materials of choice for various direct restorations. Light-cured
composites undergo volumetric shrinkage during polymerization that may result in the development of contraction forces at
the bonded interface between the tooth and restoration.
Shrinkage stress can also result in cusp displacement and gap
formation (Sakaguchi et al. 2004; Versluis et al. 2004).
Marginal gaps may allow penetration of oral fluids and bacteria, which are among the main factors causing clinical problems such as marginal discoloration, secondary caries, and
postoperative sensitivity (Turkistani et al. 2015; Ferracane and
Hilton 2016).
Clinical studies about the longevity of resin composite restorations generally establish follow-up periods over the long
term and consider discoloration, marginal defect, debonding,
secondary caries, replacement of restoration, and tooth/restoration fracture as the evaluation criteria (Goldberg et al. 1984;
Hickel et al. 2007). Normally, these clinically unacceptable
conditions are not observed immediately after the placement of
the restoration, even though they may have already initiated.
Laboratory tests are aimed at predicting the clinical performance of restorative materials and make meaningful comparisons
among different materials and techniques, typically through

evaluation of adhesion in bond strength tests and morphological observation of the tooth restoration interface under various
microscopes (Breschi et al. 2003; Belli et al. 2009; Heintze
2013). Clinicians have a wide variety of choices of adhesive
systems to use with direct composites. All-in-one or universal
adhesives offer a simplified application procedure resulting in
reduced chair time compared with the 2-step self-etching adhesives that required at least 2 separate application steps. While
most of these bonding systems have reached comparable bond
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Figure 1. Schematic of study design; round tapered cylindrical cavity (depth: 2 mm, top diameter: 4 mm, bottom diameter: 2.5 mm, angle between
wall and floor: 110°, c-factor: 2.0) was prepared on bovine incisors (A). Optical coherence tomography (OCT) coordinates and tooth coordinates
are shown. IC, incisal-coronal axis. OCT cross-sectional scans were always applied on the XZ plane, and teeth were placed under the OCT probe to
record XZ plane videos. OCT real-time video images of the cavity were obtained during a light irradiation procedure and for 10 min after irradiation.
OCT 3-dimensional (3D) scans were obtained after 0, 1, 3, 5, and 10 min (B). XY slices on 3D image (EN, enamel; DE, dentine; DEJ, dentino-enamel
junction) were elected for analysis over a 500-µm-thick enamel region 20 µm below the surface and over a 150-µm-thick dentin floor that included
the whole cavity floor in all specimens (C). Selected enamel and dentin regions (EN-Ι, DE-Ι) were each projected as a 2-dimensional image using the
maximum intensity projection (MIP) method (EN-ΙΙ, DE-ΙΙ). MIP images were then subjected to noise reduction and converted to a binary image. Gap
area was finally calculated for enamel and dentin (EN-ΙΙΙ, DE-ΙΙΙ).

strength values to the tooth structure under laboratory conditions,
the performance of the simplified 1-step self-etch adhesives
(1-SEAs) has been questioned due to concerns regarding inherent limitations of their chemical compositions (Tay et al. 2002).
A major challenge for resin-based materials remains providing gap-free restorations (Lutz et al. 1991; Garcia-Godoy
et al. 2010). Polymerization shrinkage or composite materials
have been extensively studied; however, conventional laboratory methods offer little information regarding the timing and
mechanism of interfacial gap formation and differences among
adhesives in this regard. Optical coherence tomography (OCT)
is a nondestructive technique for visualizing internal biological
and biomaterial structures using infrared light waves (Shimada
et al. 2015). The usefulness of OCT for identifying and quantifying marginal gaps under a resin composite restoration has
also been demonstrated (Makishi et al. 2011; Bakhsh et al.
2013; Bista et al. 2013). A characteristic function of OCT is
that it can reconstruct cross-sectional images of tissue microstructures in real time without the need to process specimens or
ionizing radiation (Shimada et al. 2010). This unique feature
should allow the observation of the occurrence and the development of a gap at the resin-tooth interface in real time during
the photo polymerization of composites. Currently, there is no

report on real-time quantitative analysis of gap formation in
the whole cavity using OCT. Based on these concerns, in this
study, we recorded the momentary behavior of a resin composite in a standard cavity during and after light irradiation, as well
as quantified the amount of enamel and dentin interfacial gap
using different 1-SEA and 2-step self-etch adhesive (2-SEA)
systems in 3 dimensions (3D). The null hypothesis was that
there was no significant difference in gap formation and propagation among the tested adhesive systems.

Materials and Methods
Specimen Preparation
Schematic view of the study procedure is shown in Figure 1.
Forty sound bovine maxillary incisors were selected for this
experiment. The superficial layer of labial enamel was removed
to obtain a flat enamel surface by polishing using 800-grit silicon carbide (SiC) paper (Sankyo). Tapered cylindrical cavities
(upper diameter: 4 mm, lower diameter: 2.5 mm, depth: 2 mm,
enamel thickness 800–1,000 µm) were prepared using diamond bur (SF207CR; Shofu) attached to a high-speed handpiece under water coolant. External margins were located in
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the labial flat enamel, and the floors were located in the dentin.
The specimens were randomly divided into 4 groups (n = 10
per group) according to the materials used: two 1-SEAs (Bond
Force [BF; Tokuyama Dental] and Scotchbond Universal
Adhesive [SBU; 3M ESPE]) and two 2-SEAs (OptiBond XTR
[XTR; Kerr] and Clearfil SE Bond 2 [SE2; Kuraray Noritake
Dental]). The cavity was treated with the material in accordance with the instructions supplied by the manufacturers as
listed in the Appendix Table. The cavity was then restored with
a flowable resin composite (Estelite Flow Quick shade A2;
Tokuyama Dental) and cured for 20 s with halogen light-curing
units (Optilux 501; Kerr) with a power density of 600  mW/cm2
at each of the 2 probes.

OCT Imaging
The swept-source OCT system (Santec OCT-2000; Komaki)
was used to monitor the specimens during the light curing and
for 10 min in a stationary state. In this system, the center wavelength is 1,330 nm (bandwidth 110 nm) with a 30-kHz sweep
rate. The optical resolution is 20 µm transversally and 12 µm
axially in air. The laser beam scans the object in X and Z dimensions. Collected backscattered light is returned to the system,
digitized in time scale, and analyzed in the Fourier domain to
form a depth-resolving scan (A-scan) at each point. A serial set
of A-scans along a certain section creates a cross-sectional
B-scan or 2-dimensional (2D) image. Serial B-scans over a
region of interest can create a 3D data set (Turkistani et al. 2015).
The handheld scanning probe connected to the OCT was set
at a fixed distance (5 cm) over the specimen while the cavity was
filled with a single increment of the composite after adhesive
application, with the scanning beam oriented 90° with respect to
the tooth labial surface. Real-time cross-sectional images were
recorded from the OCT system as a Windows (Microsoft) media
video file at a resolution of 800 × 600 pixels and 20 frames/s at
a central mesiodistal plane through the cavity. Two halogen
light-curing tips were placed in close proximity to the incisal and
cervical margins of the cavity in a manner to deliver adequate
and uniform light energy to polymerize the resin while avoiding
interference between the light-curing tips and the OCT imaging
probe. Real-time video of gap formation in each specimen was
observed and qualitatively evaluated. In addition, 3D scans were
obtained immediately after light curing, after 1, 3, 5, and 10 min
at 256 × 256 × 1,024 pixels over an XYZ volume of 5 × 5 × 7
mm3. Each 3D scan took less than 5 s to complete.

Quantitative 3D Analysis
OCT 3D data were imported to Amira software (version 5.5.0;
FEI Visualization Sciences Group) and converted to isotropic
pixels considering an average refractive index of 1.5. To compare interfacial integrity at different imaging times and among
material groups, the 3D data were analyzed in 3 steps as presented in Figure 1: I) From each data set, a 800- to 1,000-µm-thick
volume of interest (VOI) was selected for enamel analysis
excluding superficial 20 µm to avoid surface reflection. A
150-µm-thick VOI over the cavity floor was picked for dentin,

so that the whole cavity floor and line angles were included. II)
XY slices in each VOI were combined to render a single 2D
enamel wall or dentin floor image using the maximum intensity
projection (MIP) method. III) The MIP images were subjected
to median filter noise reduction and converted to a binary image
by the Otsu method to identify pixels with higher brightness,
which indicated gaps (Bista et al. 2013). Gap-free area percentages of enamel walls (E%) and dentin floor (D%) were calculated immediately and 10 min after light curing considering the
area proportion of the binarized pixel clusters over the total
bonded area in each MIP image.

Cross-Sectional Microscopy
Direct observation of the interface in the specimen under confocal laser scanning microscopy (CLSM) (1LM21H/W;
Lasertec Co.) was accomplished after trimming and mirrorpolishing of the specimen up to 0.25-µm diamond pastes. The
trimming was done with different sizes of SiC paper ranging
from 280-grit up to 2,000-grit followed by diamond pastes
down to a particle size of 0.25 µm in a circular motion under
copious cooling water to reach the axial cross-section imaged
in 2D real-time videos. The cavity wall and floor on each cross
section were imaged at ×1,250 magnification.

Statistical Analysis
E% and D% values were statistically analyzed using 2-way
repeated-measure analysis of variance followed by pairwise
comparisons using Bonferroni correction. All the analyses
were performed using the Statistical Package for Social
Science (SPSS, Inc.) with the significance level set at α = 0.05.

Results
Screenshots of OCT real-time videos are shown in Figure 2.
The representative video clips edited in Windows Movie Maker
(Microsoft) are presented in the Appendix. Figure 3 presents
MIP images of enamel walls and dentin floor from OCT 3D
data at different times after light curing.
Initiation of the interfacial gap was mainly observed during
the 20-s light curing (ranging 7–14 s from start), but its propagation continued after that. The extent of these interfacial gaps
showed an irreversible progressive pattern. In both the 1-SEAs,
dentin gaps showed a tendency to rapidly increase during light
curing and continued at a slower pace during the 10 min
(Appendix Fig. 1), while enamel gaps had a relatively slower
onset during the light-curing phase. Once initiated, enamel
gaps also continued to grow with time (Fig. 3). In dentin, the
gaps predominantly initiated away from the center of the cavity, closer to the line angles, creating a toroidal pattern seen
especially in BF and SBU (Fig. 3A′1–5, B′1–5). Occasionally,
the gaps also propagated to the center, resulting in complete
separation at the whole cavity floor (Appendix Fig. 2). In
enamel, gaps initiated either at the external margin or within
enamel walls closely below the surface. Once initiated, enamel
gaps tended to extend more laterally (parallel to the floor) than
axially in a pattern that resembled propagation of the gaps
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Figure 2. Representative optical coherence tomography (OCT) B-scan frames from real-time video clips during and after light curing (A–D)
replicated from each specimen at each time (0–6). In Bond Force (BF), high signal intensities (arrows) appeared at the cavity floor through light
curing for 20 s (A0–A2) developed throughout about 80% of the cavity floor for 10 min after light curing (A3–A6). In Scotchbond Universal Adhesive
(SBU), high signal intensities (blank arrows) appeared at the cavity floor through light curing for 20 s (B0–B2) and progressed to around 40% of the
cavity floor for 10 min after light curing (B3–B6). In OptiBond XTR (XTR), high signal intensity at the enamel interface appeared after light irradiation
(C3–C6, bold arrow) although no high signal intensity appeared at the dentin interface throughout real-time observation (C0–C6). On the other hand,
representative samples from the Clearfil SE Bond 2 (SE2) group (D) did not show high signal intensity at the whole-cavity interface during and after the
irradiation procedure (D0–D6).

along the grooves created by bur cutting during cavity wall
preparation (Fig. 3A1–5, B1–5).
On the other hand, 2-SEAs (XTR and SE2) did not show as
extensive gap formation at the cavity floor during and after the
irradiation procedure (Fig. 3C′1–5, D′1–5). Unlike SE2, which
showed almost no enamel gap formation, in some specimens of
XTR, high signal intensities at the enamel interface appeared
after light curing (Fig. 3C1–5, D1–5; Appendix Fig. 3).
Occasionally, some specimens showed increased signal intensity within enamel and along the cavity interface (enamel
crack) after light curing (Appendix Figs. 3, 4).
Representative correlative OCT and CLSM images are presented in Figure 4. Increased signal intensity at the restorationtooth interface on OCT B-Scan corresponded to the gaps in
CLSM images (Fig. 4A1, A2) while in a specimen with no
increased OCT signal intensity, no gaps could be observed at
the cavity interface (Fig. 4B1, B2).
Interfacial integrity in both enamel and dentin was significantly affected by time and material, and the interaction was also
significant (P < 0.001). E% declined significantly over 10 min
postcuring in BF, SBU, and XTR (P < 0.05) but not for SE2 (P >
0.05). SE2 and XTR showed higher E% than BF and SBU at both
times (P < 0.01) (Fig. 5A). Likewise, D% for BF and SBU was
lower and significantly different from SE and XTR (P < 0.01)

(Fig. 5C). Over the 10-min imaging, SBU showed the highest
gap progress along enamel walls while BF showed the biggest
dentin floor gap progress in a logarithmic pattern (Fig. 5B, D).

Discussion
In this study, OCT allowed visualizing behaviors of gap formation and progress at cavity interfaces in real time during and after
photo curing without specimen sectioning. OCT studies have
already established that a significant increase in signal intensity
at the tooth restoration interface, which appeared as bright clusters on the image, indicated loss of integrity or gap formation
(Makishi et al. 2011; Bakhsh et al. 2013; Bista et al. 2013;
Turkistani et al. 2015). Previous studies reported a significant
correlation in gap measurement between OCT and CLSM (Bista
et al. 2013). This is the first study to present 2D real-time videos
beside time-lapse 3D visualization and quantification of whole
enamel and dentin interface. The former was possible thanks to
the high-speed laser-scanning source and fast computer hardware allowing acquisition of optical data and their conversion to
video images. The latter is also an outcome of advanced 3D
image computation methods such as the MIP volume rendering,
which is appropriate for quantitative analysis based on peak signal intensity.
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Figure 3. Representative reconstructed XY plane maximum intensity projection (MIP) images from optical coherence tomography (OCT)
3-dimensional (3D) data after light curing (A–D, A′–D′), replicated from each specimen at each time (1–5). The coordinates corresponding to the
imaging direction are set at the upper left corner. At the enamel margins, Bond Force (BF), Scotchbond Universal Adhesive (SBU), and OptiBond XTR
(XTR) showed high signal intensity that progressed along the enamel interface after 10 min (A1–A5, B1–B5, C1–C5). On the other hand, Clearfil SE
Bond 2 (SE2) did not show a high signal intensity at the enamel interface during the observation (D1–D5). At the dentin floors, BF and SBU showed
bright areas that expanded at the floor after light curing for 10 min (A′1–A′5, B′1–B′5). On the other hand, XTR and SE2 showed almost no increased
brightness at the cavity floor during the observation (C′1–C′5, D′1–D′5).

The null hypothesis of the present
study was rejected, since 1-SEAs showed
larger gap formation and progress than
2-SEAs in both enamel and dentin. It
has been reported that polymerized
1-SEAs are porous structures that can
act as semipermeable membranes after
polymerization, permitting bidirectional
water movement across the adhesive
layer (Tay et al. 2002). In contrast, the
water-free hydrophobic bonding agent
of 2-SEAs could inhibit the hydrolytic
degradation and contributed to tight
sealing (Van Landuyt et al. 2006). It was
Figure 4. Optical coherence tomography (OCT) B-scan and confocal laser scanning microscopy
also suggested that the residual solvents
(CLSM) confirmatory images obtained for the Bond Force (BF) and Clearfil SE Bond 2 (SE2) groups
of 1-SEAs would impair co-polymeriza(A, B) and ×1,250 magnification CLSM images at the corresponding areas of OCT images (A1–A3,
B1–B3). EN, enamel; DE, dentine; AD, adhesive; CO, composite. High signal intensity (bold arrow)
tion between the uncured resin and
at the cavity interface corresponds with gap (A1). Double bright lines (blank arrows) at the cavity
hydrophobic resin composite, resulting
bottom indicate wider gaps (A2). Blank arrowheads are pointing toward the interface with no
in gap formation (Tay and Pashley 2003;
increase in signal intensity, indicating an absence of gap as confirmed in corresponding CLSM
Malacarne et al. 2006). It appears that
images (B1, B2). Occasionally, narrow gaps or separation (arrow) appeared under CLSM at enamel
margins that did not correspond to the OCT signal, indicating loss of integrity during specimen
the insufficient development of bond
processing for microscopy (A3, B3).
between the adhesive layer and the
shrinking composite during the light curing allowed the shrink2-SEAs and 1-SEAs at the dentin floor, where a lower effiage to pull the composite away from the bonding in both BF
ciency of water/solvent evaporation from the adhesive mix is
and SBU. This is the major difference observed between
expected (Yoshikawa et al. 1999; Nikolaenko et al. 2004;
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Figure 5. Gap-free enamel walls area percentage (E%) and gap-free
dentin floor area percentage (D%) just after light curing and after 10
min of each group with their standard deviations (A, C). Horizontal
bars indicate no significant differences between these groups (P >
0.05). Representative patterns of enamel and dentin floor gap progress
percentage during 10 min after light curing of each group (B, D). BF,
Bond Force; SBU, Scotchbond Universal Adhesive; SE2, Clearfil SE Bond
2; XTR, OptiBond XTR.

Bakhsh et al. 2013). In line with these observations, it was
reported that debonding within the resin-dentin interface was
more likely in a cavity filled in a single increment compared
with the flat dentin (Nikolaenko et al. 2004). The difference
between 2-SEAs and 1-SEAs was more pronounced when
bonding to cavity-bottom dentin was considered in another
study (Van Ende et al. 2012).
C-factor has been suggested as a simple predictor for
polymerization stress in cavity. However, factors affecting the
contraction stress are more complex depending on cavity size,
geometry, and stiffness (Braga et al. 2013) It has been known
that the viscous flow of composite in the first stage of polymerization (pregel phase) allows relaxation of early shrinkage
stresses. With progression of the polymerization reaction into
the postgel phase, further cross-linking of the polymer chains
within the composite increases the modulus of elasticity and
prevents relief of the stress through the viscoelastic flow
(Ferracane 2005). In the camphorquinone photoinitiated composites under a standard light-curing protocol, the gel point is
reached about 2 s after the polymerization start (dos Santos
et al. 2007), and the stress development in a bonded situation
peaks toward the end of the standard light-curing period (Watts
and Cash 1991). Therefore, postgel shrinkage and elastic modulus of resin play a more important role than simple volumetric
shrinkage or C-factor in contraction stress development under
different boundary conditions (Soares et al. 2013); internal
debonding itself is likely to decrease the residual stress.
This study used only one flowable composite in all groups;
this submicron-filled composite is indicated by its manufacturer
for direct anterior and posterior restorations. In general, conventional flowable composites achieve lower viscosity by changing
filler characteristics such as reducing filler content and show
larger volumetric shrinkage than higher viscosity paste-type or
hybrid composites (Labella et al. 1999). The compositions of

Journal of Dental Research 00(0)
more recent low-viscosity composites have been modified in
terms of monomer characteristics, polymerization initiators, and
filler shape and surface treatment. The current flowable composite employs a radical amplifier polymerization initiator that has
been reported to increase the pregel phase polymerization rate but
reduce postgel shrinkage (Uyama et al. 2007).
The real-time imaging (Appendix Figs. 1–3) showed that in
1-SEAs, the separation mainly occurred 7 to 14 s after the light
curing started. It is noteworthy that under the current experiment, composite polymerization developed slower in deeper
areas. Therefore, the dentin gap formation at the deeper cavity
interface in this study seemed to have occurred when the shallower composite had reached the postgel phase. The current
findings also demonstrated that new polymerization shrinkagerelated gaps were unlikely to initiate after the 20-s light-curing
period; however, the propagation of existing defects evidently
continued in a logarithmic pattern in the few minutes following
completion of the light irradiation, as the postgel shrinkage
continued in the composite despite the expected relaxation of
residual stress (Versluis et al. 2004; Park and Ferracane 2005).
The gap formation at the bottom of a bonded cavity (Fig. 3A′,
B′) has been reported in other studies; a study tracing composite filler movement within a bonded cylindrical cavity filled in
a single increment showed that the strain away from the tooth
interface at the cavity floor was larger than that in cavity walls
(Loguercio et al. 2004; Cho et al. 2011). The separation of
internal line angles while the center remained attached was
also in line with previous experimental observations (Braga et
al. 2006; dos Santos et al. 2007; Shi et al. 2008).
Curing light intensity and direction affect the polymerization rate and subsequently shrinkage of the light-cured composite in a cavity (Watts and Cash 1991; Chuang et al. 2016).
Due to the experimental limitations in the current study, the
light-curing setup had to be modified to allow concurrent
imaging. A dental radiometer (Bluephase Meter II, Ivoclar
Vivadent) was used to confirm that the intensity of light reaching the cavity area from the 2 probes under this setup was comparable to that of a standard irradiation setup with a single
probe, measured around 600 mW/cm2.
The loss of seal at enamel margins has been typically considered more important than the internal dentin interface gaps
throughout a restoration, due to the increased risk of discoloration, bacterial leakage, and formation of caries around open
margins (Turkistani et al. 2015). While a reliable bonding to
enamel has been established decades ago, the current results
demonstrate that the enamel marginal seal is still at risk.
Enamel gaps were more extensive in the 1-SEAs than in
2-SEAs, which is in line with previous reports on lower enamel
bond strength (Pongprueksa et al. 2016) and higher microleakage of the former (Schwendicke et al. 2015). Another important finding was the development of postcuring enamel cracks
along the enamel walls of some specimens (Appendix Fig. 4),
which is explained by the residual stress in the composite
according to the postgel concept (Versluis et al. 2004). It is
therefore evident that besides a good bonding ability, polymerization shrinkage of the composite must be considered for the
success of a composite restoration. Sophisticated analytical
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models have been established to understand polymerization
shrinkage and its manifestations. Despite experimental limitations such as the fixed 2D real-time imaging cross section, the
analysis methods presented and discussed in this study can
shed light on the less understood aspects of shrinkage.

Conclusion
Interfacial gap formation during polymerization of the lightcured flowable composite in a tapered cylindrical cavity
depended on the adhesive system used, and the 2-SEAs used
showed less gap formation than 1-SEAs. The formed gaps continued to propagate after composite light curing finished.
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