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Knoop Microhardness
Mapping Used to Compare
the Efficacy of LED, QTH
and PAC Curing Lights

RBT Price ® J Fahey ® CM Felix

Clinical Relevance

The output of a curing light measured at a distance of 0 mm is a poor indicator of how much
light energy will be delivered to a restoration in the mouth. When used for manufacturers’ sug-
gested curing times and at clinically relevant distances, some curing lights deliver much less
energy than is recommended (<10J/cm?) and produce softer composites.

SUMMARY

This study used a hardness mapping technique to
compare the ability of seven curing lights to poly-
merize five composites. Six curing lights
(Sapphire [plasma-arc: PAC], Bluephasel6i [light
emitting diode: LED], LEDemetron II [LED],
SmartLite IQ [LED], Allegro [LED] and
UltraLume-5 [Polywave LED]) were compared to
an Optilux 501 (halogen: QTH) light. Five resin
composites (Vit-l-escence, Tetric Evoceram, Filtek
7250, 4 Seasons and Solitaire 2) were polymerized
at 4 mm and 8 mm from the end of the light guide.
Four composites were light cured for the following
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times using these lights: Sapphire (5 seconds),
Bluephasel6i (5 seconds), LEDemetron II (5 sec-
onds), SmartLite IQ (10 seconds), UltraLLume-5 (10
seconds), Allegro (10 seconds) and Optilux 501 (20
seconds). Solitaire 2 required double these irradi-
ation times. On each specimen, the Knoop micro-
hardness (KHN) was measured at 49 locations
across a 3 x 3 mm grid to determine the ability of
each light to cure each brand of composite. The
PAC light delivered the broadest spectrum of
wavelengths, the greatest irradiance and hard-
ness values that were 4.7 to 18.1 KHNj,¢ harder
than the other lights. The ability of the lights to
cure these five composites was ranked from high-
est to lowest: Sapphire, Optilux 501, Allegro,
UltraLume-5, SmartLite 1Q, LEDemetron II and
Bluephasel6i (ANOVA with REGWQ multiple com-
parison adjustment, p<0.01).

INTRODUCTION

A basic piece of dental equipment that has made tooth-
colored restorations possible is the dental curing light.
This light can be a laser, light emitting diode (LED),
quartz-tungsten-halogen (QTH) or a plasma arc (PAC)
light source. These light-curing units (LCUs) must
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deliver both sufficient energy and light at the correct
wavelengths to produce an acceptably cured restora-
tion."? The manufacturers of most resin composites rec-
ommend that a 2 mm increment of composite should be
irradiated for 10 to 40 seconds (see Table 1). However,
the manufacturers of the Sapphire (Den-Mat LLC,
Santa Maria, CA, USA),” LEDemetron II (Kerr
Corporation, Orange, CA, USA)* and Bluephase 16i
(Ivoclar Vivadent Inc, Amherst, NY, USA) advertise
that their curing lights can cure composites that are
shade A3.5 and lighter in five seconds. The manufactur-
ers of the Optilux 501 (Kerr Corporation),® SmartLite 1Q
(Dentsply International, York, PA, USA)" and the
Allegro (Den-Mat LLC)? advertise an adequate depth of
cure when their lights are used for 10 seconds.

Previous research has shown that resin composite at
the bottom of deep prepara-

There can be significant differences between light out-
puts from different examples of the same brand of
light,”** but the research literature is replete with
studies that test just one example of each curing light.
Three examples of each curing light would provide a
broader representation of each brand of curing light
and facilitate a valid statistical comparison between
brands.

The light output from curing lights is rarely a uniform
beam, and some lights deliver a greater irradiance at
the center of the beam.™* Consequently, more energy is
delivered to the center of the specimen, where the resin
achieves a greater degree of polymerization.” Hardness
testing is a reliable and commonly-used method to test
how well a resin is cured. The Knoop microhardness
test has been shown to be one of the best methods for

tions that finish at or just | Table 1: Composites, Lot Numbers and Recommended Curing Times
].Oel°vf' the cemento-enamel Resin Composite Maufacturer Shade Lot # Manufacturer
junction may be 7 mm or more Recommended
away from the end of the light Curing Times
guide.** Clinically, this 18 of  [Tetric EvoCeram Ivoclar-Vivadent A2 H30557 20 seconds(>550 mW/cm?)
concern, because some lights H27186
deliver less than 200mW/cm? J04088
at a distance of 7 mm from the 4 Seasons Ivoclar-Vivadent A2 H19814 20 seconds (>500 mW/cm?)
light guide.® Thus, deep J12132 10 seconds (>1200 mW/cm?)
restorations (for examp]e’ at Filtek Z250 3M ESPE A2 6NW 20 seconds
the gingival areas of an apical- ?F;’j
ly extensive proximal box) will Vi : A i
receive less than 2 J/em? when it-l-esence Ultradent 2 |132230W 20 seconds
some lights are used for 10 sec- —

.. . . Solitaire 2 Ultradent A2 10248 40 seconds
onds. This is an insufficient Hereaus Kulzer
amount of energy for adequate

polymerization®!'?

and may be related

Table 2: Curing Lights, Serial Numbers, Light Guides and Curing Times Used

to the most common
reason why resin

composite restora-
tions fail 1> (PAC)
Therefore, the per-

formance of dental
curing lights should | (LED)
not be tested at 0

mm from the end of
the light guide;

instead, they should

be tested at more
clinically relevant
distances. Previous
studies have used 4
mm' or 5 mm" to
represent an aver-
age distance, and 8
mm* or 9 mm to
represent an
extreme situation.'®*

Curing Light, Light Maufacturer Serial # Curing Times
Guide and Type
Sapphire—9 mm Den-Mat 335010037 5 seconds
3395803118
3395802781
Bluephase 16i—8 mm turbo Ivoclar-Vivadent 1588078 5 seconds
1588141
1587987
LEDemetron [I—8 mm turbo 772010980 5 seconds
(LED) 782005683
772011773
Allegro—8 mm glass taper Den-Mat 44010031 10 seconds
(LED) 3395900511
339500471
SmartLite I1Q 8.5 mm turbo Dentsply 100-10951 10 seconds
(LED) 100-13849
100-95312
UltraLume 5 Ultradent 514153 10 seconds
(LED) 509672
503655
Optilux 501—13 mm standard Kerr 5819102 20 seconds
(QTH) 5814869
58140480
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testing the hardness of resin composites, and a good cor-
relation between degree of conversion and the Knoop
microhardness has been reported.”* Although a few
studies have made multiple hardness measurements on
each specimen,”* none have produced detailed hard-
ness maps of the effect of the light on the surface hard-
ness. The majority of previous studies that have evalu-
ated the efficacy of curing lights have taken only a few
microhardness readings at the center of the sample,
where the specimen may also be the most cured.** Due
to the limited information gathered, these studies are
less likely to have produced results that accurately
report the amount of polymerization across the speci-
men.

To be clinically relevant for the dentist, the current
study tested the ability of seven curing lights to poly-
merize five composites at distances of 4 mm and 8 mm
from the light guide. A mapping technique was used to
produce Knoop microhardness maps across a 3 x 3 mm
grid on the surface of the composites.

METHODS AND MATERIALS

Five resin composites were cured by seven different
dental curing lights (Tables 1 and 2). Five brands of
light-emitting diode (LED), one plasma arc (PAC) and
one halogen (QTH) light were used. Three examples of
each brand of LCU were included. These LCUs and
composites were specifically chosen to represent a
range of popular products. The lights had a wide range
of spectral outputs and the composites used different
photoinitiator systems.

The Optilux 501 (QTH) light was used for 20 seconds
(or 40 seconds on Solitaire) in the standard curing
mode and was designated as the “gold standard” light
source. To represent a clinical situation where the end
of the light guide is not at 0 mm from the composite,
the lights were used at a distance of 4 mm and 8 mm
away from the composites.’*® Vit-l-escence, Tetric
EvoCeram, Filtek Z250 and 4 Seasons resin compos-
ites were cured using the following curing times (Table
2): Sapphire (5 seconds), Bluephasel6i (5 seconds),
LEDemetron II (5 seconds), SmartLite IQ (10 seconds),
Allegro (10 seconds) and UltraLume-5 (10 seconds). It
was found to be necessary to double these irradiation
times for Solitaire 2.

The total light output from each light was recorded
using a laboratory grade spectroradiometer (USB 4000,
Ocean Optics, Dunedin, FL, USA) and integrating
sphere (FOIS-1, Ocean Optics). Where indicated, the
batteries in the curing lights were fully charged before
use. The irradiance (mW/cm?) delivered by the lights at
0 mm, 4 mm and 8 mm from the end of the curing lights
was recorded using a detector (CC3-UV, Ocean Optics)
connected by a fiber optic cable to a USB 4000 spectro-
radiometer. The irradiance and spectral output of the
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Metal Ring 6.0mm 3.9mm

Figure 1: Size of the light detector in relation to a Class | preparation and
the 3 x 3 mm hardness mapping grid.

curing lights were analyzed using SpectraSuite soft-
ware version 5.1 (Ocean Optics, Dunedin, FL, USA).
This system was calibrated using a National Institute
of Standards and Technology (NIST, Gaithersburg, MD,
USA) referenced light source (Ocean Optics, LS-1-Cal-
Int, or the LLS-1-CAL). The output from each light was
tested three times in a random order of lights and dis-
tances. The mean = standard deviation irradiance val-
ues and the total energy densities delivered were calcu-
lated.

The samples of the resin composite were packed into
aluminum rings two millimeters thick, with a six-mil-
limeter diameter hole. A thin polyester strip was placed
over the top and bottom surfaces, and the composites
were light cured for the selected times (Table 2) at a dis-
tance of 4 mm or 8 mm. Once cured, the samples were
stored at room temperature in the dark for 24 hours.
The polyester strips were left on the composites during
storage to minimize the formation of an air inhibited
layer on the surface of the resins.®® The polyester
strips were then removed and 49 Knoop microhardness
readings were made on the top and bottom surfaces
(Figure 1) using an HM-123 automated hardness tester
(Mitutoyo Canada Inc, Mississauga, Ontario, Canada),
which applied a 50-gram load for 10 seconds. The hard-
ness tester was preprogrammed to measure Knoop
microhardness readings across a 3 x 3 mm grid using a
7 x 7 matrix pattern with a 0.5 mm pitch (Figure 1). The
6 mm diameter hole in the metal ring allowed at least
a 1 mm buffer of composite between any hardness
measurement and the metal mold. This 1 mm buffer
minimized any effect the mold may have had on resin
polymerization.” The Knoop hardness values (KHN)
were exported into a graphing program (SigmaPlot 10,
Systat Software, Inc, Point Richmond, CA, USA) to
obtain 2D color-coded hardness maps and for statistical
analysis. A total of 210 samples were made (5 compos-
ites x 7 lights x 3 examples of each light x 2 distances)
in a random order of composites and lights. Overall, 588
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KHN readings (3 examples of each light x 2 dis- 30
tances x 2 surfaces x 49 readings) were made for
each brand of light on each composite and a total of 25
20,580 KHN readings were taken to compare the
ability of the seven curing lights to polymerize the

. . 20
five resin composites.

To be clinically relevant, this study tested the
ability of 21 curing lights to cure five brands of
resin composite at two distances. This introduced
many variables and required an in-depth statisti-
cal analysis. First, an analysis of variance
(ANOVA) model was fit for hardness, separately for 5
each surface (top and bottom) and for distances of
4 mm and 8 mm. The three different lights of the 0
same model were considered to be a random sam- 360
ple from a population and this random effect was

15 -

10

Radiant Flux (mW/nm)

N — Sapphire

400 420 440
Wavelength (nm)

460 480 500 520 540

= = Bluephase 16i
= LEDemetron Il
= Allegro
SmartLite 1Q
= UltraLume 5
= Optilux 501

included in the model. Fixed effects for composite,

type of light and their interaction were included. Figure 2: Spectral output delivered by each light recorded using an integrating sphere

Based on the results, a subsequent model was fit,
which ignored the random effect, that is, adding its
variance to the residual variance. The latter “full”

attached to an Ocean Optics USB 4000 spectroradiometer.

model also included distance and surface (top/bottom)

and all possible interactions. A final set of models, fit-

Table 3: Mean Irradiance + sd and Energy Density From Each LCU Recorded at a Distance

of 0 mm, 4 mm and 8 mm From the End of the Light Guide

0 mm
Curing Light Mean Irradiance SD Mean Energy
(mW/cm?) Density (J/cm?)
Sapphire — (5 seconds) 2693 131 13.5
Bluephase 16i — (5 seconds) 2357 142 11.8
Allegro — (10 seconds) 1650 163 16.5
LEDemetron Il — (5 seconds) 1458 132 7.3
UltraLume 5 — (10 seconds) 1357 44 13.6
Optilux 501 — Standard (20 seconds) 1143 240 22.9
SmartLite 1Q (10 seconds) 782 165 8.1
4 mm
Curing Light Mean Irradiance SD Mean Energy
(mW/cm?) Density (J/cm?)
Sapphire — (5 seconds) 2636 147 18.2
Allegro — (10 seconds) 1573 53 15.7
Bluephase 16i — (5 seconds) 1231 61 6.2
LEDemetron Il — (5 seconds) 1073 68 5.4
Optilux 501 — Standard (20 seconds) 794 170 15.9
SmartLite 1Q (10 seconds) 780 121 7.8
UltraLume 5 — (10 seconds) 658 44 6.6
8 mm
Curing Light Mean Irradiance SD Mean Energy
(mW/cm?) Density (J/cm?)
Sapphire — (5 seconds) 2327 107 11.6
Allegro — (10 seconds) 727 77 7.3
Optilux 501 — Standard (20 seconds) 517 93 10.3
SmartLite I1Q (10 seconds) 470 47 4.7
Bluephase 16i — (5 seconds) 442 28 2.2
LEDemetron Il — (5 seconds) 440 40 2.2
UltraLume 5 — (10 seconds) 325 26 3.2

ted separately for each com-
posite, was fit to elucidate
the relative hardness pro-
vided by different light mod-
els, averaging the effect of
distance and surface. The
analyses were completed
using PROC MIXED (for
initial random effect model)
and PROC GLM statistical
procedures® in SAS (SAS
Institute Inc, Cary, NC,
USA) version 9.1.3.

RESULTS

Figure 2 shows the total
spectral output delivered by
each light. The spectral out-
put ranged from 375-515
nm. The Sapphire LCU
delivered the broadest spec-
tral output and four of the
LED lights were conven-
tional single peak LCUs. In
contrast, the UltraLume 5
was a dual peak (Third
Generation) LED curing
light. Table 3 shows the
irradiance and energy den-
sity delivered by each light
at 0 mm, 4 mm and 8 mm to
the 3.9 mm diameter detec-
tor. At all three distances,
the PAC light delivered the
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Vit-l-escence A2 — Top Surface
Sapphire Optilux 501 UltraLume 5
(58) (20s) (10s)
15
45 00mm 15 -5  0Omm 15 45  0.0mm 15
Knoop Microhardness KHN
* "HENEEE S
Allegro SmartLite IQ LEDemetron Il Bluephase 16i
(10s) (10s) (5s)
1.5 15 15
0.0 0.0 - 0.0 0.0
mm mm mm mm
1.5 1.5 1.5 1.5
4.5  0.0mm 15 45  00mm 15 1.5  00mm 1.5 15 0.0mm 15

Figure 3: Surface hardness map across the 3 x 3 mm grid at the top of
Vit-l-escence irradiated at a distance of 4 mm.

Z250 A2 — Top Surface

Sapphire Optilux 501 UltraLume 5
(20s) s {10s)

“45  00mm 15 -5  00mm 15

Knoop Microhardness KHN
60 62 64 66 68 70 72 74 76 78 80 82 84

Soft
HEENEEE N

SmartLite 1Q LEDemetron Il Bluephase 16i
10s 10s 55 5s|
1.5 {10s) 15 (10s) 1.5 (58) 1.5 (5s)
0.0 0.0 0.0 0.0
mm mm mm mm
1.5 1.5 1.5 1.5
46  0.0mm 1.5 45  00mm 1.5 1.5  00mm 1.5 4.6 0.0mm 1.5

Figure 5: Surface hardness map across the 3 x 3 mm grid at the top of
Filtek Z250 irradiated at a distance of 4 mm.

greatest irradiance (mW/cm?), but not always the
greatest energy density (J/cm?). Figures 3 through 8
illustrate representative contour maps of the hardness
of Vit-l-escence, Z250 and 4 Seasons composites at the
top and bottom surfaces cured at a distance of 4 mm.
In general, the composites were harder at the center
and softer 1.5 mm away from the center.

At the 4 mm distance, the top surface yielded the
highest Knoop microhardness values. Overall, Filtek
7250 was the hardest composite and averaged 16.8
KHNj,¢ harder than Vit-l-essence. Solitaire 2 had the
lowest mean hardness, which was 17.1 KHNj, softer
than Vit-l-esence. Overall, when the surface and dis-
tance results were combined, the Sapphire LCU pro-
duced hardness values that were at least 4.7 KHNj,
higher than any of the other lights and up to 18.1
KHNj,¢ harder than the light with the lowest values.

Operative Dentistry

Vit-l-escence A2 — Bottom Surface

Sapphire Optilux 501 Allegro
(5s) (20s) {10s)
15 15 1.5

0.0

1. -1.
-1.5 0.0mm 1.5 -1.5 0.0mm 1.5 -1.5 0.0mm 1.5

Knoop Microhardness KHN
soft 10 15 20 25 30 35 40 45 50 55 60 65 70 |54

UltraLume 5 SmartLite 1Q Bluephase 16i LEDemetron Il
(10s) (10s)
1.5 1.5 1.5
- . ) . ) .
mm mm mm
-1.5 -1.5 1.5 .
-1.5 0.0mm 1.5 1.5 0.0mm 1.5 1.5 0.0mm 1.5 -1.5 0.0mm 1.5

Figure 4: Surface hardness map across the 3 x 3 mm grid at the bottom
of Vit-l-escence irradiated at a distance of 4 mm.

Z250 A2 — Bottom Surface

Sapphire Optilux 501 Allegro
{5s) (20s) s (10s)

0.0

E ER -1.5
-1.5 0.0mm 1.6 1.5 0.0mm 1.5 -1.5 0.0mm 1.5

Knoop Microhardness KHN
60 62 64 66 68 70 72 74 76 78 80 82 84

Soft
H AN |

UltraLume § SmartLite 1Q Bl 16i LED on Il
10s 108 55 5s
(10s) . (10s) . ( ) 5 (5s)
0.0 0.0 0.0 0.0
mm mm mm mm
1.5 1.5 1.5 1.5
4.6  00mm 1.5 45 00mm 15 4.5 0Omm 15 45  00mm 15

Figure 6: Surface hardness map across the 3 x 3 mm grid at the bot-
tom of Filtek Z250 irradiated at a distance of 4 mm.

The random effect for different lights of the same
model had an observed significance level between 1.0%
and 1.4% in each of the four ANOVA models (top@4
mm, top@8 mm, bottom@4 mm and bottom@8 mm) for
light model and composite. The variance associated
with this effect was, in each case, close to an order of
magnitude smaller than the residual variance. Since
the additional complexity of fitting a model that
included a random effect provided little additional ben-
efit, only fixed effects models were further considered.
A separate repeated measures ANOVA examined the
pattern of hardness results separately across the 3 x 3
mm grid and showed that ranking of the lights was
unchanged. Although the extent to which the differ-
ences were statistically significant was diminished,
they were still significant at the alpha = 1% level.
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4 Seasons A2 — Top Surface

Sapphire Optilux 501 UltraLume 5
(5s) (20s) {10s)
1.5 15 15
0.0 0.0 0.0
mm mm mm
-1.5 -1.5 -1.5
-1.5 0.0mm 1.5 -1.5 0.0mm 1.5 -1.5 0.0mm 1.5

Knoop Microhardness KHN
5 10 15 20 25 30 35 40 45 50 55

Soft Hard
*  HNEEEN EEE

Allegro SmartLite 1Q LEDemetron Il Bluephase 16i
(10s) (10s) (58) (5s)
15 15 — 15 15
0.0 ' 0.0 0.0 0.0
mm mm mm mm
1.5 Ty 1.5 1.5
45  0.0mm 1.5 1.5 00mm 1.5 15  0.0mm 15 45 0.0mm 1.5

Figure 7: Surface hardness map across the 3 x 3 mm grid at the top of
4 Seasons irradiated at a distance of 4 mm.

The interaction plots in Figure 9 report the Knoop
microhardness values recorded for each composite
using each LCU at both distances. These plots illus-
trate that Filtek Z250 was the hardest composite and
show where the interactions occurred between the
effects of the light and composite. In general, the
Sapphire LCU always produced the hardest and best-
cured composites at both distances and at both the top
and bottom of the specimens. Hypothesis tests for all
main effects and all possible interactions were statisti-

4 Seasons A2 — Bottom Surface

Sapphire Optilux 501 Allegro
(58) (20s) (10s)
15 1.5 15
0.0 0.0 0.0
mm mm mm

-1.5
0.0mm 1.5 -1.5

Knoop Microhardness KHN
5 10 15 20 25 30 35 40 45 50 55

1.5
-1.5 0.0mm 1.5 -1.5 0.0mm 1.5

Soft Hard
ENEEEE TEE
UltraLume § SmartLite 1Q Bluephase 16i LEDemetron Il
(10s) {10s) (5s)
1.5 1.5 15
0.0 0.0 0.0 0.0
mm mm mm mm

-1.5

-1.5 -1.5 -1.5
1.6  0.0mm 1.5 1.6  0.0mm 15 -1.6 0.0mm 15 -1.56 0.0mm 1.5

Figure 8: Surface hardness map across the 3 x 3 mm grid at the bot-
tom of 4 Seasons irradiated at a distance of 4 mm.

cally significant at the 0.0001 level in all models. This
reflected the volume of information available.

To control for the unwarranted significance that can
be found as a result of performing multiple tests, a
standard conservatism adjustment was used. Within
each composite, the Type I error rate (that is, mistak-
enly declaring a statistically significant difference)
was controlled using a standard adjustment due to
Ryan-Einot-Gabriel-Welsch.* Since this was done for
each of the five composites, a further conservatism fac-

tor was introduced by using an o of 0.01.

Figure 10 shows the results of the multiple

Top Surface @ 4mm Distance Top Surface @ Bmm Distance comparison tests that were used to rank the
IR T || g ;Eﬁ.:m seven brands of LCUs, separately for each
%“‘ ‘*-‘“ L u %"" =+ LEDwmatonil composite. The overall Knoop microhardness
£ : 5: - Consor produced by each of the seven LCUs on each
Em N of the composites was estimated using the
3w R i,., | SAS GLM procedure.* Table 4 shows that the
Eal S v —_ Sapphire LCU consistently produced the

Breceram iy Evocaram (2xCuring hardest composites (p<0.01). The rankings of

Somponte Sompete the remaining LCUs were similar, but not

Bottom Surface @ 4mm Distance Bottom Surface @ 8mm Distance identical across the five composites, as illus-

B o e 2o e trated by the interaction plots shown in

f R S = Gl Figure 9. The results are summarized in

£ | = Gterser A | 3 Utmkeme s Table 5, where the overall performance of the

§3u s = = su Sl PAC light was compared to all the other

. o il F5 ) lights. In only one of the 20 conditions—the
H H o . .

e | e e—— top surface of Solitaire 2 cured at a distance

Ereceran it Srocerm P of 4 mm—did the Sapphire LCU not produce

Curing Times

the hardest surface (p>0.01). Overall, the
LCUs were ranked Sapphire (first place), fol-

Allegro

[ SmartLite IQ [ UltraLume 5 | Optilux 501 |

lowed by Optilux 501 (using a 20-second

5s |

Sapphire | Bluephase 16| LEDemetron II]
s 5s

10s

10s

10s

20s || cure), Allegro, UltraLume-5, SmartLite 1Q,

* Curing Time Doubled for Solitaire 2

LEDemetron II and Bluephase 16i (p<0.01).

Figure 9: Interaction plots showing the average hardness at the top and bottom for every

To help illustrate the performance of the

composite cured with every light at both distances. Different Y axis scales used forthe Top  L.CUs, the overall mean KHN values achieved
and Bottom plots to better distinguish the differences.
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by each light were compared, and these
overall microhardness values were com-
pared as a percentage of the maximum
hardness. The Sapphire LCU produced the
greatest hardness values (=100%). The
overall hardness values were: Optilux
501-94%, Allegro—-91%, UltraLLume
5-85%, SmartLite 1Q-83%, LEDemetron
II-72% and Bluephase 16i—72% of those
produced by the Sapphire LCU.

DISCUSSION

Most previous studies that have evaluated
the performance of dental curing lights
have used a sample size of one light and
made multiple measurements using this
one light. In an evaluation of 660 curing
lights using laboratory grade test equip-
ment, it was reported that the majority of
the lights only achieved half of the manu-
facturer’s specified light output.”
Therefore, to allow for a valid statistical
comparison between brands, the current
study used three examples of each curing
light to provide a representative sample of
each curing light. The within-brand effect
was measured and, although present, was
found to be small when compared to the
variability among the four brands of light.
As this within-brand variability was not
the primary focus of the current study, it
was not necessary to test more lights.

The manufacturer of the Optilux 501
QTH light claims that this light will cure
composites in 10 seconds.® It was thought

Operative Dentistry
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Figure 10: Effect of the seven LCUs on the overall Knoop microhardness of the five compos-
ites. Overall ranking based on the mean microhardness achieved at the top and bottom at both
4 mm and 8 mm distances.

that this QTH curing light, used for double this recom-
mended curing time, would act as the “gold standard”
and produce the best cured composites. However, the
hardness values produced by this QTH light reached
only 94% of those produced by the Sapphire LCU. The
expectation that the Optilux 501 high-power halogen

curing light used for 20 seconds would produce the best
and most-uniformly cured composite at both distances
was not substantiated (p<0.01).

The results of the current study are clinically rele-
vant, because the major reasons for resin composite
restoration failure are secondary caries, restoration
fracture and marginal defects.’*® These failures may

Table 4: Overall Ranking of the Performance of Each LCU for Each Composite Based on Hardness at the Top and Bottom and
the 4 and 8 mm Distances Combined
Composite 4 Seasons Evoceram Solitaire 2 Vit-l-escence 2250
Curing Light Group Mean Group Mean Group Mean Group Mean Group | Mean N
Sapphire A 39.2 A 43.6 A 36.7 A 49.4 A 72.5 588
Optilux 501 B 36.6 B 41.0 B 34.5 B 45.6 C 69.1 588
Allegro C 32.8 C 38.8 B 35:1 C 43.0 B 69.7 588
UltraLume-5 D 29.7 D 37.4 C 30.9 D 40.6 E 65.8 588
SmartLite 1Q E 28.4 E 35.8 D 29.2 E 38.3 D 68.1 588
LEDemetron Il B 21.6 F 31.5 E 25.8 F 31.8 F 63.7 588
Bluephase 16i G 21.1 F 31.5 F 25.0 F 31.7 F 63.6 588
Statistical differences within each composite determined using the GLM procedure and the Ryan-Einot-Gabriel-Welsch multiple range test (p<0.01). Means with the same letter are not
significantly different using REGWQ grouping at a=0.01.
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Condition (surface and distance)

Table 5: Overall Performance of the LCUs Compared to the Sapphire LCU on Each Composite and Under Each

Distance Surface Tetric EvoCeram 4 Seasons 2250 Vit-l-escence Solitaire 2
4 mm Top = = v = X
4 mm Bottom = = = = v
8 mm Top v v v v v
8 mm Bottom v = v v v

v’ Ranked First
= Ranked Equal First
x Not Ranked First

be due to inadequately curing the resin composite at
the margins. This study used the curing light manu-
facturers’ recommended curing times and did not
attempt to measure the maximum hardness possible
for each composite. These recommendations were prob-
ably developed under ideal laboratory settings with the
end of the light guide at 90° and 0 mm from the speci-
men. From this type of bench top research, it is recom-
mended that 2 mm increments of composite should
receive between 12 to 36 J/cm? of energy to be ade-
quately polymerized."'>*%* However, Table 3 shows
that, at a distance of 8 mm, the Bluephase 16i and
LEDemetron II lights delivered only 2.2 J/cm? and the
SmartLite 1Q light delivered 4.7 J/cm? This helps to
explain why these lights were unable to adequately
polymerize the resins. In contrast, the Sapphire LCU
light delivered a greater energy density (11.6 J/cm?),
which, together with its broad spectral output,
explains why this light produced the hardest compos-
ites. To deliver 20 J/cm? of energy to deep preparations,
the curing time would have to be extended to 45 sec-
onds when the BluePhase 16i and the LEDemetron II
lights are used. Thus, as the distance from the light
increases, the shortened curing times suggested by
some manufacturers may result in an inadequately
cured composite. This has many undesirable conse-
quences, including reduced physical properties,®
reduced bond strengths,* increased wear,* break-
down at the margins of the restoration® and decreased
biocompatibility.***

Many previous studies that have evaluated the per-
formance of curing lights have measured the output
using simple dental radiometers and have assumed
that the output measured at the end of the light guide
was the irradiance received by the specimens.?##
Dental radiometers are not as accurate as laboratory
grade power meters and do not report the irradiance
actually received by the resin specimen.**” The light
detector used in the current study was located in the
same position as the resin. Figure 1 shows that the 3.9
mm diameter detector was similar in diameter to both
that of a Class I preparation in a tooth and the 3 x 3
mm size of the hardness maps used in the current
study. Thus, Table 3 is an accurate report of how much
light the resin composites actually received.

Although Figures 9 and 10 show that the Knoop
microhardness values were significantly different
among the five composites (p<0.01), this does not mean
that one composite was better cured than another, only
that there was a difference in hardness among the five
brands of composite. The authors of the current study
chose to test shade A2 resin composites, since this is a
popular shade that has been used in previous stud-
ies.”* It has also been reported that the colorants in
shade A2 have the least effect on resin polymeriza-
tion.® Solitaire 2 was used in the current study,
because it was known to be difficult to cure.”® When
Solitaire 2 received the same total energy as the other
composites, the bottom surfaces of the specimens irra-
diated at a distance of 8 mm were not hard enough to
be measured using the 50 gram load on the Knoop
hardness indenter. Consequently, the irradiation times
had to be increased. However, even when Solitaire 2
received double the irradiation time and energy densi-
ty, especially at the 8 mm distance, the bottom surface
of Solitaire 2 proved difficult to cure compared to the
other composites.

The current study used the light guides that were
supplied with the curing lights. Table 3 shows that the
effect of the distance from the end of some light guides
on irradiance received is different for each light. The
Bluephase 16i and LEDemetron II lights used “turbo”
light guides, and the results shown in Table 3 support
previous studies showing that there is a rapid decrease
in irradiance as distance increases from “turbo” light
guides.”'*'"#%! This had a significant negative effect on
the energy density delivered to the composites and
explains why these LCUs did not cure the composites
very well at the 8 mm distance. Conversely, light out-
put from the Sapphire LCU was well collimated and
did not disperse as rapidly as that from the other light
guides. Thus, the Sapphire LCU produced the hardest,
most cured composites at both 4 mm and 8 mm from
the end of the light guide. Although the SmartLite IQ
delivered a relatively low irradiance at 0 mm, this LCU
maintains its light output as the distance increases.”
Tables 3 and 4 show that, at a distance of 8 mm, the
SmartLite I1Q used for 10 seconds delivered 4.7 J/cm?
and outperformed the LEDemetron II and Bluephase
16i lights when they were used for five seconds.
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The hardness maps (Figures 3-8) illustrate that the
hardness is not uniform across the surface of the
restoration. These maps highlight differences between
the hardness at the top and bottom surfaces. These
maps also show that the hardness values were often
greater at the center of the specimens. This supports
previous studies showing that the light output at the
end of the curing lights is not always uniform.”** Most
previous studies that have evaluated the efficacy of
curing lights have only taken a few microhardness
readings in the center of the sample.?* Figures 3
through 8 show why previous studies probably pro-
duced results that do not accurately represent the abil-
ity of the LCU to cure the entire specimen.

In recent years, light-emitting diodes have been used
to create compact, cordless LCUs. However, as shown
in Figure 2, most LED curing lights produce a very
narrow spectrum of light compared to either QTH or
PAC lights that deliver a broader spectrum of light
(from ~375 to 515nm). Some bonding systems and
resin composites do not use camphorquinone as the
photoinitiator. Instead, they use other photoinitiating
components (“alternative initiators”), such as monoa-
cylphosphine oxide (Lucirin TPO)* or 1-Phenyl 1,2-
Propanedione (PPD),** which are more sensitive to
the wavelengths of light <410 nm and less sensitive to
blue light in the 450-480 nm range.*** These resins
should benefit from the additional wavelengths pro-
vided by the polywave LED or the broader spectrum
PAC and QTH lights.'"*#45% For example, Figure 2
shows that the Sapphire LCU has a broader spectral
output compared to the Allegro LCU. Although Allegro
delivered 15.7 J/cm? at 4 mm, this light was outper-
formed by the Sapphire light, even though it delivered
a lower total energy (13.2 J/cm?). The UltraLLume 5 is a
polywave LED curing light and delivers a broader
spectral output compared to the Allegro, LEDemetron
IT and Bluephase 16i lights, but Table 3 shows that the
total energy delivered by the UltraLume 5 light in 10
seconds was low (6.6 J/cm? at 4 mm and 3.2 J/cm? at 8
mm). Thus, to be effective, a curing light must deliver
both a broad spectral output and sufficient energy at
clinically relevant distances.

Although the current study tested five brands of
resin composite, there are many more resins and
shades available on the market. Future studies will
include lighter bleaching or translucent shades, since
they may produce different results."'*** To be prudent,
dentists should always check that the curing light
used for their curing times and at clinically relevant
distances cures the bottom of the particular brand and
shades of resin composite that they use in their prac-
tice. Curing test rings (for example, #043952114, Den-
Mat) are available and provide the dentist with a sim-
ple method to determine if the light cures the top and
bottom surfaces of composites.

Operative Dentistry

CONCLUSIONS

When the seven LCUs used in the current study were
used to cure Vit-l-escence, Tetric EvoCeram, Z250 and
4 Seasons for the following curing times: Sapphire (5
seconds), Bluephasel6i (5 seconds), LEDemetron II (5
seconds), SmartLite IQ (10 seconds), UltraLLume-5 (10
seconds), Allegro (10 seconds), Optilux 501 (20 seconds)
and Solitaire 2 for double these curing times, multiple
comparison tests from the GLM showed that the effects
of light, composite, surface, distance and all their inter-
actions, were significant (p<0.01).

1. For the five composites tested, the Sapphire
LCU produced the hardest composites at both
4 mm and 8 mm from the end of the light guide
(p<0.01). This LCU also delivered the broadest
spectrum of wavelengths and the greatest irra-
diance at 0 mm, 4 mm and 8 mm from the end
of the light guide.

2. The Sapphire LCU delivered hardness values
that were between 4.7 and 18.1 KHNj,¢ hard-
er than the other lights. Based on the overall
hardness values, the lights were ranked
Sapphire (first place), followed by Optilux 501,
Allegro, UltraLume-5, SmartLite 1Q,
LEDemetron II and Bluephase 16i (p<0.01).

3. The Knoop microhardness values were signifi-
cantly different among the five composites
(p<0.01). Filtek Z250 composite produced the
hardest surfaces, which were, on average, 33.9
KNHjz¢ harder than Solitaire 2.
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