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Abstract

The aim of this study was to test the ability of an infrared (IR) camera to assess temperature
changes and distributions in teeth below restorations when quartz-tungsten-halogen (QTH)
and light-emitting diode (LED) curing lights were used to photopolymerize the restorative
material. Our hypothesis was that the higher power density and broader spectral distribution
of the QTH source would cause greater increases in tooth temperature than the LED source,
and that these differences would be best demonstrated with the IR camera. Cavities were
prepared on human third molars and restored with a resin composite restorative material. The
material was light-cured using three light-curing sources using several exposure times. The
external (outside the tooth) and internal (inside the pulp chamber) temperature changes
during polymerization of the composite material were recorded over 360 s with thermocouples
and an IR camera. Using thermocouples the maximum increase in external temperature
(+17.7 degrees C) was reported for the Swiss Master light after 20 s of curing time while the
minimum temperature rise (+7.8 degrees C) was [...]
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Abstract:

The aim of this study was to test the ability of an infrared (IR) camera to assess

temperature changes and distributions in teeth below restorations when quartz-tungsten-
halogen (QTH) and light-emitting diode (LED) curing lights were used to photopolymerize the
restorative material. Our hypothesis was that the higher power density and broader spectral
distribution of the QTH source would cause greater increases in tooth temperature than the
LED source, and that these differences would be best demonstrated with the IR camera.
Cavities were prepared on human third molars and restored with a resin composite restor-
ative material. The material was light-cured using three light-curing sources using several
exposure times. The external (outside the tooth) and internal (inside the pulp chamber)
temperature changes during polymerization of the composite material were recorded over
360 s with thermocouples and an IR camera. Using thermocouples the maximum increase in
external temperature (+17.7°C) was reported for the Swiss Master light after 20 s of curing
time while the minimum temperature rise (+7.8°C) was reported for the Freelight 2. Whereas
a 2.6°C increase in internal temperature was observed after curing 20 s with the Freelight 2,
7.1°C was reported after 60 s of light exposure to Astralis 10. Infrared images showed similar
trends in external-internal rises in temperature as the thermocouples, although temperatures
measured by the IR were generally higher. These results indicate that the higher power
density QTH sources caused greater increases in tooth temperatures than the LED source and
that thermocouples may underestimate the heat applied to the tooth. © 2004 Wiley Periodicals,

Inc. J Biomed Mater Res Part B: Appl Biomater 72B: 260-267, 2005

Keywords:

INTRODUCTION

Today’s esthetic dental restorative techniques rely on light-
curing sources to activate polymerization of resin composites
used either as direct filling materials or luting agents for the
restoration of teeth. Wavelengths of 400 to 500 nm (blue
light) activate camphorquinone—amine photoinitiation sys-
tems contained in most current dental resins.' Blue light is
used to excite the camphorquinone, leading to the production
of free radicals responsible for initiating the polymerization
process. Quartz-tungsten-halogen (QTH) lamps are the most
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frequently used sources for light curing. Typically, 500 to 800
mW/cm? of light for 30 to 40 s is necessary from QTH
sources to polymerize composites to a depth of 2 mm, but the
amount of curing time also is a function of type, shade, and
thickness of the material.> Therefore, larger, deeper, darker
restorations require longer exposures, multiple curing cycles,
or curing of multiple layers of composite material. Newer
QTH sources with intensities in excess of 1500 mW/cm? have
been developed to cure thicker layers of composite in shorter
periods of time.

QTH lamps use a tungsten filament heated to 2000°C to
3000°C, which emits a white light covering a large range of
wavelengths including the infrared. Thus, QTH light must be
filtered to eliminate unwanted wavelengths outside the 400 to
500 nm (blue light) range, and only a small fraction of the
light produced from this source is used for polymerization
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and a large amount of energy is transformed into heat.> Heat
has been shown to degrade light filters and bulbs and conse-
quently the efficiency of QTH curing units over time.*

Recent designs in light-curing units have focused on light-
emitting diodes (LEDs) in the blue range.” LEDs use junc-
tions of doped semiconductors (p-n junctions) based on gal-
lium—nitride to produce blue light. Previous studies have
confirmed that LEDs are more efficient than QTH lamps in
converting energy to light and that their light emission more
closely matches the absorption spectrum of camphorqui-
none.® Furthermore, LEDs do not generate infrared wave-
length, have a constant light output, and have a longer life
expectancy than QTH sources.” Other research also has
shown that the intensity of the newest LEDs is comparable to
QTH light sources.® Regardless of the amount of infrared
energy transmitted from the curing source, polymerization of
light-activated resin composites always results in a tempera-
ture increase in the material caused by both the exothermic
polymerization reaction and the light energy absorbed during
irradiation.” ' Temperature increases up to 20°C have been
measured during light-induced polymerization within the
composite resin.'"'?> The amount of heat generated also de-
pends on the bulk of the composite and the rate at which it
polymerizes.

Based on an early report from Zach and Cohen many
authors have assumed that 5°C to 15°C elevation in pulpal
temperature will irreversibly damage the pulpal tissues.'?
Hussey and colleagues also have reported that the dental pulp
may be endangered by the temperature rise that occurs during
light curing.'* Other studies have shown that intrapulpal
temperature rises during light curing are low because dentin
is an excellent thermal insulator.'”> However, the increased
power of recently developed light-curing units (> 1500 mW/
cm?) has renewed concerns about the biological safety of
curing units, especially when they are used in deep cavities
with little remaining dentin thickness. Hannig and Bott re-
ported that photopolymerization with high energy output
curing units causes significantly higher pulp chamber tem-
perature changes as compared to the conventional curing
units.'® However, they also pointed out that the temperature
changes measured in vitro with thermocouples cannot predict
temperature changes in vivo because thermocouple measure-
ments cannot monitor heat conduction within the tooth during
in situ resin polymerization. To gain more detailed informa-
tion about temperature distribution and temperature changes
within the tooth, we hypothesized that an infrared (IR) cam-
era might be more useful. Infrared cameras have previously
been used to assess temperature changes during the polymer-
ization process in vivo and in vitro, but not during in situ resin
polymerization with QTH and LED curing units.'*!”

The primary aim of the current study was to test the utility
of an IR camera to assess temperature changes and distribu-
tions in teeth during photopolymerization of dental resin
restorative materials. We used QTH and LED curing units,
with the expectation that the higher power density and
broader spectral distribution of the QTH source would cause
greater increases in tooth temperature than the LED source.

‘NaCl

Figure 1. Schematic diagram of the set up used for temperature
measurements with thermocouples. The perfused tooth (0.09 g/L
NaCl) was cemented to an acrylic base and placed over a thermally
regulated water bath. The distance between the tip of the light-curing
unit (1) and the restorative material was constant (2 mm). The external
temperature rise during the polymerization of the composite was
measured with a thermocouple secured at the bottom of the cavity (2).
The thermocouple located inside the pulp chamber (3) was used to
monitor internal temperature changes during light curing.

The utility of the IR camera technique would allow better,
more detailed assessment of new curing sources and restor-
ative materials, and would be applicable in vitro as well as in
Vivo.

MATERIALS AND METHODS

Class 11 slot cavities were prepared on the proximal—occlusal
surface of six freshly extracted caries-free human third mo-
lars previously stored in 4°C isotonic sodium chloride con-
taining 0.2% sodium azide. The remaining dentin thickness
between pulp chamber and axial wall of the proximal box
after cavity preparation was 2 mm (assessed by radiographs).
The roots were cut at the CEJ and the coronal pulp was
removed with small forceps. Each tooth was then cemented
with cyanoacrylate to a 2 X 2 X 0.4 cm piece of plexiglass
penetrated by polyethylene tubing. These tubes were used to
perfuse the pulp chamber with a solution of sodium chloride
(0.09 g/L) and to insert a K-type thermocouple inside the pulp
chamber (TCA; K-type, Thermocoax, Suresnes, France; Fig-
ure 1). This thermocouple was used to measure the internal
temperature of the specimen. A second thermocouple was
secured on the enamel surface of the tooth and was used to
monitor the external temperature of the tooth. The thermo-
couples were attached to the temperature recorder connected
to a PC for data acquisition and storage (Fluke Hydra 2620A
and Hydra logger, Fluke Corporation, Everett, WA, USA).
Briefly, the Hydra Logger converts voltage from thermocou-
ples directly into temperature readings and downloads data
for archiving and graphical representations. To keep the am-
bient temperature as constant as possible (37°C = 0.1°C), the
sample tooth was placed over a thermally regulated water
bath (Bioblock Scientific, AM3001K, Illkirch, France). A
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TABLE I. Curing Light (Name, Manufacturer, Source, and Output)

Light Guide Power Density

Light Source Manufacturer Type Diameter (mW/cm?)

Astralis 10 Ivoclar-Vivadent (Schaan, LI) QTH bulb (100 W) 12 mm 1200 mW/cm?
Swiss Master Light EMS (Nyon, CH) QTH bulb (340 W) 11 mm 3000 mW/cm?
Freelight 2 3MESPE (Seefeld, D) 1 LED 8 mm 1000 mW/cm?

2-mm thick increment of composite resin (Tetric Ceram A 2,
Lot E31083, Ivoclar-Vivadent, St Jorioz, France) was con-
densed into the cavity and polymerized without using a
bonding agent. Although this procedure differed from clinical
use, previous reports have shown that the absence of a bond-
ing agent does not significantly influence the amount of heat
transmitted to surrounding tissues during polymerization.'® In
the absence of bonding agent, the cured composite is easily
removed from the cavity and the tooth can be re-used to
repeat different experimental conditions with the same spec-
imen. This strategy allowed six measurements on six differ-
ent teeth for each curing condition to be performed.

Three light-curing sources were used in the current study
(Table I). The Astralis 10 is a high-power curing light
equipped with a 100-W quartz-halogen bulb (QTH) and fea-
tures four different power programs. Only the high-power
program that provides a minimum of 1200 mW/cm? of light
was used in the current study. Light curing with the Astralis
10 was for 20, 40, and 60 s. The Swiss Master light (EMS,
Nyon, CH) is a QTH curing unit equipped with a 320-W
quartz-tungsten-halogen bulb emitting 3000 mW/cm? of blue
light with the fast-cure program. The light guide of the Swiss
Master light is equipped with a water cooling system to avoid
excessive temperatures during light curing. Irradiation times
were 5, 10, and 20 s. The Freelight 2 (3M-ESPE, St. Paul,
MN, USA) is a high-intensity LED light-curing unit which
can deliver a light intensity of 1000 mW/cm?. Light curing
with the Freelight 2 was performed for 20, 40, and 60 s. The
irradiance and intensity of each curing unit were controlled
using a a fiber optic spectrometer sensitive in the 190 to 850
nm wavelength range (AVANTES, AVS-USB2000, Eerbeek,
The Netherlands).

For measurements of temperature rise, the tip of the light-
curing unit was placed at a distance 1 mm from the tooth
sample, and the external and internal temperature changes
during polymerization of the composite material inside the
cavity were continuously recorded over 360 s. This time
interval was selected to allow the samples to return to the
initial temperatures after exposure to the light source. The
maximum temperature rise was determined from these curves
(n = 6). Mean values and standard deviations were calculated
for each condition and analyzed by one-way ANOVA and
multiple comparison tests (Fisher least significant difference
LSD; p < 0.05).

After completion of the thermal measurements with ther-
mocouples, the tooth samples were sectioned in two halves
with a low-speed diamond saw (Isomet, Buehler) for the
infrared thermography analysis (Figure 2). The sectioned

tooth was repositioned 1 mm above the water bath with the
crosscut section parallel to the surface of the water and the
thermographic camera Avio TST-2000ST (Avio Tech, Japan)
was located perpendicular to the cross-section of the tooth.
To ensure the light was entering the sample exclusively from
the half section of the light guide, a light shield was cemented
to the upper part of the light guide. The composite material
was then inserted into the cavity and the samples were irra-
diated for 20, 40, and 60 s. The temperature distribution
within the sample during light curing was monitored by the
camera and thermal images were obtained at different time
point intervals (5, 10, 20, 40, and 60s). The thermal image
achieved is a visual representation of the temperature distri-
bution on the sample surface. Images were imported into an
image processing and analysis program (Scion Image, Scion
Corporation, Frederick, MA, USA). A transparent image
representing the general outline of the tooth including the
cavity wall and the pulp chamber was pasted onto the IR
image to determine the exact location of these different
structures. Measurements of colors inside the pulp, at the
cavity floor, inside the composite material, and outside the
tooth were made using the color picker tool. When using this
tool, pixel values are displayed in the information window as

Figure 2. Schematic diagram set up for the IR camera measurement
of the tooth temperature. The IR camera (1) is located perpendicular
to the tooth section (2) which is placed 2 mm above the water level.
The radiation shield (3) was used to limit the radiation from the light
guide only on the input face of the composite.
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TABLE Il. Temperature Rise (= SD) Induced by Curing Lights, Thermocouple Measurements

Irradiation External Temperature Internal Temperature
Light Source Time (s) Rise (°C) Rise (°C)
Astralis 10 20 +9.65(* 2.7) +3.30(* 0.7)
40 + 10.83 (£ 2.5) +5.12(+ 1.3)
60 + 13.05 (£ 4.1) +7.10(x 1.1) |
Swiss Master Light 5 + 10.85 (£ 3) | +2.62(+0.2)
10 + 14.64 (£ 4.2) +3.29 (+ 0.6)
20 + 17.72 (£ 4.1) | +5.80 (* 1.0)
Freelight 2 20 + 7.80 (+ 2.3) +2.63 (* 0.3)
40 +9.53 (+ 1.8) +3.98 (= 0.8)
60 + 11.03 (= 1.6) | +5.09 (+ 0.6) |

Mean temperature rise (n = 6) recorded after light curing. Within each light source and location linked values are not significantly different (one-way ANOVA and Fisher LSD

multiple comparison test; p < 0.05)

RGB values. A regression analysis was performed to verify
the linear relationship between color measurements (RGB
values) and temperature scale given by the IR camera image.
The relationship between RGB values and temperatures was
as shown by the formula: f(y) = 0.1319 * y + 29.217 with
R* = 0.99.

RESULTS

For all curing units, increasing irradiation time always in-
creased the external temperature of the tooth measured with
thermocouples (Table II). The minimum temperature rise
(+7.8°C) was observed after curing the composite material
for 20 s with the Freelight 2. The maximum increase in
external temperature (+17.7°C) was reported for the Swiss

55 1
év - External temperature
050# ~ Internal temperature
[-]
o ~ Water Bath
2
%
Q40 -
5
F
8 Swiss Master-20s
Vr—TTTT T T T T T T T T T T T T
0 80 120 180 240 300
Time (s)

Figure 3. Temperature changes (°C) observed in the restored spec-
imen after 20 s exposure to the Astralis 10. The external temperature
is shown on the upper curve, the internal temperature is shown on the
middle curve. The bottom curve shows the temperature in the water
bath. Arrows indicate the end of exposure to light. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

Master light after 20 s of curing time. However, temperature
rises among most curing conditions were not significantly
different (multiple comparison tests, LSD p < 0.05). For all
curing conditions, internal temperatures increased from base-
line after exposure to light. Whereas a 2.6°C increase in
internal temperature was observed after curing 20 s with the
Freelight 2, 7.1°C was reported after 60 s of light exposure to
Astralis 10. Although there were some exceptions, the tem-
perature rises recorded under the different curing conditions
were significantly different (Table II).

Comparing the 20-s exposure for the different lights, peak
temperatures after irradiation differed significantly on the
external and internal portions of the tooth (Figures 3-5). All
external peak temperatures were reached 10 s after exposure
to the light, and these temperatures decreased rapidly with
time. Nearly 50% of the heat was dissipated 40 s after light
exposure and a progressive return to baseline temperature

55
50 J7 = External temperature

P = Internal temperature

£ 45

£ — Water Bath

%

Q40

§

= —
o Astralis-20s
30 I | ] ] | 1 1 | I I 1 1 ] | | 1 I

0 60 120 180 240 300
Time (s)

Figure 4. Temperature changes (°C) observed in the restored spec-
imen after 20 s exposure to the Swiss Master light. The external
temperature is shown on the upper curve, the internal temperature is
shown on the middle curve. The bottom curve shows the temperature
in the water bath. Arrows indicate the end of exposure to light. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5. Temperature changes (°C) observed in the restored spec-
imen after 20 s exposure to the Freelight 2. The external temperature
is shown on the upper curve, the internal temperature is shown on the
middle curve. The bottom curve shows the temperature in the water
bath. Arrows indicate the end of exposure to light. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

was observed after 4 min. Temperature curves recorded by
the internal thermocouple showed a progressive rise in tem-
perature reaching a plateau approximately 20 s after the end
of light exposure. The internal temperature remained elevated
at the same level for 20 to 40 s and returned to baseline
temperatures after 4 min.

The results of IR measurements are shown in Table III.
The minimum increase in external temperature (+8.1°C) was
observed after curing the composite material for 20 s with the
Freelight 2. The maximum increase in external temperature
(°18.5°C) was reported for the Swiss Master light after 20 s
of curing time. For all curing conditions, internal tempera-
tures also increased from baseline after exposure to light. A
2.7°C increase in internal temperature was observed after
curing 20 s with the Freelight 2 and 6.9°C was reported after
60 s of light exposure to Astralis 10. Although there were
some exceptions, the temperature rises recorded under the

different curing conditions were not significantly different
(Table II). For most curing conditions, the external-internal
temperatures measured by the IR method were higher than
those measured with thermocouples. However, in most in-
stances, the differences between the two techniques was less
than 1°C.

Infrared imaging provided far more information about the
temperature profiles in teeth than the thermocouples. Analy-
sis of these images confirmed that the higher power density
QTH sources caused greater increases in tooth temperature
than the LED source and that increasing exposure to light
increased temperature of the tooth (Figures 6-—8). Infrared
images also showed that external temperatures were consis-
tently lower than temperatures recorded inside the composite
material and that heat was also able to propagate towards the
deeper part of the tooth down to the pulp chamber. For
example, Figure 6(a) is an IR camera image of a sample tooth
exposed for 5 s to the Swiss Master light. The temperature
outside the tooth (external temp) increased from 31.4°C to
43.9°C. The highest temperature recorded in the composite
was 55°C and the temperature at the cavity floor was 45.9°C.
The temperature in the pulp chamber was 33.4°C. When
exposure to the light was doubled (10 s), the external tem-
perature remained approximately the same (44.4°C) but the
temperature of the composite increased up to 57.4°C [Figure
6(b)]. The temperature at the cavity floor was 47.4°C and
pulpal temperature was 34.4°C. When the experiment was
repeated on the same tooth with an exposure to light of 20 s
[Figure 6(c)], the external temperature further increased up to
45.7°C with a peak temperature in the composite of 56.7°C.
The temperature at the bottom of the cavity was 46°C and the
pulpal temperature rose to 38.5°C. These detailed assess-
ments of temperature profile were not possible with the
thermocouple measurements.

In comparison, Figures 7 and 8 illustrate the elevations in
temperature observed after light curing 20 s with Astralis 10
and Freelight 2, respectively. Light curing with the Astralis
10 source increased the external temperature of the tooth by
9.1°C (from 31.2°C to 40.3°C) and the temperature within the

TABLE lll. Temperature Rise (= SD) Induced by Curing Lights, IR Measurements

Irradiation External Temperature Internal Temperature
Light Source Time (s) Rise (°C) Rise (°C)
Astralis 10 20 + 10.15 (£ 2.4) | + 3.50 (= 0.9)
40 + 11.98 (£ 2.1) +548 (= 1.3)
60 + 13.67 (£ 2.1) | +6.92 (= 2.1) |
Swiss Master Light 5 +11.39 (£ 1.9) +285(x14) |
10 + 15.35 (% 3.3) +3.53(x04)
20 + 18.48 (£ 3.3) | + 5.66 (= 0.7)
Freelight 2 20 + 8.08 (£ 2) + 2.68 (= 0.3)
40 + 10.83 (£ 1.1) | +4.83 (= 0.8) |
60 + 12.02 (£ 0.7) + 5.39 (= 0.6)

Mean temperature rise (n = 6) recorded after light curing. Within each light source and location linked values are not significantly different (one-way ANOVA and Fisher LSD

multiple comparison test, p < 0.05)
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(a)

Figure 6. (a) IR image of a tooth exposed to 5 s of Swiss Master light.
The temperature outside the tooth (external temp) increased from
31.4°C to 43.9°C. The highest temperature recorded in the composite
was 55°C and the temperature at the cavity floor was 45.9°C. The
temperature in the pulp chamber was 33.4°C. (b) After 20 s of expo-
sure to the light, the external temperature remained stable (44.4°C)
but the temperature of the composite increased to 57.4°C. The tem-
perature at the cavity floor was 47.4°C and pulpal temperature was
34.4°C. (c) With a 20-s exposure to light, the external temperature
further increased up to 45.7°C with a peak temperature in the com-
posite of 56.7°C. The temperature at the bottom of the cavity was
46°C and the pulpal temperature was 38.5°C. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

pulp by 4.2°C (from 31.2°C to 35.4°C). The highest temper-
ature measured in the composite material was 46.6°C. Under
similar exposure durations, light curing with the Freelight 2
source produced much less heat than the QTH curing units,
with a 7.2°C rise in external temperature (from 31.2°C to
38.4°C) and a 2.7°C rise in pulpal temperature (from 31.2°C
to 33.9°C).

Figure 7. The IR image shows that light curing with Astralis 10 for
20 s increased the external temperature of the tooth by 9.1°C (from
31.2°C to 40.3°C) and the internal temperature by 4.2°C (from 31.2°C
to 35.4°C). The highest temperature measured in the composite ma-
terial was 46.6°C. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

DISCUSSION

The IR camera measurements successfully mapped surface
temperatures during light curing and correlated reasonably
well with thermocouple measurements. For many years, ther-
mocouples have been used for temperature measurements
during cavity preparation using lasers'® '* or diamond instru-
ments®° and during light-curing composite restorative mate-
rials.'®*! In the current study, only the tip of the external
thermocouple was exposed to the light to avoid heating of the
connectors and metallic wires. To maintain the internal ther-
rmocouple in intimate contact with the dentin without using
any intermediate agent that might interfere with the conduc-
tion of heat, sodium chloride solution, which has a thermal
conductivity value similar to dentin, was used as a conducting
medium.'> Because the volume of fluid inside the pulp cham-
ber was small, temperature measurements made inside the

Figure 8. Light curing with Freelight 2 produced much less heat, with
a 7.2°C rise in external temperature (from 31.2°C to 38.4°C) and a
2.7°C rise in internal temperature (from 31.2°C to 33.9°C). [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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pulp chamber were probably not affected significantly by the
pulpal fluid volume.

Infrared thermography detects infrared radiation and iso-
thermal contour lines can be mapped on the surface of a body.
For many years, IR thermography has been used successfully
for measuring the temperature in materials, tissues, or or-
gans.”>*?* Although most heat from the light likely propa-
gates into dental substrates, the dissipation of heat in the
ambient air cannot be ruled out. A similar interpretation has
been made by Uhl and colleagues (2003) when measuring
temperatures in resin composites during light curing.'® The
absence of complete agreement between thermocouple mea-
surements and IR measures after longer periods of exposure
to light is not fully understood. However, this result could be
explained by the progressive change in temperature and emis-
sivity of the irradiated specimen which affects the energy
emitted by the tooth surface and consequently infrared detec-
tion.?

Infrared images from the current study suggest that ther-
mocouples may underestimate the temperature applied to the
tooth much of the time. Therefore, it is likely that a higher
temperature is generated and applied to the tooth than as-
sumed by thermocouple measurements used in previous stud-
ies. This result is in agreement with previous work on tem-
perature changes during root canal treatment or postspace
preparation.>'?® Infrared images also revealed more detailed
information about temperature distribution and temperature
changes within the restoration during in situ polymerization.

Using IR imaging, the highest temperature rises were
recorded inside the composite material and not outside the
tooth. This finding can probably be explained by the exother-
mic polymerization process of the resin material which in-
creased the heat applied internally.'"'? Although the temper-
atures recorded inside the composite material remained stable
after 5, 10, or 20 s of irradiation with the Swiss Master light,
internal temperatures progressively increased with longer ex-
posures to the light [Figure 6(a—c)]. This observation con-
firms that heat can accumulate inside dental tissues whereas
most of the heat applied externally is easily dissipated. An
interesting observation made from the IR images is the inho-
mogenicity of the distribution of heat inside the pulp chamber
during light curing. Figure 7 shows an example of the differ-
ence in temperature increase at a localized spot of the dentin—
pulp interface exhibiting a peak temperature of 36.9°C com-
pared to the mean temperature recorded inside the pulp cham-
ber (35.5°C). Although the biological effects of these
localized, short-term temperature increases are not known,
they are assumed to be undesirable especially when temper-
atures exceed 44°C for any length of time. A previous study
has shown that moderately increasing temperatures increase
pulpal blood flow which in turn compensates for the increases
in temperature, but that higher temperatures result in a rapid
breakdown of pulpal microcirculation.”” Other studies have
shown that temperature rises do affect cellular metabolism
and function, even in the absence of a complete destruction of
the cells.”® ! It can be assumed that the temperature during
the polymerization of the composite material should be kept

as low as possible to avoid any risk of adverse thermal effects
to the dental pulp.*

Although most temperature rises measured in the pulp
chamber remained below 5.5°C, it must be noted that the
conduction of heat across the tooth during light curing will
occur until a thermodynamic equilibrium is reached.** One
simple calculation used to estimate the conduction of heat
whenever a temperature difference exists between two solids
is given by the Fourier law Q = (AT)- R ', where the thermal
resistance R = Lk~ ' (L is the thickness of the sample and k
is the thermal conductivity value of the dentin). Using this
formula, it can be extrapolated that, in presence of 1 mm of
remaining dentin thickness, the mean temperature increase in
the pulp chamber would have been of about +6.6°C, 11.6°C,
and 5.2°C after 20s of light exposure to the Astralis 10, Swiss
Master Light, and Freelight 2, respectively. Thus, photocur-
ing blue light sources may not be as innocuous as has been
assumed by the dental profession.

In summary, the current study indicates that photocuring
blue light sources increase temperatures in tooth tissues dur-
ing in situ polymerization of restorative materials. It was
clear that the higher power density QTH sources caused
greater increases in tooth temperatures than the LED source.
Although the exact value of the critical temperature that
causes irreversible pulpal damages remains controversial, it
can be assumed that excessive temperature rises during pho-
tocuring of the composite materials should be avoided. In that
sense, the Freelight 2 LED curing unit exhibited the most
favorable characteristics.

The authors are grateful to 3M ESPE (St. Paul, MN, USA),
IVOCLAR-VIVADENT (Schann, Liechtenstein), and EMS (Nyon,
Switzerland) for providing the light-curing units used in this study.
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