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KEYWORDS Abstract This study explores the effects of aging (thermal cycling and cyclic loading-TC/CL) and
Bulk-filling technique; different light-curing unit (LCU) types on the volume characteristics and internal porosity of a
Quartz-tungsten-halogen; bulk-fill resin-based composite restoration. Occlusal cavities (4 x 4 x 3 mm) were prepared on
Light-emitting diode; extracted human molars (n = 5). Tetric N-Bond Universal was applied, and the cavities were
Micro-computed tomogra- restored using Tetric-N-Ceram Bulk Fill. Photoactivation was performed using a quartz-tungsten
phy; halogen (QTH) or a multiple-emission peak light-emitting diode (MLED). Digital images for all
Thermal cycling; restorations were obtained using microcomputed tomography (micro-CT) before (baseline) and
Cyclic loading after (post-aging) TC/CL (5,000 TC cycles in 5-55 °C baths and a dwell time of 30 s followed by

10,000 sinusoidal CL load cycles in an Instron B3000 at 2 Hz and 10-110 N) and storage
(37 °C) for three months. For the micro-CT analysis, three-dimensional images were used to deter-
mine the restoration volume and internal porosity. Data were analyzed using a two-way ANOVA
and Tukey’s test (p < 0.05). Restorations photoactivated with QTH exhibited a higher object vol-
ume than the LED group at baseline and in post-aging conditions without any significant differ-
ences in the other evaluated characteristics. All volume/porosity characteristics increased
considerably after TC/CL aging, except for the object volume of the QTH group and the closed
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porosity of the MLED group. The change in all the volume/porosity characteristics between both
LCU groups after TC/CL were not significantly different. Thus, the aging process simulated herein
increased the volume and porosity characteristics of the bulk-fill restoration, and no significant dif-
ferences were obtained between the QTH and MLED equipment.

© 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Resin-based composites (RBCs) are widely used to restore
teeth that have a loss of dental structure (Alvanforoush
et al., 2017). Despite their adequate strength and wear resis-
tance, RBCs undergo hydrolytic degradation during oral func-
tion (Drummond et al., 2009), which impairs the clinical
longevity of restorations (Ilie et al., 2017). Additionally, fati-
gue can be initiated from internal flaws created during the fab-
rication of large restorations (Astvaldsdottir et al., 2015).
Thus, to acquire optimal strength, RBCs require appropriate
photoactivation, which depends on features such as radiant
exposure and the type of light-curing unit (LCU) used
(Leprince et al., 2013; Rueggeberg et al., 2017).

The LCUs currently used in daily routines consist of light-
emitting diodes (LEDs), which replaced the traditionally used
quartz-tungsten-halogen (QTH) equipment (Rueggeberg et al.,
2017). QTH-based LCUs utilize spectral emission ranging
from 375 to 510 nm, and they exhibit a relatively uniform emis-
sion beam profile (Al-Zain et al., 2019b; Rueggeberg et al.,
2017). Conversely, multiple-emission peak LEDs (MLED)
have a spectral emission comprising two peaks (in the violet
range [380-425 nm] and the blue range [420-520 nm]) (Al-
Zain et al., 2019b; Rueggeberg et al., 2017) with chips posi-
tioned side-by-side, which results in a nonuniform irradiance
beam profile (Al-Zain et al., 2019a; Price et al., 2011;
Rueggeberg et al., 2017). Considering the incomplete conver-
sion of monomers in RBC restorations (70%-75% level)
(Ferracane and Condon, 1990; Leprince et al., 2013), the
release of unreacted monomers may create postcure pores
and voids within the body of restorations (Balthazard et al.,
2014; Bonilla et al., 2012; Ilie et al., 2017; Olmez et al.,
2004). Accordingly, internal porosity may become areas of
stress concentration, thereby leading to the propagation of
cracks and, ultimately, to restoration failure (Jorgensen, 1980).

Among the currently available RBCs, bulk-fill materials
possess the advantage of an extended depth of polymerization,
i.e., they can be applied at thicknesses of 4—5 mm, which differs
from conventional RBCs (Chesterman et al., 2017). While the
bulk application of a larger volume of material may reduce the
occurrence of internal flaws/defects (Rosa de Lacerda et al.,
2019), a thicker increment may induce uneven polymerization.
This study makes a novel contribution to the literature by
exploring the impact of light curing type and the combined
TC and CL aging conditions on a bulk-filled restoration vol-
ume and internal porosity. To our knowledge no study inves-
tigated this before and more scientific evidence is needed in the
literature. Hence, this study investigates the effects of the LCU
type and aging on the volume characteristics and internal
porosity of a bulk-fill restoration. The null hypothesis is that
aging and the LCU type do not affect the volume or the poros-
ity characteristics.

2. Materials and methods

2.1. Teeth preparation and restoration

Sound human molars were obtained after approval by the local
Research Ethics Committee of the Faculty of Dentistry at King
Abdulaziz University (No. 135-11-18). The teeth were disin-
fected, stored in normal saline (0.9% sodium chloride) until
use, and then embedded in self-polymerizing acrylic resin. The
cusp tips of each tooth were wet-grounded with 400-grit SiC
to obtain flat occlusal surfaces; the dentin was left intact at the
center of the tooth. Occlusal cavities (4 mm length x 4 mm
width x 3 mm height) were centrally prepared using a round-
ended carbide bur (0.12 mm) with a multifunctional milling
machine (Paraskop®, BEGO, Bremen, Germany). All samples
were randomly separated into two groups according to the
LCU (n = 5): light cured using (1) an MLED (Bluephase N, Ivo-
clar Vivadent, Schaan, Liechtenstein) that possesses a 9-mm
diameter guide tip, ~840 mW power, and 1325 mW/cm? irradi-
ance and (2) a QTH (Astralis 3, Ivoclar Vivadent, Schaan,
Liechtenstein) that possesses a 7-mm diameter guide tip, ~325
mW power, and 840 mW/cm? irradiance.

Each cavity was treated using Tetric N-Bond Universal
adhesive (Ivoclar Vivadent, Schaan, Liechtenstein) in self-etch
mode; it was rubbed into the cavity for 20 s, air-dried, and light
cured for 10 s using the standard mode. Each restoration was
prepared by packing 3 mm of Tetric-N-Ceram Bulk Fill (Ivoclar
Vivadent, Schaan, Liechtenstein) into the cavities; Mylar strip
and glass slide were positioned on the restoration to extrude
any excess material. A description of the materials used is given
in Table 1. Photoactivation was conducted using the respective
LCU in the standard mode for 20 s according to the manufac-
turer’s instructions, and the light guide tip was kept centered
over the cavity. A mechanical arm was used to standardize the
distance at 2 mm (Al-Zain et al., 2019b). The irradiance output
from each LCU was measured in triplicate at a2 mm distance for
20 s using a spectrometer (Managing Accurate Resin Curing-
Light Corrector; BlueLight Analytics, Halifax, Canada). The
total radiant exposure received at the top of the restoration
was 26 J/cm? (MLED) or 18 J/cm? (QTH).

2.2. Micro-CT analysis

All restored teeth were scanned in three dimensions using
microcomputed tomography (micro-CT; SkyScan 1272, Bru-
ker microCT, Kontich, Belgium) at two distinct moments:
before aging (baseline) and after the aging simulation (post-
aging). For the baseline, samples were restored, immediately
scanned, then subjected to TC/CL and stored. Samples were
stored in saline, stored in dark conditions in the incubator
(37 °C) for three months, and then scanned post-aging. The
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Table 1 Descriptions of the universal adhesive and bulk-fill resin composite used in the study.

Material Manufacturer Shade Composition Lot
number

Tetric N-Bond  Ivoclar Vivadent, U Resin monomers (HEMA, 10-MDP, Bis-GMA, MCAP and D3MA), ethanol, X36453

Universal Shaan, Liechtenstein water, highly disperse SiO; fillers, photoinitiator (CQ)

Tetric N- Ivoclar Vivadent, IVA Resin monomers (Bis-=GMA and UDMA) and fillers (Ba—Al-Si-glass, X48519

Ceram Bulk Shaan, Liechtenstein prepolymer fillers and spherical mixed oxide)

Fill

HEMA: 2-hydroxyethyl methacrylate; 10-MDP: 10-methacryloyloxydecyl-dihydrogen-phosphate; Bis-GMA: bisphenol-A glydidyl methacry-
late; MCAP: methacrylate carboxylic acid polymer; D3MA: decandiol dimethacrylate; SiO,: silica dioxide; CQ: camphorquinone; UDMA:

urethane dimethacrylate.

acquisition parameters for the micro-CT analysis are as fol-
lows: aluminum and copper filter, nine camera pixel size, 100
source voltage and current, and flat-field correction. The scans
were reconstructed using NRecon (Bruker microCT, Kontich,
Belgium) to generate three-dimensional (3D) images. The base-
line and post-aging 3D image sets were analyzed using Data-
Viewer and CT Analyzer (Bruker microCT, Kontich,
Belgium) by an independent expert. The 3D volumetric quan-
titative analysis was initiated by rotating and aligning the
images in DataViewer. The 3D-oriented images were then pro-
cessed using the CT Analyzer by applying thresholding,
despeckling, and bitwise operation functions to delineate and
segment the restoration. The segmented restoration volume
and porosity values were then obtained using the built-in func-
tions for 3D analysis. The segmented restorations were ren-
dered using CTvox (Bruker microCT, Kontich, Belgium),
where the volume and pores were evaluated. In total, four
response variables were investigated in this study: object vol-
ume, number of closed pores, volume of closed pores, and
closed porosity. The measured values were exported to Excel
(Microsoft, Redmond, Washington, USA) spreadsheets to fur-
ther analyze the volumetric and porosity changes in the
restoration between the baseline and post-aging conditions.

2.3. Aging simulation (TC/CL)

After the micro-CT baseline measurements, all samples under-
went thermal cycling using a thermocycler (THE-1100/1200,
SD Mechatronic, Feldkirchen-Westerham, Germany). The
specimens were subject to 5,000 cycles in alternating baths of
5 °C and 55 °C with a dwell time of 30 s and a transfer time
of 10 s. The samples were then subjected to cyclic loading
under dry conditions using a dynamic mechanical testing
machine with a flat load cell (Instron B3000, Noorwood, Mas-
sachusetts, USA); a 2 Hz frequency and a range of 10-110 N
were used for 10,000 cycles (Al-Shehri et al., 2017; Nishigori
et al., 2014; Turssi et al., 2006). After the TC/CL process, all
samples were stored in saline under dark conditions in the
incubator for three months (37 °C).

2.4. Statistical analysis

Data on the volume and porosity of the restorations were sta-
tistically analyzed using a two-way analysis of variance fol-
lowed by Tukey’s post hoc test. Data on the change in the
restoration volume and internal porosity obtained with each

LCU were analyzed using the Mann—Whitney rank-sum test.
The significance level of all analyses was set at o = 0.05. Sta-
tistical analyses were performed using SigmaPlot, version 12.0
(SPSS Inc., Chicago, Illinois, USA).

3. Results

Table 2 shows the mean values of the tested volume and poros-
ity characteristics. Restorations that were photoactivated with
QTH exhibited a higher object volume than those using
MLED under both baseline and post-aging conditions
(p < 0.004) without any significant difference in the other char-
acteristics (p > 0.085). All volume-porosity characteristics
increased after aging (p < 0.017) except for the object volume
when using QTH (p = 0.089) and the closed porosity when
using MLED (p = 0.073), which exhibited similar values for
the baseline and post-aging conditions.

The volume and porosity characteristics increased consider-
ably after aging for all MLED-activated restorations and the
majority (75%) of the QTH-activated restorations without sig-
nificant differences between the groups (p > 0.301). Represen-
tative micro-CT 2D and 3D rendered segmented images of
restorations cured using the MLED- and QTH-based LCUs
are presented in Fig. 1. Overall, restorations from the MLED
group exhibited a lower porosity than the QTH group.

4. Discussion

This study used two LCUs with distinct emission profiles to
verify whether a QTH or MLED unit can alter the bulk char-
acteristics of a bulk-fill RBC. Overall, only one characteristic
(object volume) differed between the groups, and aging
affected all the investigated characteristics, thereby partially
rejecting the study’s null hypothesis.

Aspects such as the LCU position, RBC type, and shade
were standardized to minimize any confounding factors. The
teeth were flattened to allow all restoration areas to receive a
similar amount of irradiance (Alqudaihi et al., 2019); one-
shot curing was ensured for all the restorations (Al-Zain
et al., 2018; Al-Zain and Platt, 2020; Eshmawi et al., 2018);
the light guide tip was positioned centrally to standardize the
delivery of energy (Al-Zain et al., 2018; Price et al., 2011;
Shimokawa et al., 2018); and a curing distance of 2 mm was
used to simulate a clinical setting (Al-Zain et al., 2018; Price
et al., 2011). Thus, we controlled many of the potential impor-
tant operational aspects that may affect the polymerization of
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Table 2 Mean and standard deviation (SD) values for the characteristics tested in the study and the respective percentage change
median (minimum/maximum) values after thermal-cycling and cyclic loading (TC/CL) aging.

Aging condition Object volume (mm?)* Number of closed pores* Volume of closed pores Closed porosity (%)*
(mm3)*
LED QTH LED QTH LED QTH LED QTH
Baseline 171 32) % 354(7.00™ 1377 (1050) B 1672 (1733) % 0.07 (0.07) B 0.10 (0.08) ® 0.4 (0.3) 4 0.3 (0.3) &
b a a a a a a a
Post-aging 30.5 (5.4) & 43.6 (7.3) ™ 5390 (2553) A 7948 (2819) A 0.28 (0.16) A 0.47 (0.34) ™ 0.9 (0.4~ 1.0 (0.7) ™
b a a a a a a a
Change (%) after TC/ 93 (25/119) —0.1 (-4/ 260 (173/796) 684 (116/ 287 (128 473 (72/ 125 (32/ 244 (-6/
cL’ 84) 16039) 1116) 6566) 524) 6502)
p = 0.408 p = 0.301 p = 0.421 p = 0.424

LED: light-emitting diode curing unit; QTH: quartz-tungsten halogen curing unit; Baseline: before TC/CL aging; Post-aging: after TC/CL

aging.

" Distinct uppercase (comparisons in the columns) and lowercase (comparisons in the rows) letters indicate statistically significant differences
between the tested groups (p < 0.05); Two Way Analysis of Variance and Tukey post hoc test.
¥ There were not statistical significant differences between LED and QTH groups regardless of the tested characteristics (p > 0.05); Mann-

Whitney Rank Sum Test.

LED (Bluephase N)

Baseline

QTH (Astralis 3)

w
(W)

Post-aging

Fig. 1  Representative micro-CT 2D and 3D rendered segmented images of a bulk-fill restoration before (baseline) and after (post-aging)
thermal cycling and a cyclic loading aging simulation for both of the tested light-curing units: a light-emitting diode (LED) and a quartz-

tungsten-halogen (QTH).

the restorations, thereby enabling the acquisition of accurate
data.

The MLED equipment tested in this study has a nonho-
mogenous irradiance beam profile, which enables different
blue and violet photons and a radiant distribution across the

LCU tip (Shimokawa et al., 2018). According to some studies
(Al-Zain et al., 2019a; Al-Zain et al., 2018; Al-Zain and Platt,
2020; Eshmawi et al., 2018), up to 95% of the radiant expo-
sure/irradiance may be lost from the top to the bottom areas
during light transmission through RBCs as thin as 1-2 mm.
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Similarly, ~10% of the light emitted by an LCU reaches the
bottom areas of a 4-mm bulk-fill RBC (Shimokawa et al.,
2018), and a violet spectral emission may no longer be detected
at the bottom of 2-mm-deep specimens (Al-Zain et al., 2018;
Al-Zain et al., 2019b). Therefore, we may expect a similar loss
of radiant exposure/irradiance in the 3-mm bulk-fill specimens
in our study. However, considering that the polymerization
level depends on the activated photoinitiator, LCUs with a rel-
atively homogenous light emission (e.g., QTH) are preferable
to LCUs with a nonhomogeneous irradiance distribution
(e.g., LED).

According to Giorgi et al. (2015), the polymerization level
of RBCs was not influenced, even after successive photoactiva-
tions using multiple or single irradiation protocols (Giorgi
et al., 2015). The QTH equipment resulted in a similar poly-
merization efficacy at the top and bottom increments of the
RBC. However, new-generation LEDs were considered better
alternatives for the polymerization of bulk-fill RBCs than
QTH (Pirmoradian et al., 2020), particularly for polymerizing
materials with novel initiation systems (e.g., Ivocerin), as
tested herein. Previous studies exhibited significant differences
between the mean degree of conversion (DC) at the top and
bottom surfaces of an RBC containing diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) as the photoinitiator
when cured using QTH or MLED; however, the mean DC was
above 67% (Al-Zain et al., 2018). Other studies also showed
that the mean DC of the same RBC containing TPO was
above 63% upon the use of QTH and several LEDs (Al-
Zain et al., 2019b). Surprisingly, there were no relevant differ-
ences in this study concerning the LCU type, particularly when
considering the change in the restoration volume and internal
porosity.

It has been established that 16 J/cm? is the minimum energy
necessary to achieve appropriate polymerization (Leprince
et al., 2013; Price et al., 2011), and restorations in our study
received radiant exposure above this level. This may have con-
tributed to the effective activation of free radicals and ade-
quate polymerization for all restorations. Another aspect is
related to the type of photoinitiator for the tested RBC (Ivo-
cerin), which has a higher absorption capacity in the violet
range than in the blue range, and it can be activated using a
single LED or MLED (Rueggeberg et al., 2017). The violet
and blue LED chips are positioned side-by-side; thus, they
emit nonhomogeneous light. However, a sufficient amount of
photoinitiators may have been excited, thereby generating suf-
ficient free radicals and satisfactory polymerization (Al-Zain
et al., 2019a; Price et al., 2015; Rueggeberg et al., 2017). More
importantly, Tetric N-Ceram Bulk Fill comprises photoinitia-
tors other than Ivocerin, such as TPO and the traditionally
used camphorquinone, and this intrinsic composition may
guarantee an adequate conversion of monomers, regardless
of the LCU type (Pirmoradian et al., 2020).

In our study, the restored teeth were thermally cycled for
5,000 cycles, which simulated 6 months of oral function, fol-
lowed by 10,000 sinusoidal cyclic loadings (Al-Shehri et al.,
2017). Considering the DC, a previous study showed that
monomer conversion improved after 4,000 cycles of TC
(Ghavami-Lahiji et al., 2018). Thus, we may assume that the
restoration temperature increased during aging
(Truffier-Boutry et al., 2006) and RBC heating at 55 °C (i.e.,
the temperature level close to the glass transition [Tg]) may
have driven the continuation of the polymerization process

(Truffier-Boutry et al., 2006), thereby causing radical recombi-
nation and enhanced polymerization. However, these infer-
ences may vary with different photoactivation protocols,
which warrants further investigation of this topic.

Other aspects should be considered regarding the effects of
distinct LCUs in the photoactivation of RBCs, such as the
development of polymerization stress. Notably, QTH units
tend to deliver lower energy. Considering the lower radiant
exposure of this group in our study, we may assume that poly-
merization stress is less intense at the body of restorations pho-
toactivated using QTH (Munchow et al., 2018). This may
explain the increased object volume for this group compared
with the MLED group. The negative effects of polymerization
stress may also depend on the chemical composition of the
material; however, bulk-fill RBCs represent one of the most
effective formulations for the significant reduction in and con-
trol of stress development (Meereis et al., 2018). Therefore,
despite the LCU type, it is feasible to assume that all restora-
tions prepared in our study contributed to the same level of
polymerization stress, which justifies the similar volume/poros-
ity characteristics demonstrated herein.

The clinical relevance of our findings relates to the fact that
nonuniform beam profiles from different LCUs may not affect
restoration volume and internal porosity after aging, thereby
enabling clinicians to use a QTH or MLED without compro-
mising restoration quality. A limitation of this study is that
only two types of LCUs were investigated; therefore, future
studies that test other equipment, delivering similar radiant
exposure values to specimens, and different types of RBCs
are necessary.

5. Conclusions

Aging increased all volume and porosity characteristics of a
bulk-fill restoration without any significant differences
between the LCUs. However, when considering the object vol-
ume property only, the MLED unit is preferable over QTH for
polymerizing bulk-fill restoratives.
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