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ABSTRACT
HEAT GENERATION OF BULK-FILL COMPOSITES POLYMERIZED BY
MULTIPEAK VERSUS SINGLE PEAK LIGHT CURING UNITS
DEGREE DATE: JULY 2020
FAHAD BAABDULLAH, B.D.S.

Nova Southeastern University

Directed by:
Dr. Sibel A. Antonson, Assistant Dean for Research and Development, College of Dental
Medicine
Dr. Evren Kiline, Cariology and Restorative Dentistry, College of Dental Medicine

Dr. Cristina Garcia-Godoy, Cariology and Restorative Dentistry, College of Dental Medicine

Background: Multipeak light-curing units (LCUs) are gaining popularity due to potential need
to activate different photoinitiators. One of the risks associated with using LCUs is heat
generation which can reach the pulp chamber through restorative materials and may cause an
adverse pulp reaction. However, there is a limited data on heat generation potential of
multipeak as compared to single peak LCUs.

Objective: Evaluate the difference in heat generation, and transmission from single peak
versus multipeak LED-LCUs through dentin and different bulk-fill resin-based composites
(BFRCs) at pulpal wall (PW).

Materials and Methods: A single extracted sound human molar was used for standardized

test set-up. A tunnel was prepared lingually to expose buccal-pulpal-axial-wall, and a box

vii



cavity, measured (2.5x3.5x3mm), was prepared buccally for BFRCs placement. A 0.5 mm
remaining dentin thickness was left between PW and buccal cavity preparation. The PW was
reflected to thermal-infrared-camera (Thermovision-A320, FLIR) via minimal-energy-loss
mirror (A4 First Surface Mirror, Edmund Industrial Optics) to measure temperature changes
on PW indirectly and on BFRC directly. Four multipeak LCUs (Bluephase G2, Ivoclar
Vivadent; Bluephase PowerCure, Ivoclar Vivadent; D-Light Pro, GC Europe; Valo Cordless,
Ultradent) and one single peak LCU (Demi Ultra, Kerr) were compared when
photopolymerizing two BFRCs (Tetric EvoCeram Bulk Fill (TEB), Ivoclar Vivadent; Filtek
One Bulk Fill Restorative (FOB), 3M ESPE). No bonding agent was used for easy removal of
the BFRC after each cycle. BFRCs were photopolymerized for 10 seconds, and PW and
BFRCs temperatures were recorded for 90 seconds. Four measurements were calculated for
each LCU/BFRC combination: baseline to maximum temperatures (AT), time to reach
maximum temperature (t), duration of the temperature above threshold (At), and heat
transmission rate to PW (Q) using ThermoVision®ExaminIR™ (FLIR systems) software. Data
were statistically analyzed using One-way ANOVA (p<0.001), Tukey’s post-hoc tests, and
Tukey HSD tests.

Results: In both BFRC groups, Valo Cordless, followed by Demi Ultra, generated
significantly lower AT than other LCUs. Bluephase G2 has a significantly longer duration (At)
in both BFRC groups. No significant difference was noted in (t) between groups. TEB had
significantly higher temperature values (AT) and longer duration (At) when photopolymerized
with all LCUs except Valo Cordless. FOB showed a significantly lowest Q when
photopolymerized with Valo Cordless, while TEB showed the lowest Q when

photopolymerized with Demi Ultra.
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Conclusion: Some LCUs can induce more heat generation and transmission than others and
can impose an additional risk of pulp injury, but not necessarily between multipeak and single

peak. Different BFRCs can heat up differently, and consequently can impose an additional risk

of pulp injury.
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CHAPTER 1: INTRODUCTION

Heat generation is one of the main aspects to consider during dental treatments. Many dental
procedures generate heat, which can increase the temperature of the tooth surface. These
procedures, including tooth preparation using laser or diamond burs,"? fabrication of
provisional crowns,* light-acceleration of some teeth whitening materials,®’ the exothermic
reaction from resin-based composite (RBCs) during photopolymerization using light-curing
units (LCUs),*® may eventually lead to an increase in the dental pulp temperature and
consequently, can cause reversible or irreversible pulp damage. Multiple studies had examined
the effect of heat on pulpal tissues. Zach et al.!0 in their classic in-vivo study on monkey’s
teeth, reported that the increase in pulpal temperature of 11.1°C and 5.5°C lead to irreversible
pulp damage in 60% and 15% respectively. Lynch et al.!! also confirmed similar findings in
their ex-vivo human teeth study. They reported that an increase of 5.5°C in pulpal temperature
for more than 40 seconds led to an immediate decrease in cell number, and they recommended
to keep the temperature increase at 5°C or below. However, some controversy exists as some
reported an average increase of human pulp temperature to 11.2°C did not cause damage to the
pulp.!? Regardless, it is agreeable that temperature increase within the pulp chamber can pose
a threat to the vitality of the dental pulp, and many heat studies have considered the 5.5°C
threshold as a safe threshold. However, many dental procedures can easily exceed the 5.5°C

threshold, including the modern Light Emitting Diode (LED) LCUs.!*!4

1.1 Light Curing Units
In the field of modern restorative dentistry, LCUs have become an essential component

to photopolymerize various dental materials, including direct and indirect restorations,



adhesives, sealants, resin-cements, and light-acceleration of some teeth whitening procedures.
During the past decades, LCUs were introduced and went under numerous developments and
advancements, starting with the introduction of the first Ultra Violet dental light curing that
was used to place the first light-cured restoration in 1973.!>16 Not too late after that, the visible-
light curing systems such as plasma arch, argon laser, and quartz-tungsten halogen (QTH)
lights were introduced to the dental market. Argon lasers were expensive and were heavy.
Plasma arch was advertised to have sub-seconds curing time; however, it required to be highly
filtered to remove infrared (IR) and ultraviolet (UV) radiation, so both plasma arch and argon
laser LCUs did not last long in the dental market. On the other hand, QTH LCUs were the
mainstream of dental LCUs until the late 1990s and early 2000s. These units consist of a QTH
bulb with a filtering mechanism. Only 0.5% of the total radiating energy from the QTH bulb
is useful for the photopolymerization of dental composites; the rest is emitted as IR energy that
causes heat generation at the target. The filtering mechanism comprised of a heat-absorbing
glass that reduces the passage of IR energy to dental composite and tooth and a separate
bandpass filter that allows only a narrow useful spectral emission of visible light between 400-
500nm, which matches the maximum absorbance of photoinitiators.'’

The QTH LCUs were considered a broad-banded in its spectral emission that can
activate a wide range of photoinitiators. However, these units required a noisy fan for cooling,
were not energy-efficient with limited portability, and has a relatively short bulb lifetime.!®
The next generation of LCU came with the invention and evolution of Light Emitted Diode
(LED) technology over the past decades. The technology of LED existed in other industries
long before dentistry, and it was not until 1990s that high-intensity blue LED was invented,

and researchers in dental field started to incorporate them into dental LCU models.!*-?* These



early models with the blue-LED were successful in photo-activating camphorquinone (CQ),
the most frequently used photoinitiator, since they have a blue emission spectrum (450-475
nm) closely match the absorption profile of CQ that has maximum absorbance at (Amax) at 468
nm.'$2427 The LED technology is more promising than other LCUs since it does not need
filtering mechanism, is more energy efficient in photon generating ability, can be battery-
operated and portable, and has a long working life compared to filament and spark-based light
sources, 82829

Starting in early 2000s, early commercial Light Emitted Diode (LED) LCUs were
introduced to the market starting with LUXoMAX® (Akeda Dental, Lystrup, Denmark) and
followed by other manufacturers.®® These units have multiple single-emitting blue LED
elements (7-64 chips), and each chip can provide between 30 to 60 mW, however, this
generation of LCUs had significantly less radiant power output, compared to the widespread
QTH LCUs, and had suffered from poor battery performance. The second generation of LED
LCUs incorporated an evolved high-power LED chips that allowed a significant increase in
the radiant power output compared to the first generation.?6?° The radiant power output of this
generation emitted number of photons within the absorption range of CQ, more than QTH or
plasma arch lights.? It also has an improved battery technology using NiMH battery sources.
However, it maintained the same blue spectral emission (450-470 nm) as the first generation.
These LCUs are known as single peak LCUs.

Nevertheless, as manufacturers incorporated more than only CQ as a photoinitiator, the
need for broader spectrum LCU led to the development of the third generation LED LCUs.
The third generation LCUs incorporated an additional violet LED chip/s which in combination

with the blue LED chip can emit photons at 380- to 500- nm emission spectrum.?!*? These



LCUs are known as multipeak LCUs.2%3 The LED LCUs, especially the second and third
generations, have successfully taken the place of the older LCUs, owing to their efficient
energy consumption, smaller and portable designs, and their ability to produce higher radiant

emittance output.

1.2 Photoinitiators

CQ has been known as the most widely used photoinitiator in RBCs since its invention
by Dart and Nemcek in 1971,% with an absorption range that fell into the blue wavelength of
425-495 nm, and wavelength of maximum absorbance (Amax) of 468 nm. CQ is a bright canary
yellow, and only a portion of it utilized during photopolymerization, leaving a residue that
results in undesirable yellowish colored restorations.'®** With the increasing demand for
achieving esthetic RBCs restorations that match the desirable white or translucent shade of
dentition nowadays, a reduction in the concentration of CQ with introduction of other co-
initiators has been proposed.* This process helped to decrease the yellowish effect and
increase the efficiency of photopolymerization. Lucirin® TPO (2,4,6-Trimethylbenzoyl-
diphenylphosphine oxide) is an example of these photoinitiators with absorption range into the
violet wavelengths at 380—420 nm (Amax= 385 nm). Lucirin® TPO is added to the CQ to reduce
initial yellowness and color change after curing, and to increase the photopolymerization
efficiency.*®3” Another photoinitiator with a broader band absorption spectrum 390-460 nm
(Amax= 410 nm) known as PPD (1-phenyl-1,2-propanedione) was introduced to the dental field
in 1999, and in combination with CQ, it yielded an enhanced resin polymerization and reduced
the residual yellow color of the restorative materials.’>*% Recently, a new photoinitiator,
Ivocerin® (bis-(4-methoxybenzoyl)diethylgermane) has been developed to provide a broader

spectrum of short-wave absorption (390-445nm) (Amax= 408 nm). Furthermore, Ivocerin®



has intensive absorption of light, high photo-reactivity, and excellent bleaching behavior to

RBCs comparing with CQ.!3-

1.3 Bulk-fill Resin-based Composites

Recently, Bulk-fill RBCs have been introduced to the market with claims of ability to achieve
a depth of cure of up to 4 — 5 mm or more, low polymerization shrinkage, and overcome the
time-consuming incremental technique of conventional RBCs.*® The advancements in
photoinitiator technology, along with the optimization of filler and matrix properties, helped
in the development of bulk-fill RBCs.

Different methods have been used to achieve these properties, including the use of
highly photo-reactive photoinitiators such as Ivocerin in Tetric EvoCeram Bulk-fill.** Another
method was by applying chemical modification to monomers, such as Filtek One Bulk Fill
Restorative, which incorporated Aromatic Urethane dimethacrylate (AUDMA) and Addition-
Fragmentation Monomer (AFM) to achieve up to 5 mm placement.*! Another example include
Venus Bulk Fill (Heraeus Kulzer GmbH, Hanau, Germany) and SureFil SDR Flow (SDR;
Dentsply Caulk, Milford, DE, USA) which have more translucent matrix that permit deeper
penetration of light.*>* On the other hand, SonicFill Composite System (Kerr, Orange, CA,
USA) have a refractive index matching of matrix and filler with enhanced curing mechanism
allowing for depth of cure up to 5 mm.*

The need to activate different photoinitiators (TPO and Ivocerin®) has driven the
production of multipeak LCUs that incorporated a broader wavelength spectrum. However,
the use of multipeak LCUs has been reported to be beneficial to photopolymerized RBCs that

have photoinitiators other than CQ, but not essential.*’



1.4 Measurement of Teeth’s Thermal Behavior

Different instruments and methods have been reported in the literature to measure and quantify
the thermal behavior of dental structures, such as thermocouple devices,!'# thermal infrared
camera,*"-% flash laser methods,! differential scanning calorimeter.>? Both flash laser method
and differential scanning calorimeter required samples to be prepared with well-specified
dimensions and thickness, and require more training to operate the equipment. Thermocouples
are inexpensive and easy to use, however, they need to be in perfect contact with tooth structure
for accurate measurement, and it cannot record temperature in more than a specific point. The
infrared camera offers multiple advantages over thermocouple devices, through its ability to
capture hundreds of temperatures readings simultaneously in a continuous video format
without contact. It allows hundreds of temperature readings per frame on a surface rather than
in a point, and can reveal more detailed information about the dynamic distribution and

changes in temperature on the measured surface.

1.5 Innovation

According to manufacturers, the contemporary LED LCUs are capable of generating
high radiant emittance output which can reach to 3,000-6,000 mW/cm?. Most of the LED LCUs
are capable of producing single peak light while a couple of the LED LCUs in the market can
produce a multipeak light. However, the integration of more LED chips along with high radiant
emittance output can cause a higher temperature rise within the pulpal tissue.>® To the best of
our knowledge, although both LCUs generate heat during the photopolymerization cycle, no
study has evaluated the difference between single peak and multipeak LCUs in heat diffusion
and transmission to the pulp chamber. This study aims to investigate the difference between

single peak and multipeak LCUs in heat diffusion and transmission to the pulp chamber



through different bulk-fill RBCs, which may cause damage to the pulp tissue. Thus, the
proposed study represents a conceptual novelty in the study of LED LCUs for their possible

impact on pulp tissue vitality.

1.6 Aim of the study
The aim of this study is to evaluate the difference in heat generation, and transmission from
single peak versus multipeak LED LCUs through the dentin and different bulk-fill RBCs at the
pulpal wall.
The specific aims of the study are:
1- To evaluate the difference in heat generation between single peak versus multipeak
LED LCUs at the pulpal wall when photopolymerize different bulk-fill RBCs.
2- To evaluate the difference in heat generation between different bulk-fill RBCs
when photopolymerized with the same LCU.
3- To evaluate the difference in the heat transmission between single peak versus
multipeak LED LCUs through the dentin when photopolymerize different bulk-fill

RBCs.

1.7 Null Hypotheses
The null hypotheses for this study are:
1. There will be no difference in heat generation between single peak versus multipeak
LED LCUs at the pulpal wall when photopolymerize different bulk-fill RBCs.
2. There will be no difference in heat generation between different bulk-fill RBCs when

photopolymerized with same LCU.



3. There will be no difference in the heat transmission between single peak versus
multipeak LED LCUs through the dentin when photopolymerize different bulk-fill

RBCs.

1.8 Location of the Study
Design, preparation, data collection, and analysis for this study took place at:
Bioscience Research Center, Room 7356
Nova Southeastern University
Health Professional Division
College of Dental Medicine
3200 South University Drive

Fort Lauderdale, Florida 33328



CHAPTER 2: MATERIAL AND METHODS

2.1 Sample Size Calculation

1.,>* a single tooth model was used for the

According to the study conducted by Oberholzer et a
study. The single tooth model ensured standardization of the measurement and eliminated the
variable associated with using multiple teeth. The sample size was determined by power
calculation using the results by Oberholzer et al.>* expecting a medium effect, targeting alpha

of 0.05, and a power of 80%.Ten samples (n=10) were prepared for each experimental

condition composed of LCU/RBC combination, giving a total of 100 samples (n=100).

2.2 Study groups, Specimen Preparation, and Thermal Apparatus Set-up

A modified experimental design and set-up based on the study conducted by Kilinc et al.! was
used in the study. All procedures and measurements were performed by a single operator (Dr.
Fahad Baabdullah) to ensure the standardization of the application and measurement

procedures. In this study, the independent and dependent variables are described below

2.2.1 Variables and Study Groups:
2.2.1.1 Independent Variables: Bulk-fill RBCs and LED LCUs
A total of two bulk-fill composites were photopolymerized using five LED LCUs
Bulk-fill RBCs: (Table 1)
1. Filtek One Bulk Fill Restorative (3M ESPE Dental Products, St. Paul, MN, USA)

2. Tetric EvoCeram Bulk Fill (Ivoclar Vivadent, Schaan, Liechtenstein)



Table 1: Bulk-Fill RBCs used in the study

YbF3 (200 nm)
Spherical mixed
oxide and
copolymers (160
nm)

Composite
(code) Type Composition Filler Shade | Photoinitiator | Manufacturer
(Lot no.)
Filtek™ One Nano- AFM 76.5 wt.% (58.4 Al |Camphorquinone| 3M ESPE
Bulk Fill hybrid AUDMA vol%) Dental
Restorative composite UDMA Non- Products, St.
(FOB) DDDMA | agglomerated/non- Paul, MN,
(NA54510) aggregated silica USA
(20 nm)/zirconia
(4-11 nm)
Aggregated
zirconia/silica
cluster filler
YbF; filler
agglomerate
100nm particles
Tetric Nano- Bis-GMA | 76-77 wt.% (53— | VA |Camphorquinone Ivoclar
EvoCeram® hybrid Bis-EMA 54 vol%) Acyl phosphine Vivadent,
Bulk Fill (TEB) | composite UDMA Barium oxide (Lucirin Schaan,
(Y27607) aluminium silicate TPO) Liechtenstein
glass (0.4-0.7 um) Ivocerin®

AFM, addition-fragmentation monomer; AUDMA, aromatic urethane dimethacrylate; Bis-EMA, ethoxylated
bisphenol A dimethacrylate; Bis-GMA, bisphenol A-diglycidyl dimethacrylate; DDDMA, 1, 12-dodecanediol
dimethacrylate; UDMA, urethane dimethacrylate; YbFs, ytterbium trifluoride;

LED LCUs: (Table 2)

1. Bluephase PowerCure (Ivoclar Vivadent, Schaan, Liechtenstein) on High Power mode

at 1200 mW/cm? (Multipeak).

2. Bluephase G2 (Ivoclar Vivadent, Schaan, Liechtenstein) on High Power mode at 1200

mW/cm? (Multipeak).
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3. Valo Cordless (Ultradent Products, Inc., South Jordan, UT, USA) on Standard Power
mode at 1,000 mW/cm? (Multipeak).
4. D-Light Pro (GC Europe N.V., Leuven, Belgium) on High Power mode at 1,400

mW/cm? (Multipeak).

5. Demi Ultra (Kerr Corp., Orange, CA, USA) at 1,100-1,330 mW/cm? (Multipeak).

Table 2: Light Curing Units used in the study:

Expected
. Radiant
LCUs (S/N) Manufacturer Light Type Mode Emittance
(mW/cm?)
Multipeak
Bluephase® G2 Ivoclar Vivadent, Schaan, (385-515 nm) .
(P6261708705660) Liechtenstein Peak at 410 nm and 470 | 18l Power 1,200
nm
Multipeak
Bluephase® 1,2
Hephase Ivoclar Vivadent, Schaan, (385-515 nm) . ,200
PowerCure Liechtenstein Peak at 410 nm and 470 High Power
(1428001929)
nm
Multipeak
D-Light® Pro GC Europe N.V., Leuven, (400 - 480nm) Peak at .
(1846239) Belgium 400-405 nm and 460- High Power 1,400
465nm
Demi™ Ult
(7?;10 0 lel 2r3a) Kerr Corp., Orange, CA, Single peak B 1,100-
USA (450-470 nm) 1,330
Multipeak
Valo™ Cordless Ultradent Products, Inc., (395-480 nm) Standard 1.000
(C50461) South Jordan, UT, USA Peak at 395-415 nm and Power ’
440-480nm

2.2.1.2 Dependent Variables:

The dependent variables in the study were the temperature and time measurement conducted

for each sample as follow:

1. Amount of temperature increase from baseline to the maximum temperature (AT.

2. Time to reach maximum temperature (t).
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3. Duration of the temperature above the threshold (At).

4. Heat transmission rate to the pulpal wall (Q).

2.2.1.3 Study Groups:

(Table 3) illustrate the study groups of the study:

Table 3: Study Groups

Sample Size

Radiant Emittance

Composite (n) LCU (mW/cm?) LCU Type
——— .
Filtek™ One Bulk Fill 10 Bluephase G2 1,200 Multipeak
Restorative
Filtek™ One Bulk Fill Bluephase .
Restorative 10 PowerCure 1,200 Multipeak
TV -
Filtek™ One Bulk Fill 10 D-Light Pro 1,400 Multipeak
Restorative
TV -
Filtek™ One Bulk Fill 10 Valo Cordless 1,000 Multipeak
Restorative
TV -
Filtek™ One Bulk Fill 10 Demi Ultra 1,100-1,330 Single peak
Restorative
Tetric EvoCeram® Bulk Fill 10 Bluephase G2 1,200 Multipeak
Tetric EvoCeram® Bulk Fill 10 Bluephase 1,200 Multipeak
PowerCure
Tetric EvoCeram® Bulk Fill 10 D-Light Pro 1,400 Multipeak
Tetric EvoCeram® Bulk Fill 10 Valo Cordless 1,000 Multipeak
Tetric EvoCeram® Bulk Fill 10 Demi Ultra 1,100-1,330 Single peak

2.2.2 Tooth Specimen Preparation

Upon Institutional Review Board (IRB# 2019-91) exemption approval, a single non-carious

unidentified lower molar human tooth was used. The single-tooth model was used in the study

to ensure the standardization of the results.>*> The tooth was embedded in fast-setting gypsum

material (Mounting Stone, Whip Mix Corp., Louisville, KY, USA) to the level of 3 mm below

the cementoenamel junction. On the lingual aspect, a tunnel was created into the pulp chamber

to expose the buccal axial pulpal wall (Figure 1). The purpose of the tunnel was to allow
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indirect visualization of the pulpal wall by the thermal camera through a minimal-energy-loss

mirror (see 2.2.3 Thermal Apparatus Set-up below).

Figure 1: Lingual view of tooth specimen; dotted line, outline of the lingual tunnel; a)
Axial Pulpal Wall

On the buccal aspect, a box cavity was prepared (approximately 2.5 mm (W) x 3.5 mm
(H) x 3 mm(D)) with slight buccal and occlusal divergence (Figure 2 and Figure 3), leaving an
average of 0.5 mm of remaining dentin thickness (RDT) which was confirmed using Iwanson
caliper (Hu-Friedy) (Figure 6) and (Figure 7). The box cavity and the tunnel were prepared
using a high-speed electric handpiece under copious water with round-end taper diamond bur
(Coarse and Fine, Brasseler, Savannah, GA, USA). This box cavity is where the RBCs will be
placed and photopolymerized with LED LCUs. The specimen was stored in distilled water in
an incubator (37°C) until testing time. (Figure 6) and (Figure 7) represents a schematic diagram

of the specimen preparations.
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Figure 2: Occlusal view of the buccal box. Buccal box was prepared at 2.5 mm width and
3.0 mm depth

Figure 3: Buccal view of the buccal box. Buccal box was prepared at 3.5 mm height
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Figure 4: Iwanson caliper confirming the Remaining Dentin Thickness

Figure 5: Occlusal view illustrate the tunnel preparation (white dotted line), and the
Remaining Dentin Thickness (0.5 mm)
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Figure 6: Schematic diagram of the Figure 7: Schematic diagram of the
prepared specimen (Buccal) prepared specimen (Lingual)

For each LCU used in the study, a silicon template was fabricated using putty
impression material (VP Mix Putty, Henry Schein Inc, NY, USA), and positioned on the buccal
aspect of the specimen (Figure 8) to ensure the same repositioning of the LCU tip over RBC

(Figure 9).

Figure 8: Positioning of the silicon template on the buccal aspect of the specimen
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Figure 9: The silicon template allows repositioning of the LCU tip over the RBC for
photopolymerization

2.2.3 Thermal Apparatus Set-up

The specimen was mounted horizontally with the buccal surface pointed upward, and
the occlusal surface pointed toward the lens of the thermal infrared camera (Thermovision-
A320, FLIR Systems, Boston, MA) with a resolution of 320 x 240, used with Macro lens
(Close-up Lens 4X-WD 79 mm, FLIR systems). The thermal infrared camera was connected
to a Windows laptop for data acquisition and analysis. A minimal-energy-loss mirror (A/4 First
Surface Mirror, NT99-456; Edmund Industrial Optics, Barrington, NJ, USA) was mounted
below the specimen and at an angle to allow indirect visualization of the pulpal wall (Figure

10) and (Figure 11). The whole thermal apparatus set-up is depicted in (Figure 12).
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FLIR A320

Figure 10: Thermal imaging apparatus. (a) Thermal Infrared Camera; (b) Macro Lens; (c)
Specimen positioned in front of the thermal infrared camera; (d) Minimal-energy-

loss mirror

1
]
1
1
]
|
]
1
1
1

Figure 11: Minimal-energy-loss Mirror (dotted line) allows indirect visualization of the
axial pulpal wall, while the RBC in the buccal box can be visualized directly.
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Figure 12: Thermal apparatus set-up

2.3 RBCs Application and Photopolymerization, Recording Cycle, and Data Collection

and Analysis of Temperature Changes

2.3.1 RBCs Application and Photopolymerization

The experiment was conducted at controlled room temperature (22 + 0.5 °C). Once the
temperature of the specimen pulpal wall reached room temperature, bulk-fill RBC was applied
into the buccal box cavity, then immediately cured for 10 seconds. The RBC was applied
without etching or bonding to allow for easy removal after polymerization and to maintain the
same preparation size during the repeated application and removal cycles without damaging
the tooth. Each LCU was covered with a protective barrier and positioned as close as possible
to the RBC before curing using the silicon template. LCU radiant emittance was measured
before each curing cycle using a digital LED curing light radiometer (Bluephase Meter 1I,
Ivoclar Vivadent, Schaan, Liechtenstein) (Figure 13). The measured radiant emittance output,
curing time, and sample numbers are listed in (Table 4).
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Bl Metel'”

Figure 13: Digital LED curing light radiometer (Bluephase Meter 1)

Table 4: Radiant emittance output, curing time, sample numbers

Expected Mean = (SD) of
Radiant Measured Radiant | Photopolymerization
LED LCU RBCs Mode Emittance Emittance Time
(mW/cm?) (mW/cm?)
FOB
= . 1170 (5)
Bluephase® G2 (r%El];)) PI:I)IV%Zr 1,200 10 seconds
(-10) 1179 (3)
FOB 951 (3)
Bluephase® PowerCure (r,}:El];)) Plj)lv%ilr 1,200 10 seconds
@=10) 957 (5)
FOB . 958 (6)
D-Light® Pro (n=10) PI:I)IV%Zr 1,400 10 seconds
TEB (n=10 958 (4)
FOB 1368 (24)
Demi™ Ultra (n=10) - 1,100-1,330 10 seconds
TEB (n=10 1350 (16)
FOB
= 1197 (8)
Valo™ Cordless (n=10) Slt)?vggd 1,000 10 seconds
TEB (n=10 1205 (8)

FOB, Filtek One Bulk Fill Restorative; TEB, Tetric EvoCeram Bulk Fill
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2.3.2 Recording Cycle

The thermal infrared camera was connected to digital software, ThermoVision® ExaminIR™
(FLIR systems), this allows dynamic thermal visualization of the photopolymerization
procedure (Figure 14). The photopolymerization procedure was recorded for a total of 90
seconds, started 4-6 seconds before activating the LCU. After each recording cycle was
completed, the cured RBC was removed using a cleoid instrument. The specimen was
examined under dental loupe 3.5x to ensure complete removal and cleanness of the tooth
surface. The specimen was allowed to cool down to room temperature after each application
cycle before starting the next cycle for around 10 minutes. A total of ten measurements cycles

were performed for each LCU-RBC combination (Table 4).

Figure 14: Representative infrared thermogram (Valo - Filtek One Bulk Fill) of the RBCs
and pulpal wall during photopolymerization procedure. ROI: Region of interest,
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2.3.3 Data Collection and Analysis of Temperature Changes during Photopolymerizing
of RBCs

Recordings were analyzed using ThermoVision® ExaminIR™ (FLIR systems). After marking

the region of interest (ROI) on the thermographic image, the maximum heat generated on the

axial pulpal wall was measured and plotted against time to evaluate the following parameters

(dependent variables):

1. Amount of temperature increase from baseline to the maximum temperature (AT):
recorded by finding the difference between the maximum temperature recorded on the
pulpal wall after LCU activation, and the average baseline temperature on the pulpal
wall before LCU activation the photopolymerization. The maximum temperature was
recorded as the peak point where the temperature starts to fall regardless if it is during

or after the LCU was turned off (Figure 15).

Temporal Plot: ROl Pulpal wall

(AT) Amount of temperature increase from baseline to the maximum temperature

Temperature

Figure 15: Temporal plot graph shows the calculation of the amount of
temperature increase from baseline to the maximum temperature (AT)
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Time to reach maximum temperature (t): recorded by finding the difference between
the time of maximum temperature on the pulpal wall, and the time of LCU activation

(Figure 16).

Temporal Plot: ROl Pulpal wall

t : Time to reach maximum temperature

Temperature

T 3rBSC3-fElciii EEEEErEfE:iNENGRBciriEB trEoCEEEEEriBEocEEReREEBE:
&8 8 FHI8BBRETIIVEL RS
Relative Time (Seconds)

Figure 16: Temporal plot graph shows the calculation of Time to reach maximum
temperature (t)

Duration of the temperature above the threshold (At): recorded by calculating the
threshold (threshold defined as a 5.5°C increase from the baseline temperature), then
record the duration from which the pulpal wall temperature raised above the threshold

until the it fell below the threshold (Figure 17).
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Temporal Plot: RO Pulpal wall

(At): Duration of the temperature above the threshold

Temperature

T 3rBSC3-fEBciiE EEEEErEfE:iNERYsEcEriEB cREECEEEREERD 8BS CRBRNICZBEEEE D
2T LILELLIIBERIBLERR2BERBIBEEBRARERRREREERIE R
Relative Time (Seconds)

Figure 17: Temporal plot graph shows the calculation of Duration of the
temperature above the threshold (At)

4. Heat transmission rate to the pulpal wall (Q) (Figure 18): recorded by measuring the
maximum temperature on the RBC surface (Ti), then measure the maximum
temperature on the pulpal wall at the same point of time (T2). After that, values were
incorporated into the 1-Dimension Thermal Equation using Fourier’s Law of Heat

Conduction as follow:

0="2a -1,
Where:
e k= Thermal conductivity of Dentin (057x10-* W/mm.C) >
e A= Cross sectional area of the tooth between RBC and Pulpal Wall (3.5 mmx 2.5mm
= 8.75 mm?)

e /x= Remaining Dentin Thickness (0.5 mm)
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e 7;=Maximum temperature on the RBC surface

e 7>= Maximum temperature on the pulpal wall at the same time of T

Temporal Plot: ROI Composite

Heat transfer calculation

Temporal Plot: ROI Pulpal wall

T,

Temperature
8

01212
2484
oazsT
05,030

Figure 18: Temporal plot graph shows the calculation of heat transmission rate to the
pulpal wall (Q). (a) ROI of the RBC; (b) ROI of the pulpal wall
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2.4 Statistical Analysis

Data was first reviewed for outliers and missing data. Descriptive statistics, including means
and standard deviations were calculated for all the groups. To test the hypotheses, a one-way
ANOVA was used to evaluate the statistical significance of AT, t, At and Q in respect to
different LCUs and RBCs. Multiple comparison tests were conducted using Tukey adjustment
if the groups were found to be statistically significantly different. RStudio and R 3.2.2 was

used for all statistical analysis, and significance was accepted at p < 0.05.
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CHAPTER 3: RESULTS

3.1 Analysis of the Amount of Temperature Increase from Baseline to the Maximum
Temperature (AT)

A one-way ANOVA was conducted to determine if the temperature increase from baseline to

the maximum temperature was different by the five LCUs and the two RBCs. A significant

statistical difference was noted between the groups as determined by one-way ANOVA

(F(9,90)=154.9, p<0.001).

Among the Filtek One Bulk Fill RBC groups, Tukey’s post-hoc test revealed that
multipeak Valo Cordless LCU (8.90 = 0.40 °C) and single peak Demi Ultra LCU (8.97 + 0.43
°C) generated statistically significant lower heat compared to the other multipeak LCUs. While
the multipeak Bluephase G2 (11.44 + 0.18 °C) generated statistically significant the highest
heat.

Among the Tetric EvoCeram Bulk Fill RBC groups, Tukey’s post-hoc test revealed
that the multipeak Valo Cordless LCU (9.46 + 0.76 °C) has statistically significant lowest heat
generation among the LCUs. The single peak Demi Ultra LCU (10.95 + 0.47 °C) generated
statistically significant higher heat than Valo Cordless, but lower than the rest of the LCUs.
The multipeak Bluephase G2 (13.93 + 0.37 °C) generated statistically significant highest heat
(Figure 19) and (Figure 20).

Additionally, Tetric EvoCeram Bulk Fill RBC groups exhibited a statistically
significant higher temperature rise than Filtek One Bulk Fill RBC when photopolymerized by
Bluephase G2, Bluephase PowerCure, D-Light Pro and Demi Ultra. However, there was no
statistical difference between the two RBCs when photopolymerized by Valo Cordless LCU.

(Table 5)
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Table 5: Descriptive statistics for the amount of temperature increase from baseline to the

maximum temperature (AT)

td Err Lower r

RBCs/LCU combination n Mean Std Dev SN([iean 90;::) I;l;l:/i
FOB + Bluephase G2 10 11.44 0.18 0.06 11.31 11.56
FOB + D-Light Pro 10 10.43 0.28 0.09 10.23 10.64

FOB + Demi Ultra 10 8.97 0.43 0.14 8.66 9.28
FOB + Bluephase PowerCure 10 10.14 0.23 0.07 9.98 10.30

FOB + Valo Cordless 10 8.90 0.40 0.13 8.61 9.18
TEB + Bluephase G2 10 13.93 0.37 0.12 13.66 14.20
TEB + D-Light Pro 10 12.42 0.42 0.13 12.12 12.72
TEB + Demi Ultra 10 10.95 0.47 0.15 10.61 11.29
TEB + Bluephase PowerCure 10 12.09 0.31 0.10 11.87 12.32
TEB + Valo Cordless 10 9.46 0.76 0.24 8.92 10.00

FOB, Filtek One Bulk Fill Restorative; TEB, Tetric EvoCeram Bulk Fill

3.2 Analysis of the Time to Reach Maximum Temperature on the Pulpal Wall (t)

For the both Filtek One Bulk Fill and Tetric EvoCeram Bulk Fill RBCs groups, there was no

statistically significant difference between different LCU as determined by one-way ANOVA

(F(9,90) = 0.83, p=0.590) (Figure 21), (Figure 22) and (Table 6).
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Table 6: Descriptive statistics for the time to reach maximum temperature on the pulpal wall

(t)
RBCs/LCU combination n Mean | Std Dev | Std Err Mean | 06T | Upper
s combinatio 95% 95%
FOB + Bluephase G2 10 9.10 0.32 0.10 8.87 9.33
FOB + D-Light Pro 10 9.00 0.47 0.15 8.66 9.34
FOB + Demi Ultra 10 9.30 0.95 0.30 8.62 9.98
+
FOB + Bluephase 10 9.20 0.63 0.20 8.75 9.65
PowerCure
FOB + Valo Cordless 10 9.20 0.42 0.13 8.90 9.50
TEB + Bluephase G2 10 9.00 0.00 0.00 9.00 9.00
TEB + D-Light Pro 10 8.90 0.57 0.18 8.49 931
TEB + Demi Ultra 10 9.00 0.47 0.15 8.66 9.34
+
TEB + Bluephase 10 9.00 0.00 0.00 9.00 9.00
PowerCure
TEB + Valo Cordless 10 8.80 0.63 0.20 8.35 9.25
FOB, Filtek One Bulk Fill Restorative; TEB, Tetric EvoCeram Bulk Fill

3.3 Analysis of the Duration of the Temperature Above the Threshold (At)
A one-way ANOVA was conducted to determine if the duration of the temperature above the
threshold was different by the five LCUs and the two RBCs. A significant statistical difference
was noted between the groups as determined by one-way ANOVA (F(9,90)=86.8, p <0.001).
Among the Filtek One Bulk Fill RBC groups, Tukey’s post-hoc test revealed that
multipeak Bluephase G2 LCU (24.00 + 1.05 seconds) has a statistically significant longest
duration of temperature above the threshold. The multipeak Valo Cordless LCU (15.80 + 1.40
seconds) had a statistically significant shortest duration compared with the other LCUs except
for the single peak Demi Ultra LCU (16.30 + 1.49 seconds).
Among the Tetric EvoCeram Bulk Fill RBC groups, Tukey’s post-hoc test revealed

that the multipeak Valo Cordless LCU (17.80 + 2.20 seconds) has a statistically significant
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shortest duration of temperature above the threshold. On the other hand, the multipeak
Bluephase G2 LCU (28.40 + 1.65 seconds) had a statistically significant longest duration of
temperature above the threshold. There was no statistical difference between Bluephase
PowerCure LCU and D-Light Pro LCU, and between D-Light Pro LCU and Demi Ultra LCU
(Figure 23) and (Figure 24)

Additionally, Tetric EvoCeram Bulk Fill RBC groups exhibited a statistically
significant longer duration of temperature above the threshold than Filtek One Bulk Fill RBC
when photopolymerized by Bluephase G2, Bluephase PowerCure, D-Light Pro and Demi
Ultra. However, there was no statistical difference between the two RBCs when

photopolymerized by Valo Cordless LCU (Table 7).
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Duration of temperature above the threshold (AT)
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Filtek One +
Bluephase G2
Filtek One +
D-Light Pro
Filtek One +
Demi Ultra
Filtek One +
PowerCure
Filtek One +
Valo
Tetric EvoCeram
+ Bluephase G2
Tetric EvoCeram
+ D-Light Pro
Tetric EvoCeram
+ Demi Ultra
Tetric EvoCeram
+ PowerCure
Tetric EvoCeram g

+ Valo

Figure 23: Group comparison for the duration of tempertature above the threshold (At).
Groups which do not overlap in the green diamonds are significantly different
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Figure 24: Comparison against the overall mean
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Table 7: Descriptive statistics for the duration of the temperature above the threshold (At)

RBCs/LCU combination n Mean Std Dev Lower 95% | Upper 95%
FOB + Bluephase G2 10 24.00 1.05 23.25 24.75
FOB + D-Light Pro 10 18.00 0.82 17.42 18.58
FOB + Demi Ultra 10 16.30 1.49 15.23 17.37
FOB + Bluephase PowerCure 10 19.30 0.67 18.82 19.78
FOB + Valo Cordless 10 15.80 1.40 14.80 16.80
TEB + Bluephase G2 10 28.40 1.65 27.22 29.58
TEB + D-Light Pro 10 21.40 1.07 20.63 22.17
TEB + Demi Ultra 10 20.10 1.29 19.18 21.02
TEB + Bluephase PowerCure 10 23.00 0.82 22.42 23.58
TEB + Valo Cordless 10 17.80 2.20 16.23 19.37

FOB, Filtek One Bulk Fill Restorative; TEB, Tetric EvoCeram Bulk Fill
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3.4 Analysis of Heat Transmission Rate to the Pulpal Wall (Q)
A one-way ANOVA was conducted to determine if there is a significant difference of heat
transfer rate between the five LED LCUs for each RBC used.

When comparing Filtek One Bulk Fill RBC photopolymerized by the different LED
LCUs, there was a significant difference using one-way ANOVA (F(4,45) = 14.45, p <0.001).
As determined by using Tukey Honestly Significant Difference (HSD), Valo Cordless (0.06 +
0.01 Watts) transferred significantly lower heat than other LCUs, while Bluephase PowerCure
(0.11 + 0.01 Watts) transferred significantly higher heat than Demi Ultra and D-Light Pro
(Figure 25). Descriptive statistics and Tukey HSD Comparison are illustrated in (Table 8) and

(Table 9).

Filtek One + Valo .

Filtek One + |
PowerCure

Filtek One +
Demi Ultra

Heat transfer

Filtek One + D-
Light Pro

Filtek One +
Bluephase G2

$0°0

e

00°0
ST°0

heat transferred measure in J/s or Watts

Figure 25: Means plot for the heat transfer rate of Filtek One Bulk-Fill RBC
photopolymerized by different LCUs. The blue bars are Confidence intervals for
the means, and the red arrows are for the comparisons among them. If an arrow
from one mean overlaps an arrow from another group, the difference is not
significant
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Table 8: Descriptive statistics for the heat transfer rate of Filtek One Bulk Fill RBC
photopolymerized by different LCUs

Group N Mean SD Min Max
FOB + Bluephase G2 10 0.10 0.02 0.06 0.13
FOB + D-Light Pro 10 0.09 0.01 0.08 0.10
FOB + Demi 10 0.09 0.02 0.05 0.11
FOB + Bluephase 10 0.11 0.01 0.09 0.12
PowerCure
FOB + Valo Cordless 10 0.06 0.01 0.05 0.08
FOB, Filtek One Bulk Fill Restorative

Table 9: Tukey HSD Comparison of different LCU photopolymerize Filtek One Bulk Fill

RBC
o, o,
LCU Comparison Difference Lower 95% Upper 95% P-Value
CI CI
Bluephase G2 — D-Light Pro 0.01 -0.000 0.02 0.688
Bluephase G2 — Demi Ultra 0.01 0.00 0.03 0.281
Bluephase G2 — Bluephase 001 0.02 0.00 0.427
PowerCure
Bluephase G2 — Valo Cordless 0.04 0.02 0.05 <.0001
D-Light Pro — Demi Ultra 0.00 -0.01 0.02 0.956
D-Light Pro — Bluephase PowerCure -0.02 -0.03 -0.01 0.031
D-Light Pro — Valo Cordless 0.03 0.02 0.04 0.001
Demi Ultra — Bluephase PowerCure -0.02 -0.04 -0.01 0.005
Demi Ultra — Valo Cordless 0.02 0.01 0.04 0.005
Bluephase PowerCure — Valo 0.05 0.04 0.06 <0001
Cordless

When comparing Tetric EvoCeram Bulk Fill RBC photopolymerized by the different
LED LCUs, there was a significant difference using one-way ANOVA (F(4,45) = 14.58, p <

0.001). As determined by using Tukey Honestly Significant Difference (HSD), Demi Ultra
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LCU (0.10 = 0.01 Watts) transferred significantly lower heat than Valo Cordless, Bluephase
PowerCure, and D-Light Pro, but was not significantly lower than Bluephase G2. (Figure 26).
Descriptive statistics and Tukey HSD Comparison are illustrated in (Table 10) and (Table 11).

Tetric EvoCeram
+ Valo

Tetric EvoCeram
+PowerCure "

Tetric EvoCeram - -
+ Demi Ultra

Heat transfer

Tetric EvoCeram - -
+ D-Light Pro

Tetric EvoCeram
+ Bluephase G2

e
=

000
S0°0
ST°0

heat transferred measure in J/s or Watts

Figure 26: Means plot for the heat transfer rate of Tetric EvoCeram Bulk Fill RBC
photopolymerized by different LCUs. The blue bars are Confidence intervals for
the means, and the red arrows are for the comparisons among them. If an arrow
from one mean overlaps an arrow

Table 10: Descriptive statistics for the heat transfer rate of Tetric EvoCeram Bulk Fill RBC
photopolymerized by different LCUs

Group N Mean SD Min Max
TEB + Bluephase G2 10 0.11 0.01 0.09 0.12
TEB + D-Light Pro 10 0.13 0.01 0.10 0.15
TEB + Demi 10 0.10 0.01 0.07 0.12

+

TEB + Bluephase 10 0.13 0.01 0.10 0.15
PowerCure
TEB + Valo Cordless 10 0.12 0.01 0.11 0.14
TEB, Tetric EvoCeram Bulk Fill
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Table 11: Tukey HSD Comparison of different LCU photopolymerize Tetric EvoCeram Bulk

Fill RBC
LCU Comparison Difference LoweCrI95% Up peCrI95% P-Value
Bluephase G2 — D-Light Pro -0.02 -0.03 -0.01 0.001
Bluephase G2 — Demi Ultra 0.01 0.00 0.03 0.061
Eé‘v‘ffféﬁffz - Bluephase -0.02 -0.03 -0.01 0.031
Bluephase G2 — Valo Cordless -0.01 -0.02 0.00 0.641
D-Light Pro — Demi Ultra 0.04 0.03 0.05 <.0001
D-Light Pro — Bluephase PowerCure 0.01 -0.00 0.02 0.801
D-Light Pro — Valo Cordless 0.02 0.00 0.03 0.060
Demi Ultra — Bluephase PowerCure -0.03 -0.04 -0.02 <.0001
Demi Ultra — Valo Cordless -0.02 -0.03 -0.01 0.001
Bluephase PowerCure — Valo 0.01 20.00 0.02 0472

Cordless
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CHAPTER 4: DISCUSSION

The use of LED LCUs to photopolymerize RBCs generated an increase in the
temperature of the axial pulpal wall. Zach & Cohen reported an increase of 5.5°C within the
pulp chamber caused irreversible pulp damage in 15% of the subjects.!® This value has been
considered as a safe threshold in many heat-generation studies, and it has been advised to keep
the temperature change below 5.5°C. In this study, we analyzed the heat generation profile on
the axial pulpal wall of an extracted human tooth using two commercially available bulk-fill
RBC, cured with multipeak and single peak commercially available LED LCUs. Several
conditions are different in the in-vivo situation compared to this experimental setup. For
instance, the baseline temperature in healthy and normal tooth pulp is approximately 35°C>7-8
compared to 21°C in the current setting. Also, the temperature was measured on the pulpal
wall, and that does not necessarily mean a change of the temperature of the actual pulpal tissue,
which is located deeper.

Additionally, the presence of blood circulation, pulpal soft tissue, the periodontal
ligament can help in dissipating the heat generated on the pulp tissue.®>° However, conducting
the experiments under controlled conditions help comparing the different LCUs and RBCs in
relation to each other, keeping in mind the value of temperature will be different in in-vivo
situations. Furthermore, the use of a single tooth model without etching or using a bonding
agent allows the removal of the RBCs without damaging the tooth. At the same time, this
approach ensures the standardization of the measurements. This approach is supported by
Hannig et al.,> who found no significant difference in heat temperature measurement with and

without applying a bonding agent before polymerization of composite resins.
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Many factors can influence the heat generation on the pulpal wall, including the amount
of remaining dentin thickness, LCU intensity, duration of curing, and type of composite
material used.?%6! Tt has been reported that the influence of intensity of the light emitted by
LCU and the exposure time on the heat generation is greater and of prime importance than the
exothermic reaction of composite and the remaining dentin thickness.®?> However, the presence
of a thin dentin layer and higher exothermic reaction can contribute to the increase of pulpal
temperature®®®2. The choice of 0.5 mm remaining dentin thickness in the current study was to
accentuate the effect of heat from the LCUs and RBCs, and to mimic the extreme situation in
the clinical setting such as deep cavity preparations.

Our study shows that different composites can heat up differently using the same LCU
on the same radiant emittance output. Tetric EvoCeram Bulk Fill exhibited significantly higher
temperature rise (AT) on the pulpal wall than Filtek One Bulk Fill when photopolymerized
with the same LCUs, except for Valo Cordless groups where there was no statistical difference.

It was assumed that the presence of a violet LED chip in the multipeak LCU, which
has a lower wavelength and, consequently, higher energy, can contribute to the increase of the
energy delivered and, in turn, the rise in pulpal temperature. This assumption was in
accordance with our findings for most of the LCUs tested in the study, with the exception of
Valo cordless. The single peak LCU Demi Ultra and the multipeak Valo Cordless scored
significantly lower temperature rise when used with Filtek One Bulk Fill RBC. Among the
Tetric EvoCeram Bulk Fill RBC groups, Valo Cordless had a statistically significant lowest
value in the amount of pulpal temperature rise followed by Demi Ultra. Even though the

measured radiant emittance for both of them (Valo Cordless and Demi Ultra) were among the
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highest measured in the study (Table 4), and additionally, Demi Ultra is a pulsated LCU, and
that may contribute the lower value for temperature rise.

All specimens in our study were photopolymerized according to the manufacturer’s
instructions for 10 seconds for up to 3 mm depth on radiant emittance of more than 1,000
mW/cm?. This photopolymerization time is a substantial decrease compared to the previous
most commonly used QTH LCUs, which required about 30-60 seconds of exposure. The
shorter photopolymerization time is desirable by many practitioners to achieve faster
procedures and decrease the time of radiant emittance, which may help to decrease the
temperature rise on the pulp wall as well. In our experiment, some specimens sustain a higher
temperature for a longer time on the pulpal wall than the others. The longer the exposure to a
higher temperature carries an increased risk of pulpal injury. For both RBCs used in the study,
Bluephase G2 LCU had a statistically significant longer duration above the threshold (24.0 +
1.05 seconds) for Filtek One Bulk Fill group and (28.4 +1.65 seconds) for Tetric EvoCeram
Bulk Fill group. The multipeak Valo Cordless LCU (17.80 + 2.20 seconds) had a statistically
significant shorter duration above the threshold than all other LCUs for Tetric EvoCeram
group. While with Filtek One Bulk Fill, Valo Cordless LCU (15.80 + 1.40 seconds) had a
statistically significant shorter duration than all other LCUs except for Demi Ultra LCU.

Our study also showed that different RBCs could heat up differently when
photopolymerized with the same LCU. Filtek One Bulk Fill had a statistically significant lower
amount of heat generation, and shorter duration of temperature above the threshold when it
was photopolymerized with multipeak Bluephase G2, Bluephase PowerCure, D-Light Pro and
the single peak Demi Ultra. However, there was no statistical difference between RBCs when

photopolymerized by Valo Cordless LCU.
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One explanation for the difference in the amount of heat produced and sustained could
be attributed to the different filler content and type of monomer used. It has been reported that
the increase of filler loading (%) associated with a decrease in heat produced by RBC when
photopolymerized.*®%3 The reason is that heat is produced when (C=C) double bonds convert
to (C—C) single bond in methacrylate monomers, and composites with more matrix and less
filler content are expected to generate more heat. In our study Tetric EvoCeram Bulk Fill (76-
77wt%, 53-54vol%) has lower filler content than Filtek One Bulk Fill (76.5wt%, 58.4vol%),
hence it is expected to produce more heat.

To verify the adequate polymerization of both RBCs and to try to relate to why one
was heating more than the other, a pilot study was conducted to obtain Vickers hardness
Numbers (VHN) for RBCs used in the study. A 3D model with a mold measured (4mm width,
2mm length, 10mm depth) was designed, and 3D printed. The mold was packed with RBCs,
covered with Mylar strip, and photopolymerized for 10 seconds. This process was repeated for
each LCU/RBC combination. Each specimen was sectioned longitudinally at the center of the
photopolymerized RBC using slow speed saw (Buehler Isomet LS Precision Saw, Lake Bluff,
IL USA, with a diamond disk, Isomet Blade 15HC, 4in). The surface of the exposed composite
was finished and polished using 600, 800, then 1200-grits SiC paper. VHN was measured as a
function of depth of the material at 0.1 mm from the surface in the center of the
photopolymerized RBC, then at 0.5 mm increments for 4.1 mm depth using a fixed load of 200
g with a dwell time of 15 seconds. The initial results show that there was a trend for Filtek One
Bulk Fill to be of higher VHN than Tetric EvoCeram Bulk Fill when they were
photopolymerized with the same LCU. However, more samples would be required to make an

accurate statement.
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The use of the thermal infrared camera and the minimal-energy-loss mirror allowed
direct and indirect visualization of the pulpal wall and RBCs temperature simultaneously. This
allowed the application of the 1-Dimensional Thermal Equation to measure heat transmission
or heat flux (Watts or J/s). The results of the study showed that when using Filtek One Bulk
Fill, Valo Cordless (0.06 + 0.1 Watts) had statistically significant lower rate of heat transfer
than the other LCU, while Bluephase PowerCure (0.11 + 0.1 Watts) was significantly higher
than Demi Ultra (0.09 + 0.2 Watts), and D-Light Pro (0.09 = 0.1 Watts). When using Tetric
EvoCeram Bulk Fill, Demi Ultra (0.10 £ 0.1 Watts) had a statistically significant lower rate of

heat transfer than the other LCUSs.
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CHAPTER 5: CONCLUSION

All of the three hypotheses of the study had to be, in most part, rejected. There was a difference
between the different LCUs with respect to the heat transmitted and generated, but not
necessary between multipeak and single peak, even though the majority of the multipeak LCU
had a higher rate of heat transmission and generation. In conclusion, some multipeak LCUs
can produce more heat generation and impose an additional risk of pulp injury. Different bulk-
fill RBCs can heat up differently and consequently can cause an additional risk of pulp injury.
Further in-vivo studies are needed to accurately identify the in situ thermal behaviors of the

RBCs and LCUs.
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APPENDIX: Raw Data

1- Raw Data of Tetric EvoCeram Bulk Fill (TEB):

Amount of
Duration of Time to tel.nperature
the temp. reach fnerease Max. temp Max. temp . Heat
. from on the Difference
Sample above the maximum baseline to Composite on the Pulp (T+-T2) transfer (Q)
threshold temperature . Wall (T2) (Joules/ sec)
(A1) ® maximum (Ty)
temperature
(AT)
TEB +
Bluephase 24s 9s 12.5 45.23 31.54 13.69 0.133
PowerCure 01
TEB +
Bluephase 22s 10s 114 43.65 30.80 12.85 0.125
PowerCure 02
TEB +
Bluephase 23s 9s 12.2 44.72 31.11 13.61 0.132
PowerCure 03
TEB +
Bluephase 24s 9s 12.1 44.16 31.81 12.35 0.120
PowerCure 04
TEB +
Bluephase 25s 9s 124 43.59 33.06 10.53 0.102
PowerCure 05
TEB +
Bluephase 24s 9s 12.3 45.06 32.49 12.57 0.122
PowerCure 06
TEB +
Bluephase 23s 9s 12.3 44.43 32.33 12.1 0.118
PowerCure 07
TEB +
Bluephase 24s 10s 11.8 45.93 31.93 14 0.136
PowerCure H 08
TEB +
Bluephase 24s 9s 12.0 45.69 31.34 14.35 0.139
PowerCure 09
TEB +
Bluephase 24s 10s 11.9 48.20 32.33 15.87 0.154
PowerCure 10
TEB +
Bluephase G2 29s 10s 13.6 44.08 32.72 11.36 0.110
01
TEB +
Bluephase G2 29s 10s 13.9 44.80 34.05 10.75 0.104
02
TEB +
Bluephase G2 25s 10s 13.3 44.08 32.27 11.81 0.115
03
TEB +
Bluephase G2 31s 9s 13.9 46.47 33.61 12.86 0.125
04
TEB +
Bluephase G2 28s 10s 14.1 44.76 33.26 11.5 0.112
05
TEB +
Bluephase G2 28s 10s 14.4 45.77 33.60 12.17 0.118
06
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TEB +

Bluephase G2 295 9s 14.2 44.67 33.94 10.73 0.104
07
TEB +
Bluephase G2 305 10s 14.5 43.65 3421 9.44 0.092
08
TEB +
Bluephase G2 29s 10s 13.7 45.50 33.48 12.02 0.117
09
TEB +
Bluephase G2 29s 9s 13.9 45.26 32.97 12.29 0.119
10
EEB * Valo 17s 10s 8.7 38.95 28.07 10.88 0.106
ordless 01
TEB + Valo
ARG 17s 9s 8.9 40.75 28.11 12.64 0.123
TEB + Valo
e 18s 10s 95 40.69 29.17 11.52 0.112
TEB + Valo
e 17s 9s 8.9 41.56 27.59 13.97 0.136
EEB * Valo 20s 10s 10.2 41.58 28.72 12.86 0.125
ordless 05
TEB + Valo
e 18s 10s 95 40.89 29.49 114 0.111
TEB + Valo
e 195 10s 10.1 4134 28.61 12.73 0.124
TEB + Valo
R 21s 10s 9.7 41.75 28.07 13.68 0.133
TEB + Valo
ARG 21s 10s 10.8 40.09 28.13 11.96 0.116
EEB * Valo 14s 7s 83 37.88 26.85 11.03 0.107
ordless 10
TE[?I* Demi 21s 9s 11.4 38.89 30.14 8.75 0.085
tra 01
D - e 19s 10s 10.0 40.01 30.12 9.89 0.096
ra 02
TE[?I* Demi 20s 10s 11.0 41.25 31.02 10.23 0.099
tra 03
TEB + Demi
Db 21s 9s 112 41.40 31.86 9.54 0.093
D - et 21s 10s 11.0 40.19 30.96 9.23 0.090
ra 05
TEB + Demi
Db 23s 9s 11.6 38.72 31.72 7 0.068
TEB + Demi
Db 21s 8s 112 41.77 31.20 10.57 0.103
TE[?I* Demi 20s 10s 10.9 41.53 30.55 10.98 0.107
tra 08
D - et 19s 10s 10.8 42.40 30.44 11.96 0.116
ra 09
ThD - Dot 19s 10s 10.4 4133 29.96 11.37 0.110
ra 10
TER L oLt 23s 11s 13.4 45.51 31.90 13.61 0.132
TEBP;%ZL@“ 23s 10s 12,6 41.87 31.09 10.78 0.105
TER » D et 21s 9s 12.1 46.20 31.29 14.91 0.145
TR T DLt 22s 10s 123 44.54 31.07 13.47 0.131
TER LD et 22s 10s 12,6 45.95 31.52 14.43 0.140
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TEB + D-Light

Al 20s 95 12.5 44.75 30.55 14.2 0.138
TER > D et 21s 95 122 44.85 30.93 13.92 0.135
TER » D-ight 23s 10s 11.8 44.04 30.84 13.2 0.128
TER » D et 215 95 122 45.41 30.98 14.43 0.140
TEB* DL | 3 9s 12.6 47.16 31.99 15.17 0.147
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2- Raw Data of Filtek One Bulk Fill Restorative (FOB):

Amount of
Duration of Time to tel'nperature
the temp. reach increase Max. temp Max. temp . Heat
. from on the Difference
Sample above the maximum baseline to Composite on the Pulp (T1-T) transfer (Q)
threshold temperature . Wall (T2) (Joules/ sec)
(A1) ® maximum (Ty)
temperature
(AT)
FOB +
Bluephase 19s 8s 10.04 40.30 30.55 9.75 0.095
PowerCure 01
FOB +
Bluephase 20s 10s 10.39 41.32 30.48 10.84 0.105
PowerCure 02
FOB +
Bluephase 20s 10s 10.50 42.50 30.84 11.66 0.113
PowerCure 03
FOB +
Bluephase 20s 10s 10.21 42.36 30.73 11.63 0.113
PowerCure 04
FOB +
Bluephase 21s 10s 10.31 40.97 31.09 9.88 0.096
PowerCure 05
FOB +
Bluephase 20s 10s 9.99 41.88 30.46 11.42 0.111
PowerCure 06
FOB +
Bluephase 19s 10s 10.15 42.40 30.78 11.62 0.113
PowerCure 07
FOB +
Bluephase 19s 10s 9.73 41.07 29.83 11.24 0.109
PowerCure H 08
FOB +
Bluephase 21s 10s 9.97 43.31 31.00 12.31 0.120
PowerCure 09
FOB +
Bluephase 20s 10s 10.11 42.64 30.80 11.84 0.115
PowerCure 10
FOB +
Bluephase G2 23s 9s 11.53 39.31 32.87 6.44 0.063
01
FOB +
Bluephase G2 25s 10s 11.64 42.00 31.63 10.37 0.101
02
FOB +
Bluephase G2 26s 9s 11.60 43.44 32.33 11.11 0.108
03
FOB +
Bluephase G2 24s 10s 11.18 41.98 31.72 10.26 0.100
04
FOB +
Bluephase G2 23s 9s 11.36 41.21 31.23 9.98 0.097
05
FOB +
Bluephase G2 26s 10s 11.50 42.28 33.73 8.55 0.083
06
FOB +
Bluephase G2 25s 10s 11.59 41.68 31.54 10.14 0.099
07
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FOB +

Bluephase G2 25s 10s 11.35 44.78 30.91 13.87 0.135
08
FOB +
Bluephase G2 24s 10s 11.48 41.01 32.18 8.83 0.086
09
FOB +
Bluephase G2 25s 10s 11.13 42.59 31.39 11.2 0.109
10
FCOB - Valo 17s 10s 9.06 36.73 30.69 6.04 0.059
ordless 01
FOB + Valo
Cordless 02 18s 10s 037 37.19 2069 0 0-063
FCOB *Valo 14s 10s 8.34 35.35 29.40 5.95 0.058
ordless 03
FOB + Valo
Cordless 04 17s 10s 9.21 36.60 30-84 >76 0.0
FOB + Valo
Condless 05 17s 9s 8.74 36.61 30.44 6.17 0.060
};03 + Valo 17s 10s 9.20 36.32 30.44 5.88 0.057
ordless 06
v 175 10s 8.67 36.41 29.49 6.92 0.067
ordless 07
FOB + Valo
Cordless 08 16s 10s 8.51 3591 29-87 6.04 0.0
FOB + Valo
Cordless 09 15s 10s 851 3570 2048 > 001
};03 + Valo 17s 10s 9.14 37.61 29.29 8.32 0.081
ordless 10
FO[}BltJr Demi 17s 10s 8.80 38.98 29.99 8.99 0.087
ra 01
FOB + Demi
Ultra 02 17s 9s 8.69 41.64 29.90 11.74 0.114
Fo[?lJrDemi 18s 13s 9.61 39.13 29.69 9.44 0.092
tra 03
FOL‘?I * Demi 16s 10s 8.92 39.54 30.37 9.17 0.089
tra 04
FOL‘?; Demi 18s 9s 9.35 39.17 31.45 7.72 0.075
ra 05
Folﬁ;r Demi 17s 9s 8.90 37.27 30.91 6.36 0.062
ra 06
FOB + Demi 195 10s 9.24 41.17 29.42 11.75 0.114
Ultra 07
FOL‘?I + Demi 17s 9s 9.33 36.99 30.98 6.01 0.058
tra 08
FO[}Bth Demi 14s 10s 8.11 36.08 30.59 5.49 0.053
ra 09
FO[}?.th Demi 17s 10s 8.75 40.62 29.80 10.82 0.105
ra 10
FOBP;DO-lLight 18s 10s 9.89 38.86 29.56 9.3 0.090
FOBP;DO-ZLight 195 10s 10.83 40.47 31.09 9.38 0.091
FOBp;DdsLight 205 9s 10.28 40.25 30.69 9.56 0.093
FOBP* D-Light 18s 8s 10.86 39.51 31.16 8.35 0.081
o 04
ropr b et 18s 9s 10.62 39.25 30.32 8.93 0.087
FOBP;DO'éLight 19s 10s 10.35 40.01 30.46 9.55 0.093
FOBP;DO'?ght 18s 10s 10.32 39.95 30.21 9.74 0.095
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FOB + D-Light

Ao 195 10s 10.40 38.89 30.50 8.39 0.082
FOBIDSEN | 18s 9s 10.32 38.78 30.30 8.48 0.082
ropr b et 19s 9s 10.45 40.38 29.96 10.42 0.101
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