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Abstract

Objectives To evaluate light transmittance as a function of wavelength for eight composite materials and compare the transmit-
tance for blue light produced from two curing units with different emission spectra.

Materials and methods Light transmittance through 2- and 4-mm-thick composite specimens was recorded in real time during
30 s of curing using a broad-spectrum (peaks at 405 and 450 nm) and a narrow-spectrum (peak at 441 nm) LED-curing unit. The
spectral resolution of 0.25 nm and temporal resolution of 0.05 s resulted in a large amount of light transmittance data, which was
averaged over particular spectral ranges, for the whole measurement period. Statistical analysis was performed using Welch
ANOVA with Games-Howell post hoc test, ¢ test, and Pearson correlation analysis. The level of significance was 0.05 and n=5
specimens per experimental group were prepared.

Results Light transmittance varied as a function of wavelength and time, revealing significantly different patterns among the
tested materials. Light transmittance for different parts of curing unit spectra increased in the following order of emission peaks
(nm): 405 <441 < 450. Of particular interest was the difference in transmittance between 441 and 450 nm, as these peaks are
relevant for the photoactivation of camphorquinone-containing composites. A high variability in light transmittance among
materials was identified, ranging from statistically similar values for both peaks up to a fourfold higher transmittance for the
peak at 450 nm.

Conclusion Each material showed a unique pattern of wavelength-dependent light transmittance, leading to highly material-
dependent differences in blue light transmittance between two curing units.

Clinical relevance Minor differences in blue light emission of contemporary narrow-peak curing units may have a significant
effect on the amount of light which reaches the composite layer bottom.

Keywords Resin composites - Light transmittance - Visible light curing - Wavelength - Emission spectrum

Introduction
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Multiple variables interact to affect the quality of light curing,
mpar @inet.hr

thereby determining the final performance of composite res-
torations [1]. Contemporary high-output light-emitting diode
(LED)—curing units allow adequate curing at clinically accept-
able times but several important drawbacks are still present,
such as the narrow emission spectrum of single-peak LED-
curing units which may produce inferior cure in composites
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containing “alternative” (other than camphorquinone)
photoinitiators [2]. Other drawbacks include the spatial inho-
mogeneity of the radiant exitance, as well as the spectral dif-
ferences across the curing unit tip [3], the potential for pulpal
damage due to the heating effect [4], and issues related with
handling and maintenance of curing units in a clinical setting
[5]. These issues have been extensively addressed in the recent
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literature in order to raise awareness among clinicians regard-
ing the importance of appropriate light curing for the overall
success of restorative treatments [1, 6-8].

The capability of a resin composite material to transmit
curing light is a major factor determining the quality of poly-
merization as a function of depth, thus dictating the clinically
applicable layer thickness, which is material-dependent and
ranges between 1.5 and 6 mm [7, 9]. Light transmittance
through a composite material is determined by light absorp-
tion and scattering [10], the latter being a complex function of
particle size distribution and the mismatch in the refractive
indices between filler particles and the resinous matrix [11].
Light transmittance commonly increases throughout the light
curing due to the reduction of refractive index mismatch [12],
although it is possible to formulate composites whose refrac-
tive index mismatch increases as the light curing progresses
[13].

Light transmittance of composite materials declines as the
wavelength of incident light shortens, this being the reason
why composites containing violet light—absorbing
photoinitiators have a severely limited depth of cure [14].
The decline in light transmittance in going from blue towards
the violet part of the spectrum is a known issue; however, the
importance of small differences in the blue part of the spec-
trum which exist among curing units has not been evaluated.
The blue emission of contemporary curing units usually fea-
tures a narrow band with peak values in the range of 444—
477 nm [1, 15]. The clinical significance of these variations on
the curing light penetration has not been sufficiently acknowl-
edged in the literature, as it seems to be overshadowed by the
more pronounced difference between the blue and violet light
[2, 8, 14]. It was thus of interest to focus on light transmittance
differences in the blue part of the spectrum since this part is
crucial for the initiation of the majority of contemporary com-
posites which are rendered photosensitive by camphorquinone
with absorption in the range of 425-495 nm and maximum at
468 nm [16]. Composites using violet light—absorbing
photoinitiators often also contain the camphorquinone/amine
system in various amounts [8, 17].

The aim of this study was to evaluate light transmittance as a
function of wavelength for eight composite materials and com-
pare the transmittance for blue light produced from two curing
units with different emission spectra. In the first part of the
study, light transmittance was recorded in real time during light
curing using a broad-spectrum LED-curing unit, in order to
describe light transmittance as a function of wavelength. In
the second part, the clinical relevance of wavelength-
dependent light transmittance was demonstrated by comparing
the blue light transmittance between two LED-curing units.

The null hypotheses were that (I) light transmittance would
not depend on wavelength throughout the light-curing period
and (IT) that light transmittance for the blue part of the spec-
trum would not differ between two curing units.
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Materials and methods

Eight high-viscosity (sculptable) resin composites were inves-
tigated (Table 1) in order to include materials featuring differ-
ent resin and filler compositions, different filler loadings, and
different techniques for clinical use (layering or bulk-fill).
Composite specimens of two thicknesses (2 and 4 mm) and
a diameter of 8 mm were prepared using cylindrical Teflon
molds with black-colored surfaces. The uncured composite
was cast into the mold and covered from both sides with
polyethylene terephthalate (PET) films. The curing unit tip
was centered immediately (0 mm) above the mold opening,
perpendicular to the composite surface. Two curing units were
used: a single-peak “monowave” unit—Bluephase Style M8
(MW)—and a dual-peak “polywave” unit—Bluephase Style
(PW). Both curing units were manufactured by Ivoclar
Vivadent, Schaan, Liechtenstein. Radiant exitance values de-
clared by the manufacturer were 800 and 1100 mW/cm?, for
MW and PW respectively. Curing units were activated for 30 s
and the light transmitted through composite specimens was
collected with a lens positioned below the opposite mold
opening and directed into a charge-coupled device array fiber
spectrometer HR4000 (Ocean Optics, Dunedin, FL, USA).
The lens was adjusted as to allow that all of the light which
passed through the specimen (d = 8 mm) was captured by the
fiber (d =4 mm). The curing time of 30 s was chosen because
it was the longest continuous curing setting available for the
curing units investigated and it enabled delivering clinically
relevant radiant exposures. The spectra were collected at a rate
of 20 per second, using a custom-made computer program
prepared in LabView 2011 (National Instruments, Austin,
TX, USA). Light transmittance was calculated by dividing
the irradiance which passed through the composite specimen
by the irradiance which was measured passing through the
empty mold covered from both sides with PET films [18]. In
this way, the analysis was limited to the light that passed
through the 8-mm aperture of the empty mold in order to
address inhomogeneities of the curing unit tip. The measure-
ments were performed at room temperature of 22+ 1 °C. For
each combination of composite material, curing unit, and layer
thickness, n = 5 specimens were prepared, giving a total num-
ber of 160 specimens. For each specimen, 600 spectra were
recorded (20 spectra/s x 30 s curing time) in the range of 350—
540 nm, with a resolution of 0.25 nm. Logging the light trans-
mittance in real time throughout the light-curing period result-
ed in a 2-dimensional array, relating each transmittance value
to the individual wavelength and time.

Due to the large amount of light transmittance data (600
spectra x 760 wavelengths =456,000 individual values for
each specimen), these were summarized in a parameter denot-
ed as “average transmittance” which was calculated by aver-
aging the transmittance values throughout the whole 30-s cur-
ing period. This parameter can be regarded as “effective”
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transmittance since it can be multiplied by the radiant expo-
sure received at the specimen surface to calculate the radiant
exposure which reached the bottom. Thus, defined average
transmittance was calculated across different spectral ranges,
as follows:

1. For MW: the whole measured range (350-540 nm), de-
noted as “MW (overall)”

2. For PW: the whole measured range (350-540 nm), denot-
ed as “PW (overall)”

3. For PW: the violet part of the spectrum (360—422 nm),
denoted as “PW (violet)”

4. For PW: the blue part of the spectrum (422-525 nm),
denoted as “PW (blue)”

All of the investigated composites use the
camphorquinone/amine photoinitiator system, while four of
them contain additional photoinitiators: TEC A2 and A3 con-
tain Lucirin TPO [8, 19], while TECBF IVA and IVB contain
a germanium-based photoinitiator known as Ivocerin [20].
The analysis of the violet light transmittance was performed
for all composites for comprehensiveness, despite the fact that
some of them lack violet-absorbing photoinitiators. Also, all
materials were evaluated at 2 and 4 mm, although the latter is
not recommended for conventional composites.

Since the light transmittance data did not significantly de-
viate from normality (Shapiro-Wilk’s test) but showed hetero-
geneous variances among experimental groups (Levene’s
test), the statistical analysis was performed using a Welch
ANOVA followed by Games-Howell post hoc test. Pairwise
comparisons between two shades for materials TEC and
TECBF were performed using a ¢ test for independent obser-
vations and homogeneous or heterogeneous variances, as de-
termined individually for each pair by Levene’s test. Pearson

/1 2mm - GRA ML

Light transmittance

400 420 440 460 480 500
Wavelength (nm)

Fig.1 Example of light transmittance curves recorded during light curing
for 30 s, overlapped with the emission spectra of the wide-spectrum
curing unit (PW) and the narrow-spectrum unit (MW). The emission
spectra of curing units are plotted on an arbitrary scale. Time points on
the z-axis (s): 0.2, 0.25, 0.3, 0.35, 0.4, 1, 2, 3, and 30
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correlation analysis was used to explore the relationship be-
tween composite filler load (vol%) and the transmittance ra-
tios of PW (blue)/MW (overall), as well as PW (blue)/PW
(violet). Statistical analysis was performed in SPSS 20
(IBM, Armonk, NY, USA) with o =0.05.

Results

An exemplary plot of light transmittance as a function of
wavelength and time is shown in Fig. 1. Light transmittance
is presented in the range of 400-500 nm, which allowed a
good signal to noise ratio. Below 400 nm, signal quality de-
teriorated due to the very low irradiance which reached the
detector. To put the emission spectra of MW and PW in the
context of the investigated wavelength range, these are over-
lapped on the light transmittance plot. The emission spectra of
MW and PW presented in Fig. 1 also indicate which part of
light transmittance curves is clinically relevant for light curing
of resin composites using these particular curing units.

Light transmittance curves for each material at layer thick-
nesses of 2 and 4 mm are shown in Figs. 2 and 3, respectively.
Note a different scaling on the z-axis—a longer period be-
tween time points was chosen in Fig. 3 because of a slower
transmittance rise in 4-mm layers. Generally, light transmit-
tance increased with the increase in wavelength and time. The
shapes of transmittance curves in Fig. 2 differed among ma-
terials, from steeper ones (e.g., GDP, TECBF) to comparative-
ly flat ones (e.g., FBF, XF). The shapes of the curves in Fig. 3
are more difficult to distinguish due to the y-axis scale which
was for comparability retained the same as in Fig. 2. However,
the material-characteristic behaviors are observable: FBF and
XF maintained a more even transmittance across the presented
wavelength range, while in the remaining composites the
transmittance at low-end wavelengths was very low or
immeasurable.

Figure 4 shows the average transmittance calculated for
different wavelength ranges. Besides the differences among
materials, especially between the groups of conventional and
bulk-fill composites, spectral differences also significantly af-
fected light transmittance. For most of the materials, light
transmittance increased in the order: PW (violet) < MW
(overall) < PW (blue), which reflects the increase in wave-
length of these particular parts of the spectrum (Figs. 2 and
3). Exceptions were identified in some materials, for example
in FBF and XF, in case of which the light transmittance at
2 mm was higher for PW (violet) than for MW (overall).
Also, statistically similar light transmittance values were
found in some materials despite wavelength differences, for
example in TEC A2 and A3 at 4 mm transmittance for MW
(overall) was similar to that for PW (blue).

Figure 5 shows the ratio of PW (blue)/MW (overall). This
parameter indicates how many times the blue light
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Fig.2 Light transmittance as a function of wavelength and time for the thickness of 2 mm. Time points on the z-axis (s): 0.2, 0.25, 0.3, 0.35,0.4, 1, 2, 3,

and 30
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Fig. 3 Light transmittance as a function of wavelength and time for the thickness of 4 mm. Time points on the z-axis (s): 0.2, 0.25, 0.3, 0.35, 0.4, 5, 10,
15, and 30

transmittance was higher for PW compared with MW.
Statistically similar blue light transmittance between PW and

MW was identified only at 4 mm in TEC A2 and A3. For all
other combinations of material and layer thickness, PW had
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fourfold difference. The effect of layer thickness on the ratio
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Fig. 5 The ratio of blue light transmittance, calculated as PW (blue)/ MW
(overall). Asterisks (*) denote statistical similarity of blue light
transmittance between PW and MW (transmittance ratio close to unity)

Filler load (vol%)

Fig. 6 The ratio of PW (blue)/MW (overall) plotted as a function of filler
load. Results of the Pearson correlation analysis are shown
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Figure 6 shows that a marginally significant, moderate lin-
ear correlation was identified between the composite filler
load and the ratio of PW (blue)/MW (overall). On the other
hand, no significant correlation was identified between the
filler load and the ratio of PW (blue)/PW (violet), with p values
0f 0.9 and 0.6 for 2 mm and 4 mm, respectively.

Discussion

This study investigated the wavelength-dependent light trans-
mittance which was found to vary widely among eight com-
posite materials tested. Light transmittance data for particular
parts of the curing unit spectra were summarized in a param-
eter termed average transmittance. It was used to demonstrate
that small spectral differences between two curing units can
result in a considerable and strikingly material-dependent dif-
ference in the amount of blue light that reaches the bottom of a
2- or 4-mm-thick layer. Both null hypotheses were thus
rejected. The term “blue light” for MW corresponds to its
whole emission spectrum, while for PW it corresponds to
wavelengths above 422 nm (Fig. 1). The value of 422 nm
was chosen as the boundary between “violet” and “blue” light
[14] because the minimum between two peaks in the emission
spectrum of PW occurred at this wavelength. This approach
for separating “violet” and “blue” light was used for its sim-
plicity and for giving results similar to a more complex ap-
proach which would involve deconvolution (variations below
1%).

Light transmittance as a function of wavelength

Although bulk-fill composites as a group were more translu-
cent than conventional composites (Figs. 2 and 3), no patterns
of wavelength-dependence which would be characteristic for
a particular material group were identified. The shapes of light
transmittance curves were unique for each composite, with no
influence of belonging to a particular material group. The
reason may be that variations in light transmittance as a func-
tion of wavelength were due to the geometry of filler particles
which varied among different material compositions regard-
less of their classification as conventional or bulk-fill compos-
ites [21].

Generally, light scattering on filler particles reaches maxi-
mum intensity for the particle size of approximately half the
wavelength ofincident light [22], and increasing or decreasing
the particle size reduces light scattering, thereby improving
transmittance. While the relationship between particle size
and light transmittance in dental composites is easy to dem-
onstrate in model composites with known particle sizes [23],
commercial composites feature complex and never fully
disclosed particle size distributions, making it difficult to re-
late light transmittance to particle geometry [7]. The particle

@ Springer

size data presented in Table 1 is thus insufficient for a detailed
explanation of its effect on light transmittance, especially in
cases in which only the average particle size (GDP) or the
range of particle size distribution (TEC) is disclosed.
However, some results can be discussed considering the par-
ticle size. Firstly, the “flat” light transmittance profiles of FBF
and XF (Figs. 2 and 3) may be caused by particles much
smaller (FBF) or much larger (XF) than required for the scat-
tering maximum to occur in the wavelength range investigat-
ed. Secondly, a steep transmittance decline towards the violet
part of the spectrum in TECBF may be related to two peaks in
particle size distribution (160 and 200 nm) which contributed
to intense scattering of violet light. A detailed discussion re-
garding the influence of the refractive index mismatch be-
tween the resin and fillers was not possible since the precise
material composition was not disclosed by the manufacturers.

Besides the obvious observation that light transmittance at
4 mm was considerably lower than that at 2 mm, it should be
noted that for most of the composites, violet light transmit-
tance was severely impaired in a 4-mm-thick layer (Figs. 2
and 3). While this is not an issue for composites without
violet-absorbing photoinitiators or conventional composites,
it is relevant for TECBF which combines camphorquinone/
amine and a proprietary photoinitiator Ivocerin with the ab-
sorption maximum at 410 nm [20]. Violet light transmittance
in TECBF at 4 mm thickness was significantly impaired from
the start of the curing period (no light detectable in the range
0f 400430 nm), but improved slightly as the polymerization
advanced (Fig. 3). However, until the end of the curing period,
no light was detectable for wavelengths below 410 nm. These
findings suggest the limited effectiveness of the additional
photoinitiator Ivocerin in thick layers of TECBF, which ap-
pears to be compensated by the camphorquinone/amine sys-
tem since TECBF has been reported to attain sufficient cure at
4-mm-thick layers [24, 25]. Also, Ivocerin differs from other
violet light-absorbing photoinitiators by its absorption range
(370460 nm) extending into the blue part of the spectrum. It
can thus be activated by the blue light of lower wavelengths,
albeit the efficiency of activation declines as the wavelength
increases from the absorption maximum at 410 nm.

In addition to light scattering, absorption by photoinitiator
also contributes to light attenuation [26]. This effect is visible
as a modest depression in transmittance curves around the
camphorquinone absorption maximum (468 nm) at early
times, which gradually disappears towards later times as
camphorquinone is consumed. This is best observed by com-
paring the first curve (0.2 s) and the last curve (30 s) for 2-mm-
thick specimens (Fig. 2). A similar effect was identified in
TECBF around the absorption maximum of Ivocerin
(410 nm), while the effect of Lucirin TPO in TEC was not
observed because its absorption maximum (around 350 nm)
was outside of the measured range. The barely detectable ef-
fect of the photoinitiator absorption was rather small
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compared with the much more pronounced effect of other
factors, namely material composition, wavelength, and time.
In the discussion on the low light transmittance within the
violet wavelength range, an important difference between
camphorquinone and violet light-absorbing photoinitiators
should be mentioned. Unlike camphorquinone which upon
excitation undergoes complexation with a co-initiator and pro-
duces one amino alkyl radical able to start the polymerization
(Norrish type II reaction), the violet light—absorbing
photoinitiators produce multiple radicals via a photoactivated
cleavage (Norrish type I reaction). In conjunction with higher
molar extinction coefficients of violet light—absorbing
photoinitiators, this mechanism results in higher quantum
yields compared with those of the camphorquinone/amine
system [27]. For example, the quantum yield of Lucirin TPO
is about five times higher than that of camphorquinone [28],
making it more efficient than camphorquinone at low irradi-
ances. This effect can partially compensate for high attenua-
tion of violet light at 2-mm-thick layers (Fig. 2). However, it
becomes ineffective at excessively thick layers which for most
of the materials transmitted practically no violet light (Fig. 3).

Differences in blue light transmittance between two
curing units

Light transmittance in dental composites is known to vary as a
function of wavelength [14, 29, 30], and the present study
intended to show that a small shift (9 nm) in the blue emission
between MW and PW is capable of producing a considerable
effect on the capability of a material to transmit curing light
(Fig. 4). To compare the sensitivity of the materials to the
spectral difference between MW and PW, the ratio of blue
light transmittance was calculated (Fig. 5). This parameter
varied widely among the materials—from TEC which showed
no significant difference between the curing units to the most
extreme case of GRA which transmitted four times more blue
light from PW compared with MW. It should additionally be
mentioned that the emission spectrum of MW is less aligned
with the absorption spectrum of camphorquinone than the
blue part of PW emission spectrum. That means that photons
emitted from MW will, on average, have a lower probability
of being absorbed [31]. This phenomenon acts together with
the lower light transmittance to render MW less effective than
PW for curing of the camphorquinone-initiated composites.
Given that curing units available on the market feature narrow
blue emission peaks in the range of 444-477 nm [1, 15], even
higher differences in blue light transmittance between curing
units than reported in the present study can be expected.

The magnitude of differences in blue light transmittance
between the curing units was not intuitively predictable by
simply observing the shapes of transmittance curves in Figs.
2 and 3 due to the irregularity of the curves and the fact that
their shape changed over time. For example, although the

curves for FBF at 2 mm appear rather flat, a twofold higher
blue light transmittance was measured for PW compared with
MW (Fig. 5). A difference of similar magnitude was identified
in TECBEF, despite the fact that its transmittance curves appear
steeper than those of FBF. Furthermore, the slope of transmit-
tance curves can be misjudged due to different y-axis scaling,
as exemplified by the comparison of the curves for GRA in
Figs. 1 and 2. These considerations suggest that calculating
the average transmittance over specific wavelength ranges
throughout the whole curing period helped to reveal important
differences in curing unit performance, which were not appar-
ent from observing raw transmittance data.

Manufacturers often provide incomplete curing unit specifi-
cations (e.g., by reporting only overall radiant exitance values,
thus ignoring spectral differences) [1] and overrate the curing
unit output [32]. The consequences of these inaccuracies can be
illustrated by the following calculation. According to manufac-
turer specifications, MW and PW deliver 24 and 33 J/em? dur-
ing 30 s of curing, respectively. As reported in a previous study
[12], the actual output of MW and PW was lower than speci-
fied, amounting to 658 and 938 mW/cm?, thus the incident
radiant exposure for 30 s would be 19.7 and 28.1 J/em?, respec-
tively. For a 2-mm-thick layer of the material which showed the
most pronounced difference in light transmittance between the
curing units (GRA), radiant exposure for the blue light reaching
the bottom of the layer would be 0.68 and 3.59 J/cmz, for MW
and PW respectively. Thus, for MW to reach the same radiant
exposure of blue light as PW, 5.3 times longer curing time
would be required, which is not obvious from scarcely docu-
mented manufacturer specifications of the two look-alike cur-
ing units with rather similar nominal values of radiant exitance
(800 and 1100 mW/cm?). By applying the same calculation, it
can be estimated for other composites that curing time for MW
should be 2.0 to 3.2 times longer to attain the same radiant
exposure for blue light as PW at the bottom of a 2-mm-thick
layer. Considering only nominal radiant exitance while
disregarding spectral differences and the fact that curing units
output is usually lower than specified by manufacturers, one
would assume that this factor would be much lower, namely
1100/800 = 1.4.

Light transmittance data of commercial composites are oc-
casionally put forward by manufacturers for marketing pur-
poses. However, these data make little sense unless the spec-
tral range at which transmittance was measured is precisely
described. Knowing the light transmittance in one part of the
spectra cannot be used to predict transmittance values in other
spectral ranges [30], except in the unlikely scenario in which a
clinician has detailed data on wavelength-dependent light
transmittance, such as those presented in Figs. 2 and 3.
Additionally, different shapes of transmittance vs. wavelength
curves identified among materials suggest that no generalized
approximation, which would be valid for all materials, can be
employed.
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Small amounts of intensely absorbing pigment compounds
used to adjust the composite shade are known to affect light
transmittance [7], and this effect is not always straightforward
in the sense that darker shades correspond to lower transmit-
tance [30]. A statistically significant difference between the
two shades of TECBF was identified for MW at 2 mm (Fig. 4).
The differences between shades were more pronounced at
4 mm—statistical significance was identified for both curing
units in the case of TEC and for PW in the case of TECBF.
However, the magnitude of these differences was minor com-
pared with considerably greater, and thus more clinically rel-
evant, differences due to different material compositions and
wavelength ranges.

Since the composite with the highest filler load (GRA) also
showed the highest blue light transmittance ratio, a possible
correlation between these two parameters was explored.
Moderate correlations were found for both layer thicknesses
(Fig. 6), suggesting that more highly filled composites tend to
be more sensitive to differences in blue emission spectra. This
is probably related to the total surface area of filler particles as
an important factor affecting the intensity of light scattering
[22], but a more profound discussion of this phenomenon is
not possible due to the lack of detailed data on filler particle
size. Additionally, no correlation was identified between the
filler load and the ratio of PW (blue)/PW (violet), suggesting
limited relevance of the aforementioned relationship between
filler load and light transmittance ratios calculated for different
wavelengths.

Conclusions

Plotting light transmittance as a function of curing light
wavelength revealed different material-dependent patterns.
This dependence of light transmittance on wavelength is
clinically relevant because minor differences in the blue
light emission of contemporary narrow-peak curing units
may have a significant effect on the amount of light which
reaches the composite layer bottom. The sensitivity to this
effect varied greatly among the tested composites, reaching
up to a fourfold difference in blue light transmittance be-
tween two curing units whose blue emission peaks differed
by 9 nm.
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