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ABSTRACT

Problem: Previous studies identified nonuniformity in the irradiance at the tip end of a variety
of dental light-curing units (LCUs) and correlated those differences with potential clinical impli-
cations, but the spectral dependence of the irradiance uniformity has not yet been addressed.

Purpose: This study examined the irradiance uniformity across emitting tips of LCUs at two
emission wavelengths, 405 and 460 nm. Two broadband emission light units (quartz-tungsten-
halogen [QTH] and plasma arc [PAC]), and four commercial light-emitting diode (LED)-type
LCUs were examined.

Materials and Methods: The spectral radiant power from six LCUs was measured using a labo-
ratory grade spectroradiometer (Ocean Optics, Dunedin, FL, USA). The spatial and spectral
characteristics of irradiance across the emitting tips of these light units were recorded through
10-nm wide bandpass filters (centered at 405 nm [violet] or 460 nm [blue]) using a laser beam
analyzer (Ophir-Spiricon, Logan, UT, USA). Irradiance distributions were reported using two-
dimensional contour and three-dimensional isometric color-coded images. Irradiance uniformity
at the tip end was determined using the Top Hat Factor (THF) for each filtered wavelength.

Results: Irradiance distributions from the QTH and PAC units were uniformly distributed
across the tip end of the light guide, and THF values, measured through the 405 and 460-nm
filters, were not significantly different. However, the three polywave LED units delivered non-
uniform irradiance distributions with THF values differing significantly between the 405 and
460-nm emission wavelengths for each unit. Areas of nonuniformity were attributed to the
locations of the various types of LED chips within the LCUs.

Conclusion: All three polywave LED units delivered a nonuniform irradiance distribution
across their emitting tip ends at the two important emission wavelengths of 405 nm and

460 nm, whereas the broadband light sources (QTH and PAC) showed no evidence of spectral
inhomogeneity at these wavelengths.
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SPECTRAL BEAM UNIFORMITY FROM DENTAL LCUs

CLINICAL SIGNIFICANCE
I Since the rate and extent of polymerization of photo activated restorative materials is highly

dependent on delivering radiant energy at specific wavelengths, the nonuniform spectral distri-

bution across the emitting tips of polywave light-emitting diode curing lights may

affect the resulting properties of some photocured resins and their potential for long-term

clinical success.

INTRODUCTION

his is the second of two

articles that examine the
exitant irradiance from dental light
curing units (LCUs). The first
article showed that these units do
not deliver a uniform irradiance
across the emitting tip and that
interchanging the light guide on
the same LCU body affects power
output, irradiance, and irradiance
distribution.” The present article
examines both the spatial and the
spectral distribution of the exitant
irradiance from quartz-tungsten-
halogen (QTH), plasma arc (PAC),
and light-emitting diode (LED)
dental LCUs. Although the output
from an LCU is often described in
dentistry in terms of intensity or
power density, this article will use
the radiometric terms of radiant
power (measured in watts), the
spectral radiant power as a func-
tion of wavelength (watts/nm), and
irradiance (radiant power/unit
area) measured in mW/cm?.

To adequately cure a photoacti-
vated resin, the spectral output
from the LCU must match the
wavelength-dependent photosensi-
tivity of the photoinitiator used in
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the resin.” This topic was not an
issue in the past, when quartz-
tungsten-halogen LCUs (e.g.,
Optilux 501, Kerr Corp., Orange,
CA, USA) were used, because these
LCUs deliver a broad spectrum of
wavelengths ranging from ~375 to
~510 nm. The same concept is true
for the more powerful PAC units.
Recently, LED-curing units have
become popular. Most contempo-
rary LED-curing units contain
single emission band LEDyu chips
that produce a very narrow band of
wavelengths, with a typical full
width at half maximum (FWHM)
of ~25 nm. These units (e.g.,
Bluephase 161, Ivoclar-Vivadent,
Ambherst, NY, USA) usually have an
emission band in the 450 to
470-nm wavelength range and vir-
tually no emission below 420 nm.*?
The LEDyye units will efficiently
cure resins containing cam-
phorquinone (CQ), which is the
most commonly used photoinitiator
in dental resins. Unfortunately, CQ
has a bright yellow color,*® which
can create chromatic problems
when used as the photoinitiator in
translucent or very light shades of
resin. Consequently, some dental
resins and bonding systems use
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alternative photoinitiators that are
not as chromogenic as CQ.”'°
These alternative photoinitiators
(e.g., monoacylphosphine oxide
[Lucirin TPO] and 1-Phenyl 1,2-
Propanedione) are activated by
shorter wavelengths (below

420 nm) of light.*'* This require-
ment for shorter wavelengths has
proved to be a problem for single
emission band LEDyj,. units and has
led to the introduction of third-
generation, polywave LEDpeniolet
LCUs*3 101271 (e o G-Light GC
America [Aslip, IL, USA], the
Bluephase G2 and Bluephase 20i
[Ivoclar-Vivadent], and VALO
Ultradent Products Inc. [S. Jordan,
UT, USA]). These polywave LEDyj,
violee LCUs use a combination of
LED chips with different emission
wavelengths to produce a spectral
output that covers both the 440
and 470-nm range and the shorter
wavelengths below 420 nm. %1318
Polywave LEDpjuepioler LCUs have
been reported to polymerize some
resins to a greater extent than single
emission band LEDy,,e curing units
delivering a similar irradiance.'®

Three important factors associated
with the design of an LCU affect



the irradiance and spectral distri-
bution across the output face of
the light tip: (1) the type, the
physical size, and location of the
light source within the LCU; (2)
the optical components (lenses
and reflectors) used to focus the
light onto the entrance face of the
light guide, or tooth if there is
no light guide; and (3) the design
of the light guide itself. Some
LCUs use an elliptical reflector to
focus a large optical beam to fill
the proximal end of a rigidly held
fiber-optic light guide. The power
distribution of the radiation from
the light source is not uniform
and, depending on the quality of
the reflector optics, may not be
imaged uniformly at the corre-
sponding focal point of the light
guide entrance exists. This con-
figuration causes uneven irradi-
ance distribution at the emitting
tip end. The light sources for both
QTH and the PAC units can be
described as thermal radiators
generating broad emission spectra
that are uniformly distributed
across each point within the
sources. The radiator nature of
the sources and the optical
arrangement result in an irradi-
ance distribution across the emit-
ting tip end that is the same at
the two important emission wave-
lengths. In contrast, single emis-
sion band LEDyy,. units deliver a
relatively narrow emission spec-
trum with an FWHM of only
~25 nm. Thus, manufacturers

must use a combination of LED
chips with different emission
bands to deliver a broader
emission spectrum. However, the
location within the LCU of the
multiple LED chips required to
produce this broader spectral
range of light may affect the spec-
tral dependence of the

irradiance distribution across the
emitting tip of the LCU, and thus
may also influence resin cure.

Many previous studies of the
effect of different curing LCUs on
resin polymerization used a dental
radiometer to measure
irradiance,?*?* but this method
has severe limitations.***” When
conducting research on curing
lights, the ISO 4049 standard*®
recommends using a laboratory
grade thermopile calibrated to a
national standard, for example,
National Institute of Standards
and Technology (NIST; Gaithers-
burg, MD, USA), together with
various filters to measure the
radiant power delivered over
certain wavelength ranges. An
alternative method uses a spectro-
radiometer attached to an inte-
grating sphere'®” to record both
the spectral radiant power as a
function of wavelength (watts/
nanometer) and the total radiant
power (watts). However, both the
thermopile and the
spectroradiometer-integrating
sphere combination provide no
information on the spatial
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uniformity of the irradiance across
the emitting tip of the LCU.

Laser beam analyzers are used to
illustrate how the radiant power is
apportioned across a light beam
and have been used to characterize
the light output from dental

LCUs. "33 Using selected two-
dimensional (2D) and three-
dimensional (3D) color images of
the irradiance across an emitting
tip, it has been shown that several
LCUs delivered a nonuniform, but
radially symmetrical light beam.
However, the spectral dependence
of the irradiance distribution across
the light beam was not
reported.”">*% Although laser beam
analyzers can map the distribution
of irradiance at the tip end, they do
not discriminate among the various
wavelengths within the light beam.
Placing narrow bandpass filters in
front of the camera and measuring
irradiance distributions through the
filtered transmission bands can
overcome this limitation.

The purpose of this investigation
was to measure and compare the
irradiance distributions and
degrees of uniformity across the
tip ends of representative QTH,
PAC, and LED-based LCUs at
two emission wavelengths (violet,
405 nm and blue, 460 nm), which
are within the absorption bands
of the photoinitiators Lucirin TPO
and CQ, respectively. Character-
ization was provided both in
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TABLE 1. LIGHT-CURING UNIT INFORMATION TOGETHER WITH RADIANT POWER AND TOP HAT FACTOR
(MEAN = STANDARD DEVIATION) OF ALL UNITS INVESTIGATED (N=5 REPETITIONS).

Light-curing unit and Curing Light guide Radiant power Radiant power Total THF' THF!
manufacturer unit entrance/exit (mW) short (mW) long radiant (460 nm) (405 nm)
type diameter length | power*
LED LED (mW)

Optilux 501 QTH Standard 11/11 mm 586 =13  0.64 = 0.0142 0.64 = 0.012
(Kerr Corp., Orange, CA, Regular power mode
USA)

Sapphire PAC Reverse turbo 5.5/10 mm 1142 £ 9 0.57 = 0.018P 0.57 = 0.01°
(Den-Mat Holdings, Santa
Maria, CA, USA)

Bluephase 161 LEDpjue Turbo 13/8 mm 679 =5 679 =5 0.49 = 0.01 No light present
(Ivoclar Vivadent Inc.,
Amberst, NY, USA)

G-Light Polywave Turbo 11/8 mm 231 399 £ 1 423 £ 2 0.60 = 0.01 0.44 = 0.01
(GC America, Alsip, IL, USA)  LEDpuesviolet

Bluephase G2 Polywave Standard 9/9 mm 110 = 8 655+ 6 765 =3 0.57 = 0.01® 0.37 = 0.01
(Ivoclar Vivadent Inc.) LEDbluefviolet High power mode

VALO Ultradent Products Inc. Polywave Lens 10 mm 144 + 3 807 =+ 3% 950 = 1 0.63 = 0.014 0.49 + 0.01
(S. Jordan, UT, USA) LEDplyerviolet High power mode

LED = light-emitting diode; PAC = plasma arc; QTH = quartz-tungsten-halogen; THF = Top Hat Factor.

*The power values were all significantly different.

"The THF values that were not significantly different (Fisher’s PLSD p < 0.01) within a column are indicated by similar superscript uppercase
letter, and similar superscript lowercase letter indicates those within a row.

*This power value consists of the sum of the powers emitted by the 439 nm (180 mW) and 460 nm (627 mW) peak emission wavelength-LED

chips in the VALO unit.

The short- and long-wavelength LED legends refer to the power from LED emission band centered at ~405 and ~460 nm.

terms of Top Hat Factor (THF) as
well as distribution mapping of
irradiance across the output tip of
each LCU at the two wavelengths
using 2D and 3D isometric color-
coded images. The research
hypotheses tested were that:

(1) the degree of irradiance
uniformity (as determined by the
THF) at the 405 and 460-nm
emission wavelengths is not sig-
nificantly different for the QTH
and PAC LCUs; (2) the location
of the LED chips within the LCU
and their emission wavelengths
primarily define the tip end irradi-
ance uniformity; (3) the degree

of irradiance uniformity (as

determined by the THF) differs
significantly between the 405 and
460-nm emission wavelengths for
the polywave LEDpjyeniolee LCUs;
and (4) the spectral output, as
measured using a spectroradio-
meter and an integrating sphere,
does not describe the wavelength-
dependent irradiance distribution
across the tip end of the LCU.

MATERIALS AND METHODS

Table 1 lists the six LCUs investi-
gated. These units were chosen to
represent a wide variety of com-
mercially available, contemporary
dental LCUs: a QTH unit, a PAC
unit, and four LED-type units.
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The QTH and PAC units are
broad-spectrum light sources; the
Bluephase 16i is an example of a
high power LEDyju-type curing
unit with a single, relatively
narrow emission band. The
G-Light, Bluephase G2, and
VALO units are examples of poly-
wave, third-generation LEDpjuesioler
type LCUs that have several
emission bands. All except the
VALO unit use a light guide,
which positions the emitting chips
at the distal end of the unit, and
emits light through a lens. Where
indicated, the batteries in the
LCUs were fully charged

before use.



Spectral Radiant

Power Measurement

The spectral radiant power was
recorded five times in random
order of LCUs using a laboratory
grade spectroradiometer (USB
4000, Ocean Optics, Dunedin, FL,
USA) and a 6-in integrating
sphere (Labsphere, North Sutton,
NH, USA) that had been cali-
brated to NIST standards. The
absolute error of the spectroradi-
ometer calibration was =5%
(Ocean Optics). The tip end of
the LCU was clamped over the
entrance port of the integrating
sphere to capture all of the light
from the unit. Software (Spectra-
Suite v2.0.146, Ocean Optics)
running on a personal computer
recorded the spectral radiant
power from each unit from 350
to 550 nm. In addition, because of
the absence of narrow emission
bands for the QTH and PAC
units, the radiant power in the
380 to 420-nm and 420 to
550-nm spectral range was calcu-
lated to estimate the total radiant
power activating the Lucirin TPO
and CQ photoinitiators, respec-
tively. In the case of the polywave
LEDyppenioler units, where there were
two or three different LED arrays
with different, overlapping emis-
sion bands, the spectra were
deconvoluted using software
(Origin v7.0, OriginLab Corp.,
Northampton, MA, USA) on a
personal computer to calculate the
radiant power emitted from the

short, mid, and long emission
wavelength LED chips. Deconvo-
lution of the spectra was not
required for the LEDy, unit
(Bluephase 16i), as this unit had
only a single emission band that
was used to calculate the
radiant power.

Irradiance Distribution Across the
Tip End of the LCUs

The first article' described how
the camera of a laser beam ana-
lyzer (Ophir-Spiricon LBA-USB-
L070 Beam Profiler, Logan, UT,
USA) was attached to an x-y-z
positioning device mounted on an
optical bench. To ensure that the
beam images from all the LCUs
could be accurately measured
using the same x-y scale, the
camera was held at the same
fixed distance from the diffusive
surface of a translucent, ground
glass target (DG2X2-1500, Thor
Laboratories, Newton, NJ, USA).
The light-emitting end of each
LCU was placed in contact with
the diffusive (ground) surface of
the target, the unit was turned on,
and the resulting image was moni-
tored on the computer screen.
Prior to beam imaging, the pixel
dimensions were calibrated to
enable precise linear measurement
of the images. Data were dis-
played graphically in real-time
using software (LBA-USB-SCOR
versus 4.84, Ophir-Spiricon) on a
personal computer. Prior to beam
imaging, the system was corrected
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for ambient light and pixel
response (UltraCal, Ophir-
Spiricon), the LCU was then
activated, and the lens iris was
adjusted to use the full dynamic
range of the beam profiler
without saturation.

To compare the spectral irradiance
uniformity of the six LCUs, the
output from each unit was exam-
ined through a 10-nm-wide band-
pass filter centered at 460 nm
(ThorLabs FB460-10) or 405 nm
(ThorLabs FB405-10). The central
wavelengths for the two filters
were selected so that they were
within the FWHM of the absorp-
tion band for the Lucirin TPO
(405 nm) and CQ (460 nm) pho-
toinitiators, where significant
absorption of radiant power
occurs. Beam analysis was per-
formed when the 405 or 460-nm
bandpass filter was placed in front
of the camera. In the case of the
polywave LED units, the 460-nm
filter allowed only light from the
longer emission wavelength LED
chips to reach the camera and the
405-nm filter allowed only light
from the shorter emission wave-
length LED chips to be imaged.
Pilot studies of beam irradiance
images recorded using narrow
bandpass filters with central wave-
lengths on either side of those
selected, indicated identical relative
irradiance distributions to those
obtained through the filters used
in this study. These studies showed
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that only the light from either the
short or long emission wavelength
LED chips reached the camera.
The corresponding radiant power
values for the short- and long-
emission wavelength LED bands
were then used to create an abso-
lute scaled irradiance image of the
light output obtained through the
two filters. For the broadband
spectra of the QTH and PAC
units, the total radiant power
emitted between 350 and 420 nm
was used to scale the irradiance
beam profile collected with the
405-nm filter, and total radiant
power emitted between 420 and
550 nm was applied to the beam
profile measured using the 460-nm
filter. The software also calculated
the THF across the active beam
tip area for each LCU when
imaged through the 405 or
460-nm filters. The radiant power
values, beam images, and THF
values were recorded five times for
each unit, and the LCUs were
tested in a random order through
each filter.

To correlate the irradiance distri-
bution measured at the LCU tip
end with the LED chip arrange-
ment within the LCU head, the
light guide or lens was removed
from the unit. The heads of the
LEDgjueioter units were then photo-
graphed, while powered, through
an orange filter (Cure-Shield,
Premier Dental, Plymouth
Meeting, PA, USA). These pictures
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were compared with their respec-
tive tip end beam profiles made
with the light guide or lens in
place and positioned similarly.

Analysis

Five beam profiles were obtained
for each LCU through the 405 and
460-nm bandpass filters. Statistical
analysis for the total radiant power
values utilized a one-way analysis
of variance (ANOVA), and a two-
way ANOVA to examine the effect
of the wavelength and LCU on the
THF values. The Fisher’s PLSD
post hoc comparison test was used
to examine pairwise differences in
emitted power or THF values
among the LCUs and between the
405 and 460 nm. All statistical
testing was performed at a preset
alpha of 0.01.

RESULTS

Figure 1 shows the spectral radiant
power as a function of wavelength
from the six LCUs together with
the FWHM ranges of the Lucirin
TPO and CQ absorption bands.
The QTH and PAC units delivered
a broad spectrum from ~375 to
510 nm, reaching a maximum
value of 7.2 mW/nm at 477 nm
for the QTH unit, and

14.4 mW/nm at 470 nm for the
PAC unit. The single emission
band of the LEDyj,. type
(Bluephase 16i) delivered a
maximum value of 23.8 mW/nm
at 456 nm, with no emission
below 410 nm. Two of the
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polywave LEDyjuepioler units
(G-Light and Bluephase G2) dis-
played two emission bands that
can be attributed to the short- and
long-emission wavelength LEDs.
The G-Light delivered a maximum
spectral radiant power of

14.7 mW/nm at 468 nm and the
Bluephase G2 delivered a
maximum of 22.0 mW/nm at

463 nm. Figure 1 shows that one
polywave LEDpyeniolee unit (VALO)
displayed three emission bands
centered at 405, 439, and 460 nm,
which are attributed to the short,
mid, and long-emission wavelength
LED chips within this unit, respec-
tively. On the high-output setting,
the VALO delivered a maximum
spectral radiant power of

21.5 mW/nm at 460 nm.

Table 1 presents the total radiant
power emitted by each unit
together with those from the short
(~405 nm) and long (~460 nm)
emission wavelength LED chips
within each polywave LEDpienioler
type unit. The THF values calcu-
lated from the irradiance distribu-
tions recorded through the short
(405 nm) and long (460 nm)
wavelength bandpass filters are
also shown. The total radiant
power from the LCUs ranged
from an overall high of

1,142 = 9 mW for the PAC light,
to 423 = 2 mW for the G-Light
polywave LEDpenioler unit. One-
way ANOVA indicated significant
differences in the total radiant
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Figure 1. Spectral radiant power as a function of wavelength in the standard or high-output settings from the light-curing
units (LCUs): Optilux 501, Sapphire, Bluephase 16i, G-Light, Bluephase G2, and VALO. The full width at balf maximum
of the absorption bands for the camphorquinone and Lucirin TPO photoinitiators are indicated by horizontal lines. Because
of the very small overlap between the 414 and 463-nm light-emitting diode (LED) emission bands of the Bluephase G2
LCU, the solid vertical line at 432 nm gives the deconvolution of the two emission bands. The VALO spectrum (solid line)
was deconvoluted into its three LED emission bands (green dashed lines).

power among the LCUs tested

(p < 0.01). Fisher’s PLSD revealed
that the radiant power values were
significantly different among all
the units. Because there was
virtually no light output from the
Bluephase 16i below 420 nm, this
unit was omitted from the statisti-
cal comparisons. Two-way
ANOVA showed that the THF
values from the remaining five
LCUs were significantly different
and the three polywave LCUs
were all significantly lower
through the 405-nm filter com-
pared with that of the 460-nm
filter (p <0.01).

Irradiance Distribution from the
QTH and PAC Units

Figure 2 shows representative
2D color-coded irradiance
distributions across the emitting
end of the QTH and PAC units
when recorded through the 460-
or 405-nm bandpass filter. These
two LCUs deliver a relatively
uniform irradiance at each
emission wavelength and are
characterized by THF values of
0.64 = 0.01 and 0.57 = 0.01,
respectively. Table 1 shows the
results of Fisher’s PLSD post hoc
comparison tests for the THF
values (p <0.01). There was no

significant difference between THF
values calculated at 460- and
405-nm emission wavelengths for
these two units.

Irradiance Distribution from the
LED-type Units Obtained Using
the 460-nm Bandpass Filter
Figures 3 and 4 show representa-
tive 2D and 3D color-coded irradi-
ance distributions across the
emitting tip end of the LEDyy,e unit
(Bluephase 16i) and polywave
LEDbenioler units (G-Light,
Bluephase G2 and VALO) when
observed through the 460-nm
bandpass filter. The Bluephase 16i
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Figure 2. Two-dimensional isometric color-coded
images of the irradiance distribution from the Optilux
(quartz-tungsten-halogen) and Sapphire (plasma arc)
units obtained using the 460- and 405-nm bandpass
filters. Except for the irradiance scale, the irradiance
distributions obtained using the two filters are nearly

identical.

displayed a conical-like distribution
of irradiance (THF: 0.49 = 0.01)
and a high localized irradiance
(~3,700 mW/cm?) over a small area
at the center of the light guide.
Table 1 shows that this unit deliv-
ered the lowest THF (0.49) at

460 nm among all units tested

(p < 0.01). Figures 3 and 4 also
illustrate the nonuniform irradi-
ance distribution for the longer
emission wavelength across the tip
end of the G-Light, Bluephase G2,
and VALO LCUs. Fisher’s PLSD
showed that the VALO and the
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Optilux 501 had the highest THF
(0.64 = 0.01 and 0.63 = 0.01,
respectively), and thus the most
uniform beam irradiance at this
emission wavelength.

Irradiance Distribution from the
LED-type Units Obtained Using
the 405-nm Bandpass Filter
Figures 5 and 6 show the irradi-
ance distribution at the tip end of
the LEDpj,. unit (Bluephase 16i)
and polywave LEDhpiyenioler units
(G-Light, Bluephase G2, and
VALO) when observed through the

JOURNAL COMPILATION © 2010, WILEY PERIODICALS, INC.

405-nm bandpass filter. As
expected from Figure 1, the
Bluephase 16i delivered no radiant
power through this filter and no
THF value was recorded in

Table 1. Fisher’s PLSD post hoc
comparison tests showed that there
were significant differences in THF
values obtained using the 405 and
the 460-nm bandpass filters for
each polywave LEDpjuepioler unit and
among units (p < 0.01). The
G-Light, Bluephase G2, and VALO
polywave LEDpjueioler units all
delivered a measurable radiant
power through the 405-nm filter,
but the radiant power was not
evenly distributed across the tip
end of the units. When viewed
through the 405-nm filter, the irra-
diance distribution for the G-light
peaked at ~700 mW/cm?, but was
highly localized, occupying ~10%
of the optical beam cross section.
The polywave LEDpenioler unit
(Bluephase G2) delivered the
greatest total irradiance (approxi-
mately 750 mW/cm?), but this
value was delivered along only a
small, peripheral segment of the
light guide. The irradiance for

the VALO was distributed more
evenly across the beam and had
the highest THF (0.49 = 0.01)

of the LED-type units at this
emission wavelength. But because
the power was distributed across

a larger area of the tip, the
maximum irradiance when viewed
through the 405-nm filter was
~290 mW/cm?.
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Figure 3. Two-dimensional isometric color-coded images of the
irradiance distribution for Bluephase 16i, G-Light, Bluephase G2,
and VALO units obtained using the 460-nm bandpass filter. Note
the difference in irradiance distribution among the units.

Relationship Between LED
Arrangement Within the LCU
Head and Irradiance Distribution
Figure 7 shows photographs (top
panel) of the polywave LEDpjuepmioler
units (G-Light, Bluephase G2, and
VALO), obtained through an
orange filter without the light
guide or lens when the unit was
activated. Each light’s respective
tip end irradiance distribution is
also presented with the light guide
or lens in place when viewed
through the 405-nm (middle panel)
and 460-nm (bottom panel) band-
pass filters. Note the high spatial
correlation between the irradiance

distribution collected through the
405 and 460-nm bandpass filters
and the locations of the short-
emission wavelength (A) and long-
emission wavelength (C) LED chips
within the LCU head.

DISCUSSION

The first hypothesis, that the
degree of irradiance uniformity (as
determined by the THF) at the
405- and 460-nm emission wave-
lengths are not significantly differ-
ent for the QTH and PAC LCUs,
was confirmed. Figure 2 shows
that the QTH (Optilux 501) and
PAC (Sapphire, Den-Mat Holdings,
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Santa Maria, CA, USA) LCUs have
uniform irradiance distributions
across their tip ends at the two
emission wavelengths. Further-
more, Table 1 shows that, for these
units, the THF values were the
same using both filters (p < 0.01).
This equivalence occurs because
the light sources within the QTH
and PAC units can be described as
thermal radiators where the spec-
tral radiant power is emitted over
a very broad spectral range and it
is the same at each location within
the physical size of the light
sources. The LCU’s spectral
radiant power is then filtered to
deliver light in the 375- to 510-nm
spectral range. As a result, it is not
surprising to observe, in Figure 2,
that the irradiance distributions
measured using the two bandpass
filters are virtually identical for the
QTH and PAC units, and there
was no significant difference in the
THFs measured through the two
bandpass filters.

The data also indicated that the
second hypothesis, that irradiance
uniformity from polywave LCUs
depends on the position of the
LED chips and their emission
wavelengths, was also supported.
Figures 3 to 7 show that the irradi-
ance distribution measured at the
emission wavelengths of 405 and
460 nm was nonuniform across the
emitting end of all the polywave
LEDblue/violet units (G—Light,
Bluephase G2, and VALO).
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Figure 4. Three-dimensional isometric color-coded images of
the irradiance distribution for Bluephase 16i, G-Light,
Bluephase G2, and VALO units obtained using the 460-nm
bandpass filter. Note the difference in irradiance distribution

among the units.

Figure 7 shows that this nonunifor-
mity was strongly correlated to the
location of the specific short- (A)
and long-emission wavelength (C)
LED chips within the head of these
polywavepieniolee LCUs. In each
case, the short emission wavelength
comes from only one (A) of the
LED chips. This arrangement
explains why the irradiance distri-
bution in the shorter emission
wavelength range was highly non-
uniform for the polywave LCUs.

THEF at 405 and 460 nm
The third research hypothesis, that

the degree of irradiance uniformity
(as determined by THF) differs

© 2010, COPYRIGHT THE AUTHORS

significantly among the LED units
in the 405- and 460-nm spectral
regions, was accepted. Two-way
ANOVA by LCU and filter indi-
cated significant differences in THF
values among the LCUs and
between those determined using
the 405- and 460-nm bandpass
filters (p < 0.01). Although no sig-
nificant difference between the
THF values of the QTH (Optilux
501) or the PAC unit (Sapphire)
obtained using the 405- or the
460-nm filters was found, there
were significant differences for all
LED units (p < 0.01). For the
460-nm emission wavelength,

the highest THF value, indicating

JOURNAL COMPILATION © 2010, WILEY PERIODICALS, INC.

the most uniform beam irradiance,
was found with the VALO unit
(THEF: 0.64 = 0.01), which utilizes
only a lens over the bare LED
chips, and the QTH unit (Optilux
501) when used with a standard
light guide (THF: 0.64 + 0.01).
The high THF value of 0.64 found
for the QTH unit is attributed to
the use of the 11-mm standard
light guide. The high THF of 0.63,
found for the polywave LEDpyenioler
unit (VALO), is attributed to the
use of a well-matched LED source,
reflector, and focusing lens. The
conical-like shape irradiance distri-
bution (THF: 0.49 = 0.01) from
the LEDpy. unit (Bluephase 16i)
imaged through the 460-nm filter
is credited to the focusing effect of
the 13/8-mm turbo light guide
when attached to the Bluephase
16i. Table 1 shows that the THF
values were all significantly lower
for the polywave LEDs in the
shorter wavelength range.

Spectral Dependence of the
Irradiance Distribution Across the
Tip End of the LCU

The fourth hypothesis was also
accepted, which presumed that the
spectral output measured with a
spectroradiometer and an integrat-
ing sphere would not describe the
wavelength-dependent irradiance
distribution across the tip end of
the LCU. Table 1 and Figure 7
shows that the locations of the A,
B, and C-type LED chips dictate
the irradiance distribution at the
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Figure 5. Two-dimensional isometric color-coded images of
the irradiance distribution for Bluephasel6i, G-Light,
Bluephase G2, and VALO units obtained using the 405-nm
bandpass filter. Note that no radiant power was measured
for Bluephase 16i, as shown within the optical diameter O,
and the strong asymmetry in the irradiance distribution for
two of the three remaining units. The irradiance scale used
here is five times smaller than those used in Figures 3 and 4.

emitting end of polywave
LEDupemioler units; this is not the
case for the QTH or PAC units.
Although a spectroradiometer and
integrating sphere are effective in
determining the spectral radiant
power, the spectroradiometer-
integrating sphere combination
measures the spectral output from
the entire light source and is unable
to detect any spatial variation
within the light beam. Conse-
quently, spectral radiant power
values as a function of wavelength,
such as those illustrated in Figure 1,
are very misleading because the

reader may think that these wave-
lengths are delivered uniformly
across the tip end of the LCU.

To be most effective when curing a
resin, the spectral radiant power
from the LCU must match the
wavelength range that will activate
the photoinitiators used in the
resin.>"! Figure 1 shows the
FWHM of the absorption bands
for the Lucirin TPO and CQ, thus
indicating which wavelengths will
be most effective for curing. The
2D isometric images of the light
outputs from the LCUs taken
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through the 460-nm bandpass filter
illustrate where light will most
effectively activate CQ. Isometric
images taken through the 405-nm
bandpass filter illustrate where
light will most effectively activate
the alternative photoinitiators, for
example, Lucirin TPO. Figure 1
depicts that the broad-spectrum
QTH and PAC units and the poly-
wave LED units deliver a broad
spectrum of wavelengths that
should activate resins containing
either CQ or the alternative photo-
initiator, Lucirin TPO. Figure 1
also shows that the single emission
band LED-type unit, Bluephase
161, does not emit the shorter
wavelengths necessary to activate
the alternative photoinitiator. The
results from the beam profile
analyses show that, although the
three polywave LEDpjuenioler units
tested delivered a broader emission
spectra than the single emission
band LEDyy,., the irradiance was
not uniformly distributed across
their emitting tip ends at the two
important emission wavelengths of
405 and 460 nm. However, the
broadband light units (QTH and
PAC) showed no evidence of
spectral inhomogeneity at

these wavelengths.

Design Features of LCUs

Figures 3 to 7 demonstrate that a
large variation in irradiance distri-
bution exists at the two emission
wavelengths. Unlike the QTH
and PAC units, the irradiance
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Figure 6. Three-dimensional isometric color-coded images of the
irradiance distribution for Bluephase 16i, G-Light, Bluephase G2,
and VALO units obtained using the 405-nm bandpass filter. Note
that no radiant power was measured for Bluephase 16i and the
strong asymmetry in the irradiance distribution for two of the three
remaining units. The irradiance scale used here is five times smaller

than those used in Figures 3 and 4.

distribution across the LCU emit-
ting tip is highly nonuniform. In
some regions across the emitting
tip, the spectral emission of the
polywave LEDpjuewioler units was the
same as for the single emission
peak LEDyj,e unit. Although beam
analyzers have been used previ-
ously to characterize the effects of
the beam homogeneity from dental
LCUs on resin polymerization, !5
the current report is the first to
demonstrate the dramatic wave-
length dependence of the irradiance

© 2010, COPYRIGHT THE AUTHORS

distribution across the tip end of
current third-generation polywave
LEDpjenvioler units. As both the rate
and the extent of polymerization of
photo-activated restorative materi-
als are highly dependent on the
resin receiving radiant energy at
specific wavelengths, this large
variation in irradiance distribution
at the relevant wavelengths for
photoinitiation will most likely
affect the rate and extent of poly-
merization across the surface of

a resin.

JOURNAL COMPILATION © 2010, WILEY PERIODICALS, INC.

Research, Clinical Implications,
Study Limitations

The observation that beam profiles
from some LCUs are not uniform
at the wavelengths required for
photoinitiation has important
research and clinical implications.
Handheld dental radiometers calcu-
late irradiance based on a fixed
aperture and assume that the LCU
is delivering a uniform irradiance at
the emitting tip within the spectral
range required for photoinitiation.
Because this assumption has been
proven to be incorrect, data from
the present study may help to
explain why dental radiometers
have been reported to be inaccurate
by as much as 276 %.2° The spatial
and spectral inhomogeneity in light
output is a concern because some
dental resins use photoinitiators
that require shorter wavelengths of
light.'»"” When performing labora-
tory research using an LCU, the
unit is typically clamped rigidly
over the specimen. Although this
fixturing reduces measurement
variance, Figures 3 to 7 show that,
when a polywave LEDpjueniolee LCU
is used, not all of the resin will
receive the same radiant energy at
each LED emission wavelength.
This discrepancy may affect mea-
sured depth of cure, microhardness,
and degree of conversion values.

It is recognized that the current
study did not evaluate all light
units currently available. However,
the specific unit types selected are
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Figure 7. Top panel shows photographs of the
polywave G-Light, Bluephase G2, and VALO

LED iuepioertype light-curing units (LCUs) taken
through an orange filter showing the location of
the different light-emitting diode (LED) chips:

A = short emission wavelength chip delivering light
to efficiently activate Lucirin TPO; B and C = LED
chips delivering light in the long emission
wavelength range that efficiently activate
camphorquinone. Middle and bottom panels
display two-dimensional isometric images of the
irradiance distribution obtained using the 405- and
460-nm bandpass filters, respectively. Note the high
spatial correlation between the isometric images
and the A- and C-LED chip locations within the

LCU beads.

thought to be representative of the
wide variety available, and the
results obtained are considered to

be applicable to similar type LCUs.

As the light unit is never fixed
rigidly in one position in the
mouth, conclusions of laboratory

studies comparing the performance
of LCUs delivering nonuniform
light beams at the photoinitiator
absorption wavelengths, may not
be clinically relevant. This short-
coming may be overcome in
laboratory studies by a slight
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movement of the curing light a few
millimeters in the x-y coordinates.
Such a simulation may average out
the spatial and spectral variations
in radiant power. For such
conditions, the exposure time will
have to be increased in order to
deliver the same total energy to the
entire resin surface.

CONCLUSIONS

Within the limitations imposed by
the experimental design used in the
current study, the following conclu-
sions may be made:

1. The degree of irradiance unifor-
mity (as determined by the
THEF) at the 405- and 460-nm
emission wavelengths is not sig-
nificantly different for the QTH
and PAC units

2. The location of LED chips
within the LCU and their emis-
sion wavelengths primarily
define the spatial and spectral
irradiance uniformity at the
tip end

3. The degree of irradiance unifor-
mity (as determined by the
THE) differs significantly
between the 405- and 460-nm
emission wavelengths among
the polywave LEDpjuemioler LCUs

4. The spectral output measured
using a spectroradiometer and
an integrating sphere does not
describe the wavelength-
dependent irradiance distribu-
tion across the tip end of
the LCU
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5.

When characterizing light
output from an LCU, the spec-
tral radiant power as a function
of wavelength, the irradiance
distribution across the light
beam at the relevant wave-
lengths for photoinitiation, and
the THFs should be included.
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