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Abstract

Objectives To investigate the relationship of the irradiance-beam-profile areas from six different light-curing units (LCUs) with
the degree of conversion (DC), microhardness (KH), and cross-link density (CLD) throughout a resin-based composite (RBC)
cured at two clinically relevant distances, and to explore the correlations among them.

Materials and methods A mapping approach was used to measure DC using micro-Raman spectroscopy, KH using a Knoop
indentor on a hardness tester, and %KH reduction after ethanol exposure, as an indicator for CLD within a nano-hybrid RBC
increment (n =3) at various depths. These sample composites were cured from two distances while maintaining the radiant
exposure, using six different light-curing units: one quartz-tungsten-halogen; two single and three multiple-emission-peak light-
emitting-diode units. Irradiance beam profiles were generated for each LCU at both distances, and localized irradiance values
were calculated. Points across each depth were analyzed using repeated measures ANOVA. Correlations across multiple spec-
imen locations and associations between beam uniformity corresponding with polymerization measurements were calculated
using linear mixed models and Pearson correlation coefficients.

Results Significant non-uniform polymerization patterns occurred within the specimens at various locations and depths. At 2-mm curing
distance, the localized DC = 52.7-76.8%, KH = 39.0-66.7 kg/mmz, and %KH reduction =26.7-57.9%. At 8-mm curing distance, the
localized DC = 50.4-78.6%, KH = 40.3-73.7 kg/mm?, and %KH reduction = 28.2-56.8%. The localized irradiance values were weakly
correlated with the corresponding DC, KH, and %KH reduction, with only a few significant correlations (p < 0.05).

Conclusions Although significant differences were observed at each depth within the specimens, the localized irradiance values
for all LCUs did not reflect the polymerization pattern and did not seem to have a major influence on polymerization patterns
within the RBC, regardless of the curing distance.

Clinical relevance Commonly used LCUs do not produce uniform polymerization regardless of the curing distance, which may
contribute to the risk of RBC fracture.

Keywords Degree of conversion - Microhardness - Cross-link density - Resin composite - Beam profile - Light-curing unit

Electronic supplementary material The online version of this article .
(https://doi.org/10.1007/s00784-019-02831-1) contains supplementary Introduction
material, which is available to authorized users.

Fracture of resin-based composite (RBC) restorations is a
>4 Afnan O. Al-Zain common cause for their clinical failure [1, 2]. The incidence
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39% [2]. There are several contributing factors to RBC frac-
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Polymerization of light-activated RBC results in a highly
cross-linked polymer structure [5, 6]. However, monomer
conversion is never complete, and the polymer network con-
tains a considerable amount of unreacted double bonds and
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pendant groups [6, 7]. A strong correlation has been suggested
between RBC degree of conversion (DC) and hardness [8].
Also, several mechanical and physical properties are associat-
ed with DC, hardness, and cross-link density (CLD) [6, 7, 9,
10]. Evaluating both the DC and the CLD of the RBC is
important because CLD considers the heterogeneity of the
polymer network, unlike DC [11]. Many studies evaluated
polymerization effectiveness by obtaining DC and hardness
measurements on the top and bottom specimen surfaces, or by
sectioning the specimens longitudinally and obtaining hard-
ness measurements along the exposed surfaces [10-14].
Studies that estimated CLD indirectly after ethanol-softening
used a limited number of hardness measurements on the top
and bottom surfaces [15-17].

Typically, the irradiance beam profile measured from a
LCU is not uniform [18-20]. This may be more of a con-
cern for the light-emitting-diode (LED) units compared to
the quartz-tungsten-halogen (QTH) units [18-20] because
the LED chips are typically side-by-side making complete
irradiance uniformity across their light-emitting tips a chal-
lenge. However, QTH units exhibit relatively uniform irra-
diance distributions across their light-emitting tips, and the
radiated light is comprised of a broad spectral emission
range (380-520 nm), which includes the wavelengths
needed by most RBC photoinitiators [ 19—22]. Single emis-
sion peak LED (SLED) units typically contain blue LED
chips, with spectral emission curves that range from 400 to
520 nm, which includes the peak absorption range for the
common photoinitiator camphorquinone (CQ) [19, 20, 22,
23]. Multiple emission peak LED (MLED) units include an
additional violet LED chip, or chips, with a spectral emis-
sion between 380 and 420 nm that is in the peak absorption
range of some alternative photoinitiators, such as diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) [19, 20,
22, 23]. The non-uniform irradiance distribution from the
light-emitting tip of a dental curing unit could result in
localized discrepancies in photoinitiator activation, free
radical production, and reaction rates [24—27]. Ultimately,
the overall properties and longevity of a restoration could
be impacted [3, 18, 19, 21, 25, 26]. However, not every
non-uniform LCU results in unsatisfactory performance of
a restoration if the required irradiance (mW/cm?) is re-
ceived by the RBC [18, 25, 26, 28]. Increasing the distance
between the light-emitting tip and the restoration leads to
the restoration receiving less irradiance from the curing
unit [3, 19-21, 29]. As a result, increasing the curing time
to compensate for the reduction in irradiance received by
the restoration with increasing distance may be needed to
achieve satisfactory polymerization. Since a clinical setting
does not allow for a 0-mm curing distance, it is more clin-
ically relevant to evaluate the performance of a RBC at a
distance [29]. Studies reported that 2 and 8-mm curing
distances are the best and worst clinical case scenarios,
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respectively, which is why these distances were chosen
for the present study [27, 29]. In addition, the generated
irradiance beam profile from the LCU is reported as more
uniform at a further distance compared to at a closer dis-
tance [3, 19-21, 29].

The irradiance beam profiles measured from LCUs cor-
respond with the hardness of the RBCs as shown by the
hardness mapping on the top and bottom surfaces from one
distance [25-27]. However, there is limited understanding
of this influence within the bulk of a restoration. Recent
work showed that a RBC cured with either a QTH or a
MLED unit at one distance, while maintaining a constant
radiant exposure, resulted in DC and CLD values that were
not uniform throughout the RBC [30]. Therefore, an as-
sessment of the RBC increments cured at two clinically
relevant distances was worth further investigation. In addi-
tion, exploring correlations between the localized irradi-
ance beam profiles at multiple distances with DC, hard-
ness, and CLD values within a RBC could provide a better
understanding of polymerization patterns within a restora-
tion with respect to curing distance.

The aim of this study was to explore the influence of
limited regions of irradiance beam profiles from different
curing units on the corresponding DC, Knoop microhard-
ness (KH), and CLD values within the RBC at two clin-
ically relevant curing distances, and to explore the corre-
lations among these factors. The working hypotheses
were as follows: Limited irradiance beam profile areas
from different MLED and SLED units compared to one
QTH will result in (1) different DC, KH, and CLD pat-
terns within an RBC increment at two clinically relevant
curing distances; (2) significantly greater differences in
DC, KH, and CLD values within a RBC increment when
cured at a 2-mm curing distance compared to an 8-mm;
(3) a strong localized DC correlation with the correspond-
ing KH and CLD values within a RBC increment when
cured at two clinically relevant distances; and (4) a strong
correlation with the corresponding DC, KH, and CLD
values on the top RBC surfaces cured at two clinically
relevant distances.

Materials and methods

Six LCUs were explored: one QTH [Optilux 401 (O), Kerr,
Orange, CA] served as the control. In addition, three MLED
units [Bluephase Style (BS), Ivoclar Vivadent, Amherst, NY]
with the updated light guide tip, [SmartLite Max (SM),
Dentsply, York, PA], and [Valo Cordless (V), Ultradent,
South Gordon, UT]; and two SLED [Demi (D) and Demi
Ultra (DU), Kerr, Orange, CA] were used. Specimen prepara-
tion, polymerization characterization, and beam profile quan-
tification were performed as described in detail and illustrated



Clin Oral Invest (2019) 23:3995-4010

3997

in previous work with a few modifications [30]. In this study,
specimens were cured at 2- or 8-mm distances from the top.
The study design is illustrated in Fig. 1.

Polymerization pattern characterization

Briefly, each light guide tip was centered over a
Managing Accurate Resin Curing System-Resin
Calibrator (MARC-RC) top sensor (Bluelight Analytics
Inc., Halifax, Canada). The radiant exposure was main-
tained (10-11 J/cm?) by adjusting the curing time at each
distance, using the manufacturer recommendation for a
dual-photoinitiator RBC (Tetric EvoCeram bleaching
shade XL, Ivoclar Vivadent, Amherst, NY, Lot#
T25427). Square composite specimens (5 x5 X 2 mm)
were prepared using a Delrin mold made to standardize
the specimen position. Six specimens were prepared for
each LCU at each distance: three for the top and bottom
characterization and three for depth characterization.
Specimens were stored dry at 37 °C for 24 h [15, 25].
Depth characterization specimens were sectioned using a
hard tissue microtome (Series 1000 Deluxe, Scientific
Fabrications, Littleton, CO) with a 0.2-mm wafer blade
(Buehler, Lake Bluff, IL, USA) at standardized locations.
All specimens were finished and polished (Struers,
Ballerup, Denmark), rinsed, and ultrasonically cleaned.
KH mapping was performed on the top and bottom sur-
faces and on each slice harvested at standardized locations
using an automated hardness stage (Clemex ST-2000 au-
tomatic stage, Norwood, MA) mounted on the hardness
tester (Instron, Wilson-Tukon model 2100B, Norwood,
MA), with a 50-g load and 10-s dwell time [27].

The next day, DC mapping was performed using micro-
Raman spectroscopy (FORAM, CRAIC Technologies, San
Dimas, CA) at standardized locations, five scans for each
measurement point. Spectra of uncured composites (rn =3)
were recorded. DC was calculated by comparing the rela-
tive change of the vinyl C=C band peak height at
1640 cm™' to an aromatic C=C reference band peak height
at 1610 cm™'. The DC calculation was performed using the
following equation [31]:

DC% — <1_ cured (peak height at 1640/peak height at 1610) > 100

uncured (peak height at 1640/peak height at 1610)

CLD mapping was performed using an ethanol-
softening method with repeated microhardness measure-
ments. Each specimen was placed in 1 ml of absolute eth-
anol (Sigma-Aldrich, St. Louis, MO, Lot# SHBF5121V)
for 24 h and blot dried. KH mapping was then performed.
The %KH reduction was calculated for each localized val-
ue before and after soaking the specimens in ethanol and
used as a CLD surrogate throughout this manuscript.

3D and 2D renderings

DC, KH, and %KH reduction renderings were generated
using ParaView 5.0 (Ayachit, Utkarsh, The ParaView
Guide: A Parallel Visualization Application, Kitware,
2015, ISBN 978-1930934306). 3D renderings were gener-
ated after averaging the measurements of each point. 2D
top renderings aided visualization of the association be-
tween the beam profile pattern and DC, KH, and %KH
reduction.

Irradiance beam profile quantification

Briefly, beam profile images were generated using a CCD
camera-based beam profiler system (BGP-USB-SP620
with a FL-50 CCTV lens, Ophir-Spiricon, North Logan,
UT) combined with power values obtained with an optical
spectrometer (FLAME-S-VIS-NIR, Ocean Optics,
Dunedin, FL). The camera position was standardized and
calibrated. Shortpass and longpass optical filters (Edmund
Optics, Barrington, NJ), both with a cutoff wavelength of
425 nm, were used to collect violet and blue light, respec-
tively, at 2- and 8-mm distances, for each LCU. Images
were processed using BeamGage Professional software
(5.11, Ophir-Spiricon, North Logan, UT). Radiant power
from each LCU was collected using a 6-in. integrating
sphere (Labsphere, North Sutton, NH) connected to a cal-
ibrated (HL-3plus-INT-CAL, Ocean Optics, Dunedin, FL)
Ocean Optics optical spectrometer. Custom adapters that
matched the dimensions of the active portion of each guide
tip were placed over the integrating sphere opening at 2
and 8-mm distances. Radiant power measurements were
collected for each LCU from the shortpass (380425 nm)
and longpass (425-700 nm) wavelength ranges (n = 3), and
the average power value was applied to the corresponding
image for each LCU to generate calibrated 2D irradiance
distribution images. For each LCU, the respective values
for the area of the active portion of the guide tip combined
with its average power were used to calculate the spectral
irradiance of the LCU and determine the percentage con-
tributions from the violet and blue chips.

Correlations

The numerical localized average irradiance values of each
square in the grid were correlated with the corresponding lo-
calized DC, KH, and %KH reduction values at each distance.
Statistical analyses

The effects of different LCUs and at 2- or 8-mm curing distances

on an RBC DC, KH, and %KH reduction, were analyzed using
ANOVA. Each LCU-distance combination was allowed to have
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a different variance. Repeated measures ANOVA was used to
explore the significant differences among points at each depth.
The correlations among the measurements were based on the
distance between them. Linear mixed models were used to cal-
culate the correlations across multiple locations on each speci-
men while accounting for within-specimen correlations. Pearson
correlation coefficients were used for the associations of the lo-
calized irradiance values with the corresponding localized DC,
KH, and %KH reduction values on the top surfaces. Normality
assumptions were met for all analyses. The homogeneous vari-
ance assumption was met for the ANOVAs (o= 0.05).
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sphere/spectrometer assembly |

Results
Polymerization pattern characterization

Polymerization patterns were not uniform within the spec-
imens regardless of the curing distance (Figs. 2 and 3). The
DC did not follow a specific pattern where the QTH and
MLED units yielded higher localized DC values than the
SLED units, regardless of distance. Using the QTH and
MLED units, a gradual decrease in KH appeared from the
top to the bottom, and a gradual increase in %KH reduction
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values indicated a higher CLD on the top. However, using
the SLED units showed a relatively uniform localized KH
and %KH reduction distribution. Localized KH and %KH
reduction values were higher at the 8-mm than the 2-mm
distance. The localized bottom/top KH ratios were greater
than 80% with few exceptions at the 2-mm distance when
using O, V, SM, and D, and when using BS, V, and O at the

DC (%)

50 58

65 72 80

20

BS

SM

DU

KH (kg/mm?)

34

8-mm distance (Online Resource 1). The number of signif-
icant comparisons varied for each property, each LCU, and
differed between 2 and 8-mm distances with no specific
pattern (Tables 1, 2, and 3) (p <0.05). Several significant
interactions were observed between the LCUs and each
measurement at specific depths (Online Resources 2, 3,
and 4).

%KH reduction

47 60 74

1

26

34 42 50 58

Fig. 2 3D renderings of the DC (%), KH (kg/mm?), and %KH reduction values within RBC specimens light cured using the LCUs explored at 2-mm

curing distance
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Fig. 3 3D renderings of the DC (%), KH (kg/mm?), and %KH reduction values within RBC specimens light cured using the LCUs explored at 8-mm

curing distance

LCU irradiance beam profile characterization

The characteristics for each LED unit varied (Table 4).
The QTH had a broad spectral emission and included
blue and violet ranges. The MLED units exhibited peaks
in the blue and violet regions. The SLED lights had one
peak in the blue region. The percent of irradiance from
the QTH and MLED units was similar in the longer
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wavelengths and greater than the shorter wavelengths
(Fig. 4). The 2D irradiance beam profile images using
the longpass filter quantified at each distance were
coupled with the corresponding 2D renderings of the
top surface measurements (Figs. 5 and 6). No unit pro-
vided a perfectly uniform irradiance distribution. Each
LED unit had “hot-spots” and “cold-spots” that
corresponded to the blue and violet LED chips,
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Table 1 Number of localized
significant comparisons (*) Depth (mm) *No. of comparisons Distance (mm) O BS SM \% D DU
among the DC (%) measurement
points of the RBC specimens 0.0 1224 2 76 104 23 104 18 85
across each depth and curing 8 84 136 60 53 78 26
distance using the LCUs explored 05 104 P 18 0 6 0 1
8 2 11 0 1 9 0
0.7 104 2 3 0 0 0 8
8 0 0 0 0
0.9 104 2 6 30 2 14 12 5
8 0 24 9 3 4 8
1.1 104 2 5 0 0 0 0 1
8 3 7 12 0 15 15
1.3 104 2 4 0 2 4 7 21
8 2 8 2 21
1.5 104 2 12 0 11 0 0 9
8 5 2 0 9 12 0
2.0 104 2 94 10 52 65 112 64
8 51 40 78 122 62 38
Total 3288 2 212 162 101 194 149 213
8 150 224 159 205 194 108

*1224 comparisons among measurement points on the top or bottom surfaces/LCU/distance. 104 comparisons
among measurement points across each depth/LCU/distance. 3288 sum comparisons from all measurements
across each depth/LCU/distance. Fewer significant differences indicated that a more consistent DC was observed
across the specimen for a LCU at any given depth. Missing entries in the table were due to lack of convergence for
the model. The LCU that resulted in the least number of DC significant comparisons to the most number of
significant comparisons was in the following order: at 2-mm curing distance: SM <D < BS <V <O < DU
(p<0.05); at 8-mm curing distance: DU < O < SM < D <V < BS (p <0.05). Abbreviations: Optilux 401, O;
Bluephase Style, BS; SmartLight Max, SM; Valo Cordless, V; Demi, D; Demi Ultra, DU

respectively. The beam profiles at 8 mm exhibited lower
and relatively more uniform irradiance values over a
wider area than 2 mm. At 2 mm, the average localized
irradiance values ranged between 235 and 1600 mW/
cmz; at 8 mm, ranged between 180 and 1005 mW/cm?.
The DC, KH, and %KH reduction patterns did not reflect
the LCU irradiance patterns, regardless of distance. Non-
uniform DC, KH, and %KH reduction distribution was
exhibited across the top surfaces, which was more evi-
dent for the DC.

Correlation of localized DC with KH and %KH
reduction

The correlation between the localized DC values and KH
or %KH reduction values varied at each depth and curing
distance for each LCU (Table 5). The localized correlation
between DC and KH was moderate to weak at most depths
regardless of the curing distance. A strong positive corre-
lation was detected at 0.9-mm and 1.1-mm depths using
BS at 2-mm distance, at 1.5-mm depth using DU at 2-
mm distance, at 0.7-mm depth using O at 8-mm distance,
at 2.0-mm depth using BS at 8-mm distance, and on the top
using SM at 8-mm distance. The correlations between the

localized DC and %KH reduction values were mostly mod-
erate regardless of the curing distance. A strong positive
correlation was seen at 2 mm using BS and DU at 1.3-mm
depth and at 8-mm curing distance using BS at 2.0-mm
depth as was shown for SM on the top.

Correlations of the localized irradiance with top
surface DC, KH, and %KH reduction

A weak correlation was exhibited between the localized
irradiance values and the corresponding top surface DC,
KH, and %KH reduction. A few significant correlations
were detected; DC values were significantly correlated
with irradiance values at 2 mm using V with a positive
association using the longpass filter and a negative corre-
lation using the shortpass filter. KH values were signifi-
cantly associated with the irradiance values at 2 mm using
V with a negative association using the longpass filter. At
8-mm distance, a negative association was seen using the
longpass filter with BS and a positive correlation using the
shortpass filter. The %KH reduction measurements showed
a significantly positive association with the BS irradiance
values at 8 mm using the longpass filter. All p <0.05.
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Table 2 Number of localized

significant comparisons (*) Depth (mm) *No. of comparisons ~ Distance (mm) O BS SM V D DU
among the KH (kg/mm?)
measurement points of the RBC 0.0 1224 2 72 24 8 16 80 33
specimens across each depth and 8 31 141 68 58 11 79
curing distance using the LCUs 05 104 P 0 18 P 1 0
explored
8 0 1 6 2 0 0
0.7 104 2 4 21 1 9 3 7
8 2 10 2 0 2 2
0.9 104 2 3 0 1 12 7 0
8 0 4 0 1 16 3
1.1 104 2 0 4 7 8 3
8 14 13 11 1 10 0
1.3 104 2 6 2 3 23 1 6
8 1 0 13 0
1.5 104 2 0 1 3 4
8 0 9 8 3 0 1
2.0 104 2 70 20 33 149 105 110
8 13 294 11 37 97 34
Bottom/top ratio 990 2 42 25 8 30 30 65
8 86 152 22 33 19 35
Total 3288 2 155 85 54 233 221 167
8 60 481 115 105 149 120

*1224 comparisons among measurement points on the top or bottom surfaces/LCU/distance. 104 comparisons
among measurement points across each depth/LCU/distance. 990 comparisons among bottom/top KH ratio
measurement points/LCU/distance. 3288 sum comparisons from all measurements across each depth/LCU/dis-
tance. Fewer significant differences indicated that a more consistent KH was observed across the specimen for a
LCU at any given depth. Missing entries in the table were due to lack of convergence for the model. The LCU that
resulted in the least number of KH significant comparisons to the most number of significant comparisons was in
the following order: at 2-mm curing distance: SM < BS <O <DU <D <V (p <0.05); at 8-mm curing distance: O
<V<SM<DU<D<BS (p <0.05). The LCU that resulted in the least number of bottom/top KH ratio significant
comparisons to the most number of significant comparisons was in the following order: at 2-mm curing distance:
SM<BS <V =D<0<DU (p<0.05); at 8-mm curing distance: D < SM < V < DU < O < BS (p <0.05).
Abbreviations: Optilux 401, O; Bluephase Style, BS; SmartLight Max, SM; Valo Cordless, V; Demi, D; Demi

Ultra, DU

Discussion
Polymerization pattern characterization

With respect to DC, KH, and %KH reduction, non-uniform
localized polymerization discrepancies were detected regard-
less of the LCU or curing distance with the non-uniformity
being more evident in the DC values (Figs. 2 and 3). The
location and number of significant differences among points
at each depth differed regardless of the LCU or curing distance
(Tables 1, 2, and 3). The types of RBC, specimen thickness,
radiant exposure, and LCU position, were all standardized, in
this study, in order to limit the confounding variables.
Furthermore, the tested RBC contained CQ and TPO with less
CQ concentration, compared to other shades of the same
RBC. Therefore, a better assessment of the influence of a
non-uniform beam on the corresponding polymerization pat-
tern was expected [32]. Ultimately, the relationship between
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the observed non-uniform polymerization patterns and the
measurements collected from the specimens can be partially
explained by the variations in the beam irradiance profiles,
heat generated by the LCUs, the polymerization, filler parti-
cles, photoinitiator type, and light transmission through the
specimens [3].

A portion of the heat generated during light curing is from
the exothermic polymerization reaction [3, 33]. Temperature
elevation can increase the rate of polymerization and cause the
glass transition temperature of the resin to be reached at an
earlier stage [3, 18]. In addition, mobility of the polymer
chains decreases as polymerization proceeds and the viscosity
of the resin matrix increases, leading to the entrapment of free
radicals along with unreacted double bonds and pendant
groups [3, 34]. Also, filler particle size, type, and distribution
can impact the monomer mobility because they can restrict the
diffusion of free radicals [3, 35]. The literature reports that 50—
75% DC values are typically achieved when using a light-
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Table 3 Number of localized significant comparisons (*) among the %KH reduction measurement points of the RBC specimens at each depth and
curing distance using the LCUs explored

Depth (mm) *No. of comparisons Distance (mm) O BS SM \" D DU
0.0 1224 2 100 50 48 10 55 65
8 8 107 29 45 130 32
0.5 104 2 0 9 4 6 3 10
8 1 4 5 12 8 0
0.7 104 2 0 7 8
8 1 6 12 15 0
0.9 104 2 10 4 2 0 10
8 3 10 3 1 25 1
1.1 104 2 7 3 4 14 11 1
8 14 10 0 6
1.3 104 2 3 4 0 13 21 12
8 1 5 0 33
1.5 104 2 12 0 4
8 2 7 0 0 0
2.0 104 2 159 38 22 76 158 42
8 39 93 74 16 65 80
Total 3288 2 303 108 82 128 264 150
8 70 235 126 86 282 117

#1224 comparisons among measurement points on the top or bottom surfaces/LCU/distance. 104 comparisons among measurement points across each
depth/LCU/distance. 3288 sum comparisons from all measurements across each surface and depth/LCU/distance. Fewer significant differences indicate
that a more consistent %KH reduction was observed across the specimen for a LCU at any given depth. Missing entries in the table were due to lack of
convergence for the model. The LCU that resulted in the least number of %KH reduction significant comparisons to the most number of significant
comparisons was in the following order: at 2-mm curing distance: SM < BS <V < DU <D < O (p <0.05), and at 8-mm curing distance: O < V < SM <
DU < BS <D (p <0.05). Abbreviations: Optilux 401, O; Bluephase Style, BS; SmartLight Max, SM; Valo Cordless, V; Demi, D; Demi Ultra, DU

activated conventional RBC [36]. Our results showed that ~ which were not evident after averaging the values of each
localized mean DC values were greater than 50%, indicating  localized point. The low values may be due to the localized
that the total amount of light energy deposited on the speci-  entrapment of free radicals that could cause insufficient poly-
mens was sufficient for the expected conversion. A few ran-  merization at specific locations [3]. It was reported that resins
dom individual points had DC values that were less than 50%,  containing a TPO/CQ photoinitiator system tend to entrap

Table4  Characterization of the LCUs explored. Effective light-emitting diameter (mm), number and type of the LED chips, spectral distribution peaks
at the long and short spectral range (nm), and irradiance (mW/cm?) for the LCUs explored using the integrating sphere/spectrometer assembly

LCU Effective light-emitting Number of LED  Long Short Irradiance (mW/cmz)
diameter chips wavelength ~ wavelength
spectrum spectrum
(nm) (nm)
(mm) Blue Violet Range Peak Range Peak Bluerange Violetrange
QTH (6] 10.8 - - 380-525 492 380-525 - 465 117
Multiple emission peak LED (MLED) BS 9 2 1 426-525 454 381426 408 760 146
SM #Area =49 mm?> 1 1 417-510 446 380-417 398 1128 417
A\ 9.7 2 1 420-525 447 380-420 394 539 135
1 longer blue 458
Single emission peak LED (SLED) D 7.4 1 - 411-512 454 - - 800 -
DU 8 3 - 429-532 467 - - 878 -

The long and short wavelength spectrum was collected at 2 mm away from the integrating sphere opening using the longpass and shortpass filters,
respectively. The irradiance values were calculated from the average power (mW) measurements collected at 2 mm away from the integrating sphere
opening using the effective light-emitting area of the individual LCU. Abbreviations: Optilux 401, O; Bluephase Style, BS; SmartLight Max, SM; Valo
Cordless, V; Demi, D; Demi Ultra, DU

*Area value provided by the manufacturer
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Fig. 4 Percentage (%) of total irradiance from the blue (425-700 nm) and violet (380—425 nm) spectral regions of the LCUs explored at 2-mm curing

distance from the integrating sphere opening

more free radicals within the resin matrix [12]. A limitation of
this study is that specimen polishing and handling prior to
testing may have impacted DC values.

On the top surfaces, satisfactory polymerization was
achieved regardless of the LCU used or the curing dis-
tance. Because of limited interference on the top [37], suf-
ficient amounts of photoinitiator activation and free radical
production take place [17, 19]. The amount of light striking
the surface decreases as it travels through the resin and is
absorbed by photoinitiators and pigments [3]. Filler parti-
cle size and geometry can impact light scatter and refrac-
tion at resin-filler interfaces, impacting polymerization at
the deeper parts of the specimens [3, 35]. In addition, the
Mylar strip placed on the top, absorbed 3.5-6.4% of the
irradiance measured from the LCUs. This absorbance was
similar in another study [26].

The photoinitiator system may partially explain the differ-
ences in uniformity of the KH and %KH reduction measure-
ments in specimens cured by the QTH and MLED units com-
pared to the SLED lights. TPO has a high molar absorptivity
in the shorter wavelength region (380-420 nm) and tends to
generate free radicals and a polymer network at a faster kinetic
rate compared to CQ [35, 38, 39]. Therefore, TPO may have
been prematurely spent via bimolecular termination before the
polymer network was fully established. Also, the short wave-
lengths associated with the violet LED chips that peak at 394—
408 nm, which are needed to activate TPO, may have
scattered in the specimens, not effectively reaching the bottom
compared to the longer wavelengths, which is associated with
the blue LED chips that peak at 446—448 nm (Table 4) 3, 35,
38, 39]. This may have led to TPO entrapment within the resin
matrix in the deeper portions of the specimens [10, 35].

@ Springer

Therefore, when using the SLED units, the relatively uniform
polymerization observed may be because TPO was not effec-
tively activated throughout the specimens. Our findings sug-
gest that effective TPO activation decreases gradually up to
approximately 1-mm depth (the middle), when using the QTH
or MLED compared to the SLED units, regardless of the cur-
ing distance (Figs. 2 and 3). Interestingly, curing with the
SLED units did not compromise polymerization with respect
to DC and KH values, nor did it for the QTH or MLED on the
bottom surfaces. This suggests that CQ concentration within
the selected RBC was enough for satisfactory polymerization
activation, when using the SLED lights. Also, the findings
suggested that specimens received enough irradiance from
the blue LED chips, which effectively activated CQ (Fig. 4).
The findings were in partial agreement with the literature [40].
Our findings may translate to RBCs with similar composition,
shade, and translucency and may differ to some extent when
using different RBCs. Further investigation is needed to ex-
plore polymerization uniformity using RBCs with different
photoinitiator systems.

Regarding the curing distance: higher localized KH and
CLD values were measured at 8 mm compared to 2 mm re-
gardless of the LCU. In this study, the radiant exposure was
controlled, which may have allowed sufficient time for the
photoinitiators to generate a suitable number of free radical
growth centers for satisfactory polymerization [18, 26]. In
addition, this may have resulted in a localized temperature
increase in the specimen resin matrix, accelerating the reac-
tion, but negatively impacting CLD. Therefore, the non-
significant differences among the points at each depth with
respect to the DC, KH, and %KH reduction values may be
because the radiant exposure was kept constant.
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Fig. 5 2D images of the localized irradiance beam profiles from the
LCUs explored, measured through a 425-nm longpass filter coupled
with the corresponding 2D localized DC, KH, and %KH reduction
values on the top specimen surfaces at 2-mm distance from the target
surface. The white squares at the center of each image correspond to the

Assessment of the bottom/top hardness ratio is an indi-
cator of curing effectiveness of RBCs, and, although some-
what arbitrary, 80% has been suggested as the minimally
acceptable ratio [41]. The previously discussed localized
differences in heat, light transmission, and entrapment of

DC (%)

KH (kg/mm?) %KH reduction

72 80 20 34 47 60 74 26 34 42 50 58

3 x3-mm area on the specimens where the DC and KH measurements
were collected. Each 3 x 3-mm area was divided into a 10 x 10 grid. Each
square in the grid, using a localized average irradiance value calculated
from 1156 pixels, was correlated with the corresponding localized DC,
KH, and %KH reduction values

free radicals could explain the localized bottom/top KH ra-
tios that were less than 80% (illustrated in Online resource
1). When curing the RBC specimens using the SLED, the
essential absence of points (except one) that were less than
80% may indicate that the various regions of the specimens
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Fig. 6 2D images of the localized irradiance beam profiles from the
LCUs explored, measured through a 425-nm longpass filter coupled
with the corresponding 2D localized DC, KH, and %KH reduction
values on the top specimen surfaces at 8-mm distance from the target
surface. The white squares at the center of each image correspond to the

received sufficient irradiance leading to satisfactory poly-
merization throughout the specimens. However, a bottom/
top KH ratio that is greater than 80% did not necessarily
indicate that the specimen polymerization was uniform
across its top and bottom. This was evident when a LCU
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3 x3-mm area on the specimens where the DC and KH measurements
were collected. Each 3 x 3-mm area was divided into a 10 x 10 grid. Each
square in the grid, using a localized average irradiance value calculated
from 1156 pixels, was correlated with the corresponding localized DC,
KH, and %KH reduction values

resulted in localized bottom/top KH ratios greater than 80%,
but exhibited significant differences among those localized
points (Table 2).

The findings confirm that a mapping approach to evaluate
polymerization effectiveness provides more details than by



Clin Oral Invest (2019) 23:3995-4010

4007

Table 5 Correlations for the localized DC values with the
corresponding KH, and %KH reduction values using the different
LCUs at 2 and 8-mm curing distances

Distance
2 mm 8 mm
LCU Depth (mm) KH %KH reduction KH %KH reduction
(0] 0.0 -0.25 0.13 -0.79 -0.60
0.5 -0.25 0.37
0.7 -0.60 —-0.51 0.84
0.9 0.63 0.11 -0.69 0.45
1.1 0.39 0.35 —0.03 0.18
1.3 0.27 0.54 -0.19 -0.51
1.5 -0.70 —-0.89 0.74 —0.73
2.0 0.66 0.23 -0.01 -0.32
BS 0.0 —-0.53 -0.70 -0.61
0.5 0.19 —0.49 -0.35 -0.60
0.7 -0.43 -0.34 0.43
0.9 0.86 0.25 -0.23 -0.38
1.1 0.75 0.61 0.18 0.09
1.3 0.51 0.86 -037 -044
1.5 -0.39 -027 =035
2.0 0.25 0.09 0.88 0.83
SM 0.0 -0.62 -0.29 0.81 0.80
0.5 -0.11 —-045 0.51 0.56
0.7 0.31 0.22 -055 -0.32
0.9 0.08 0.06 024 -0.19
1.1 -0.62 0.15 -0.29 0.68
1.3 0.06 0.41 -030 -042
1.5 -0.66 —0.71 -0.13 -0.05
2.0 -038 -0.21 0.17 047
\% 0.0 -0.02 -042 -0.28
0.5 -0.68 —041 -0.24 0.11
0.7 -0.60 —-0.39 -0.02 -0.16
0.9 0.71 0.61 0.05 0.17
1.1 -0.80 —041 -023 -042
1.3 044 —0.72 0.64 0.02
1.5 -0.55 0.12 -041 -047
2.0 0.41 0.43 0.08 —0.03
D 0.0 -0.15 -0.59 0.66 0.48
0.5 -0.70 —-042 0.30 0.39
0.7 -047 -038
0.9 -0.18 0.11 -0.76 —-0.55
1.1 0.00 0.24 -0.58 —-0.57
1.3 -0.12 0.61 0.47 0.41
1.5 0.50 —0.29 026 —0.30
2.0 -045 0.59 -0.17 0.09
DU 0.0 0.60 -0.30 0.13
0.5 0.29 041 0.21 0.26
0.7 044 -0.20 -0.19 -0.12
0.9 -0.30 0.33 0.20
1.1 0.41 0.64 0.63
1.3 0.50 0.79 —0.08 0.18
1.5 0.75 0.34 0.45 0.57
2.0 0.10 0.63 0.59 0.21

Correlation coefficients are missing when the correlation could not be
estimated by the linear model. Abbreviations: Optilux 401, O;
Bluephase Style, BS; SmartLight Max, SM; Valo Cordless, V; Demi,
D; Demi Ultra, DU

using average values across each depth, as performed in most
studies. This is evident in the additional data given in
Online Resource 5, which show several interesting findings

when the values of all the points were averaged across each
depth compared to the localized points (Figs. 2 and 3). The
Online Resource 5 showed significant differences among cur-
ing units with respect to their effect on DC, KH, and %KH
reduction values. For each LCU, significant differences were
detected between 2 and 8-mm curing distances across each
depth with respect to KH values, but few significant differ-
ences were found with respect to DC and %KH reduction
values. The average bottom/top KH ratio across the surfaces
showed only O at 2 mm that exhibited a ratio of less than 80%
compared to the other units and curing distances, unlike when
using the localized points.

LCU irradiance beam profile characterization

Each LCU varied in its full spectral range and peak wave-
length (Table 4). In addition, the relative irradiance contribu-
tion from the longer and shorter wavelength ranges was sim-
ilar among the QTH and MLED lights (Fig. 4). The findings
were similar to another study that demonstrated relative vari-
ation in LED chip radiant power from multiple lights [23].
Also, the irradiance distribution of the beam profile varied
for each LCU. Interestingly, the polymerization patterns, with
respect to the DC, KH, and %KH reduction maps, did not
reflect the LCU irradiance patterns (Figs. 5 and 6). The QTH
(O) exhibited a somewhat more uniform beam irradiance pro-
file because its light source is a tungsten filament that emits
wavelengths over a wide spectral range [19, 20, 22]. The var-
iation in the “hot-spots” in the MLED and SLED irradiance
beam profile images can be explained by the variation in the
number, location, and the type of the LED chips used [18, 20,
21, 24, 25, 42]. When using a longpass filter, the “hot-spot”
regions on the irradiance distribution images for the BS and
SM (Fig. 5) corresponded to the blue LED chips with spectral
emission peaks approximately between 446 and 454 nm,
which overlaps the absorption spectrum for CQ [18, 21, 24,
25]. The low-irradiance regions on the images corresponded
to the locations of the violet LED chips with spectral emission
peaks ranging from 398 to 408 nm [21, 25]. The decreased
irradiance distribution in the images at 8-mm compared to 2-
mm curing distance was consistent with the divergence of the
emitted light over distance, resulting in less radiant power
striking the same area [21, 28, 29, 42]. For each LCU, regard-
less of the curing distance, the overall average irradiance
values were greater than 400 mW/cmz, which is internation-
ally considered to be the minimum irradiance for sufficient
polymerization [43]. However, some squares of the irradiance
grids on the irradiance beam profiles of the LCUs were lower
than 400 mW/cm?. For example, at 2-mm curing distance, SM
was measured to have an average irradiance value of
1532 mW/cm?. However, one localized square on the irradi-
ance grid had an irradiance value of 235 mW/cmz, which
decreased to 180 mW/cm? at 8-mm distance. Nevertheless,
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polymerization was acceptable at that specific point with the
DC = 59.6% and the KH = 66 kg/mm?. Previous work showed
that the mean irradiance values across the surface significantly
decreased at the bottom of 2-mm-thick specimens compared
to the values on the top [30]. Also, the literature has similarly
shown that irradiance profiles passing through specimens de-
creased from the top to the bottom [44, 45]. Thus, we can
expect that the localized irradiance values will also decrease
as light from the curing units passes through the specimens to
the bottom. Characterizing a limited LCU area is a weakness
in this study; however, polymerization discrepancies within
the RBC were shown. The outcomes suggest that the LCUs
do not result in uniform polymerization regardless of the cur-
ing distance, which further supports the complexity of poly-
merization kinetics. Therefore, the first and second working
hypotheses can be generally accepted. The outcomes suggest
that uniform polymerization does not occur which may con-
tribute to restoration fracture. Further investigation is needed
to assess the influence of non-uniform polymerization on a
restoration’s mechanical properties and fracture.

Correlations of localized DC with KH and %KH
reduction values

The correlations of the localized DC values with KH and
%KH reduction values were generally moderate to weak
(Table 5). Nevertheless, the correlations at each depth varied
with LCU and curing distance. This was explained throughout
this manuscript. For this reason, the third working hypothesis
was rejected. On the other hand, additional data provided in
Online Resource 6 showed that the correlations of the average
DC values with the average KH and %KH reduction values
across each depth were generally strong, and they also varied
at each depth for each LCU. These outcomes suggest that
using the average DC, KH, and %KH reduction values across
each depth, as performed in most studies, could provide arti-
ficially high correlations, as has been mentioned before.

Correlations of localized irradiance beam area
with DC, KH, and %KH reduction

The findings show that the localized polymerization values on
the top specimen surfaces were not compromised, although
the irradiance beam profiles coming from the LCUs were
weakly correlated to the respective localized DC, KH, and
%XKH reduction values. Therefore, the fourth working hypoth-
esis was rejected. This further supports that it is possible that
the irradiance beam profile coming from a curing unit may not
greatly influence the polymerization patterns of an RBC. Note
that the correlations of the irradiance beam profiles with the
DC, KH, and %KH reduction values, at the remaining depths,
could not be accomplished because the beam profile software
that was used exports only 2D data.

@ Springer

Conclusions

Based on the findings of the limited irradiance areas measured
from six LCUs and a dual-photoinitiator RBC assessed at two
clinically relevant curing distances, the following were con-
cluded: (1) Investigating multiple material properties through
a mapping approach within a RBC cured at clinically relevant
distances provided a more detailed characterization of poly-
merization occurring within the RBC. (2) There was no LCU
that created similar polymerization patterns at all localized
points assessed within the specimens with respect to DC,
KH, and %KH reduction regardless of curing distance. (3)
The non-uniform irradiance beam profiles did not seem to
have a major influence on the localized polymerization dis-
crepancies within the specimens with respect to DC, KH, and
9%KH reduction at both curing distances. (4) The SLED units
used in this study did not compromise polymerization of the
dual-photoinitiator RBC. (5) Effective TPO activation de-
creases gradually up to approximately 1-mm depth using the
QTH or MLED compared to the SLED units, regardless of the
curing distance. (6) Correlations of the DC values with the
corresponding KH and %KH reduction at the localized points
within the specimens were moderate to weak and varied for
each LCU, depth, and curing distance. (7) The irradiance
beam profiles from the LCUs were weakly correlated with
DC, KH, and %KH reduction for the RBC at both curing
distances.
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