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Abstract

 Purpose—To measure and compare the depth of cure (DOC) of two bulk fill composite resins 

using a monowave and polywave light curing unit (LCU) according to ISO 4049 and using custom 

tooth molds.

 Methods—The DOC of Tetric Evoceram Bulk Fill (Ivoclar Vivadent) and Filtek Bulk Fill 

Posterior (3M ESPE) were measured using a monowave LED LCU (Elipar S10 / 3M ESPE) and a 

polywave LED LCU (Bluephase G2 / Ivoclar Vivadent). Metal molds were used to fabricate 10 

mm long DOC specimens (n=10) according to ISO 4049. Uncured composite material was 

scraped away with a plastic instrument and half the length of remaining composite was measured 

as the DOC. Custom tooth molds were fabricated by preparing >10mm long square-shaped (4 × 4 

mm) holes into the mesial/distal surfaces of extracted human molars. Composite resin was placed 

into one end of the prepared tooth and light polymerized. Uncured composite resin was removed 

from the opposite side from which the tooth was irradiated and the tooth was sectioned mesio-

distally. Half the length of remaining cured composite was measured as the DOC. Data were 

analyzed by three-way ANOVA (alpha=0.05) for factors material, LCU, and mold.

 Results—The main effect LCU was not significant (p=.58). The interaction effect between 

material × mold was significant (p=.0001). The DOC of the composites differed significantly only 

with the stainless steel mold in which Tetric Evoceram Bulk Fill showed a deeper DOC than Filtek 

Bulk Fill Posterior (4.03 ± 0.14 vs 3.56 ± 0.38 mm, p<.0001).

 INTRODUCTION

With resin-based composites (RBC) comprising over 95% of direct anterior restorations and 

50% of direct posterior restorations, the demand for improved mechanical properties has 

encouraged further investigation and development of these materials. One of the 
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disadvantages of many current RBCs is the requirement to incrementally place and cure 2 

mm layers of the material;– however, recently developed bulk-fill composites have 

demonstrated depth of cure (DOC) measurements of 4 mm.– The polymerization of a dental 

composite is the underlying source of its strength, hardness, wear resistance, and prevention 

of monomer elution.– Recurrent caries and bulk fracture are the leading causes of composite 

restoration failure,– and a reduced DOC has been shown to lead to inadequate physical 

properties that can ultimately lead to clinical failure.

The DOC of dental composites can be measured using a variety of different methods. The 

most accurate means of measuring the extent of resin polymerization is to determine the 

degree of double bond conversion by either fourier transform infra-red or Raman 

spectroscopy. The extent of polymerization has also been shown to correlate to 

microhardness, allowing for the measurement of hardness at incremental depths to more 

easily determine the DOC., – The ISO 4049 standard evaluates DOC by dispensing 

composite resin into a 4 mm diameter opening of a stainless steel mold. After light 

polymerization, the uncured composite is removed with a plastic spatula, and the height of 

the intact composite is divided in half to determine the DOC. Half of the height of the 

specimen is used to determine the DOC because the entirety of the specimen is not 

sufficiently cured., 

Stainless steel molds in the ISO 4049 standard may not accurately reflect the DOC obtained 

clinically due to the differences in the optical properties of stainless steel and tooth structure. 

Light transmittance through translucent tooth structure, may enhance the DOC of composite 

materials similar to the increased DOC reported with Teflon molds., On the other hand, the 

walls of stainless steel molds exhibit greater reflectivity than those of natural tooth structure. 

Stainless steel has an index of refraction (IOR) of 2.5 while cementum, dentin, enamel have 

IORs of 1.58, 1.54, and 1.63, respectively.– The difference in light absorbance and 

reflectivity of stainless steel may lead to an increased curing ability that does not effectively 

mimic light curing in natural tooth structure.

Bulk-fill composites use different mechanisms to increase the DOC. While some composites 

have increased translucency to create deeper light penetration and DOC, others incorporate 

additional photoinitiators., Current RBCs utilize a variety of alpha diketone initiators such as 

camphorquinone (CQ), phenylpropanedione (PPD), and acylphosphine oxide (Lucerin TPO) 

and germanium-based compounds such as bis-(4-methoxybenzoyl)diethyl-germane 

(Ivocerin) that can be irradiated using visible light. The activation of these photoinitiators is 

dependent upon the appropriate dental LCU irradiating at wavelengths that overlap the 

absorption of the photoinitiator. Two common types of dental LCUs are quartz halogen 

tungsten (QHT) and high-intensity light-emitting diode (LED). LED LCUs have become 

increasingly popular and are more efficient than their QHT counterparts due to their ability 

to generate narrow ranges of wavelength output near the maximum absorbance of CQ (about 

468 nm). The narrow spectrum of monowave LCUs may hinder their ability to optimally 

cure bulk-fill composites that incorporate multiple photoinitiators with varying peak 

absorption ranges; however, polywave curing lights use multiple LEDs which emit different 

wavelengths of light to polymerize different photoinitiators.
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The purpose of this study was to compare the depth of cure of two bulk-fill resin-based 

composites when irradiated with a monowave and polywave LED LCU. The study also 

compared the ability to accurately measure DOC in the metal molds described in ISO 4049 

versus custom tooth molds. The first null hypothesis was that both the monowave and 

polywave LCUs would achieve similar DOC values when irradiating either resin-based 

composite. The second null hypothesis was that both resin-based composites would achieve 

similar DOC values when irradiated in the metal mold and the tooth mold.

 MATERIAL AND METHODS

A stainless steel mold containing a rectangular hole (4 mm × 4 mm × 10 mm) was fabricated 

for ISO DOC measurements. The rectangular shape of the hole differs slightly from the 

traditional ISO mold, however, this shape was chosen to allow hardness measurements in 

future studies. Specimens were prepared by dispensing composite material into the mold in a 

single increment. The two composite materials were Tetric EvoCeram Bulk Fill (Ivoclar 

Vivadent, shade IVA) containing the initiators CQ and Ivocerin and Filtek Bulk Fill Posterior 

(3M ESPE, shade A2) containing the initiator CQ. A mylar film and glass slide were placed 

over the composite with the LCU centered over the hole and held in contact with the glass 

slide using a fixed arm. Each composite was irradiated once for the length of time 

recommended by the manufacturer (10 seconds for Tetric EvoCeram and 20 seconds for 

Filtek Bulk Fill Posterior). Each material was tested with both a monowave LED LCU 

(Elipar S10; 3M ESPE) and a polywave LED LCU (Bluephase G2; Ivoclar Vivadent). Light 

emittance was measured daily using a radiometer (Power Max; Molectron Detector, Inc.) to 

ensure consistent irradiance. The specimens were then removed from the mold, and the 

uncured RBC was manually removed by scraping with a plastic spatula. The intact length of 

the specimens was measured with digital calipers to the nearest 0.01 mm and divided in half 

to determine DOC.

40 extracted human first, second, and third maxillary and mandibular molars were collected 

and mounted in acrylic. A square-shaped hole (4 mm × 4 mm) extending the length of the 

mesial-distal axis of the tooth (>10mm) was prepared by two trained operators under water 

lubrication using dental diamond burs (8856DF.31.016, Brasseler) in a high speed handpiece 

(Figure 1). The holes were examined with a periodontal probe to ensure dimensions were 

accurate to within 0.5 mm. If small perforations (less than 1 mm) occurred through the 

occlusal surface or pulp chamber, they were repaired with A3 resin composite (Z100, 3M 

ESPE). If a large perforation occurred, the tooth was discarded. An opaque adhesive strip 

was placed to cover one end of the hole (bottom), and the resin composite was then 

condensed into the other end of the hole (top). The LCU was centered over the top hole and 

positioned in contact with the composite material. Each composite was irradiated with both 

LCUs for the length of time recommended by the manufacturer. The adhesive strip was then 

removed, and the uncured resin composite was removed from the bottom hole. Using a 

diamond disc in a laboratory handpiece, the tooth was sectioned mesio-distally through the 

middle of the square-shaped hole into an occlusal and apical section (Figure 2). Any 

remaining uncured composite was scraped away with a plastic spatula. The maximum intact 

length of the RBC was measured with digital calipers to the nearest 0.01 mm and divided in 

half to determine DOC.
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The DOC data were analyzed using a three-way ANOVA, followed by a post-hoc test for 

any significant factor or interaction. A p-value < 0.05 was considered statistically significant 

in two-tailed statistical tests. All analyses were conducted using SAS 9.4 (SAS Institute, 

Cary, NC, USA). The graphical displays were created by R 3.2.0.

The mean irradiance (mW/cm2), total energy density (J/cm2), energy distribution per 

spectrum (J/cm2), and spectral irradiance (mW/cm2/nm) of each LED light was obtained by 

MARC® PS system (Blue Light Analytics). The MARC® device has built-in laboratory 

grade UV-VIS spectrometer (USB4000, Ocean Optics), spectral range from 365 – 515 nm 

and a laboratory-grade cosine-corrected sensor. This can measure intensity up to 10,000 

mW/cm2 (integration times are used to enable changes in intensity and prevent saturation). 

The tested LCU light probe was set 0 mm from the sensor and the reading was rendered in 

10 seconds utilizing MARC® software v. 3.04.

 RESULTS

Result of the three-way ANOVA is presented in Table 1. The DOC of two resin-based 

composites irradiated with two different LCUs in two different mold types are shown in 

Figure 3. The main effects of mold (p=.07) and LCU (p=.58) on DOC were not significant. 

Only the effect of material on DOC was significant (p=.007). However this effect was 

dependent on the mold and characterized by a significant interaction between the material 

and type of mold used (p=.0001). Using the stainless steel mold, Tetric Evoceram Bulk Fill 

produced a higher DOC compared to Filtek Bulk Fill Posterior (4.03 ± 0.14 vs 3.56 ± 0.38 

mm, p<.0001). Conversely, there was no significant difference in the DOC between the two 

resin-based composites with the use of the tooth mold (3.62 ± 0.29 vs 3.71 ± 0.37 mm, 

p=0.36).

For the Elipar S10 monowave LCU, the mean irradiance was 1328 mW/cm2, total energy 

density was 13.5 J/cm2, and energy distribution was 0.1 J/cm2 at the 380-420 nm spectrum 

and 13.4 J/cm2 at the 420-540 nm spectrum. For the Bluephase G2 polywave LCU, the mean 

irradiance was 1069 mW/cm2, total energy density was 10.9 J/cm2, and energy distribution 

was 1.2 J/cm2 at the 380-420n m spectrum and 9.7 J/cm2 at the 420-540 nm spectrum. The 

spectral peak for the Elipar S10 monowave LCU was 450.2 nm, while the Bluephase G2 

polywave LCU spectral peaks were 453.7 and 409.3 nm.

 DISCUSSION

The first null hypothesis of this study was that type of LCU would not affect the DOC of the 

two materials. The main effect LCU was not significant (p=.58); therefore, we fail to reject 

the first null hypothesis. This result was surprising due to the expectation that a polywave 

LCU was necessary to excite the Ivocerin initiator present in Tetric Evoceram Bulk Fill. 

Ivocerin, the germanium-based compound bis-(4-methoxybenzoyl)diethyl-germane, has a 

peak absorbance at 408 nm; however, nearly 50% of its peak absorbance occurs at 440nm.

The monowave Elipar S10 LCU has an utilizable wavelength range of 430–480 nm with a 

peak at 455 nm ± 10 nm. Therefore, there is some overlap in the absorbance of Ivocerin and 
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the spectral irradiance of the Elipar S10 LCU; and this overlap may have allowed initiation 

of the Ivocerin.

The inability of the polywave LCU to achieve a deeper DOC may be due to absorbance of 

violet range of light (~410nm) in the top layers of the composite. A recent study performed 

with a phenanthrenequinone (PQ) initiator measured its peak absorption at 413 nm as 8× the 

absorbance of CQ; however, a composite resin with the PQ initiator registered nearly half 

the depth of cure (scrape method) as a similar CQ-based composite. The authors of that 

study postulated that due to the high absorbance of PQ, most of the light photons were 

depleted in the top layers of the composite without making it into the depth of the material. 

Similarly, Ivocerin has a higher absorbance than CQ and therefore, may absorb violet light 

in the top layers of the composite preventing it from traveling deeper within the material.

Another explanation for the lack of effectiveness of the polywave light is due to the 

relationship that exists between the wavelength of the light from the LCU and the 

dimensions of the filler particles in the resin composite according to the Rayleigh effect.

According to the Rayleigh effect, filler particles will be more likely to scatter shorter 

wavelengths of light. Thus, the violet spectrum of the polywave LCU used in this study was 

attenuated significantly within the composite, so that most radian exposure at the depth of 

the specimen was delivered from blue light spectrum.

The second null hypothesis was that both resin-based composites would achieve similar 

depth of cure values when irradiated in the metal mold and the tooth mold. The main effect 

material and the interaction between material and mold were significant (p<.05), so we 

failed to accept the second null hypothesis. There was a significant difference between the 

materials in the metal mold but not the tooth mold. There was also greater deviation in data 

with the tooth mold that may have limited the discerning ability of this mold. This result is 

expected due to the numerous sources of variation that were inherent in this testing method, 

including thickness of enamel and dentin, orientation of enamel rods and dentinal tubules, 

desiccation of teeth, dimensions of holes, and roughness of the holes. The elimination of 

these variables in addition to ease of fabrication are two arguments to favor stainless steel 

molds.

Although differences were seen between the discerning power of the two mold types (metal 

and tooth), there was no significant difference between the main effect mold (p=.07). This 

result was surprising as stainless steel and tooth structure (enamel and dentin) have very 

different optical properties. When light interacts with a solid structure, it may be transmitted, 

reflected, or absorbed. Since stainless steel is an opaque metal, it does not transmit light, 

unlike ceramic or polymeric materials. Previous studies which used Teflon molds reported 

exaggerated DOC values since light was transmitted through the Teflon more than it was 

through the composite resin., Tooth structure is only partially translucent with 1 mm of 

enamel attenuating 67% of light (430–550 nm) and 1 mm of dentin attenuating 85–90% of 

light (400–550 nm)., Therefore, light from the LCU likely did not transmit much more than 

2–3 mm through the walls of the mold, and the transmitted light would have been 

significantly attenuated. The index of refraction (IOR) of the stainless steel was greater than 

the IOR of dentin or enamel, suggesting that more light would have been reflected off the 
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walls of the stainless steel mold.– Additionally, since stainless steel is a metal, light would 

be more likely to be reflected from its surface than absorbed. A previous study found that 

molds lined with black vinyl tape produced lower DOC than those lined with white tape, 

since black tape absorbs more light. In the current study, the cured composite that remained 

in the tooth appears convex (Figure 2) which may be an indication that the walls of the tooth 

mold absorbed light.

Based on the results of this study, there was no significant difference in the DOC achieved 

with a metal mold and stainless steel mold, however, the stainless steel mold had greater 

discerning ability between materials. These results suggest the dual relevance and 

practicality of using a stainless steel mold for DOC testing. One major limitation of the 

study was that rectangular shaped holes were used instead of circular shaped holes. A 

previous study demonstrated that the size of the hole significantly affects DOC. The 

rectangular hole was chosen in the current study to use a mold that could also be used for 

hardness testing. This choice, however, limits the ability of this study to validate the ISO 

DOC standard.

No significant difference was noted between the monowave and polywave LCU in the DOC 

of Tetric Evoceam Bulk Fill. Therefore, the use of a polywave LCU is not mandatory to 

achieve optimal DOC of a new bulk fill composite with a germanium-based photoinitiator. 

Other properties, such as degree of conversion, strength, or hardness may be affected by 

choice of LCU and these properties should be addressed in future studies.
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Clinical relevance

The use of a polywave LCU is not mandatory to achieve optimal DOC of a new bulk fill 

composite with a germanium–based photoinitiator. However, other properties, such as 

degree of conversion, strength, or hardness may be affected by choice of LCU.
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Figure 1. 
Mounted tooth mold
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Figure 2. 
Apical section of tooth mold containing cured composite
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Figure 3. 
Depth of cure comparison of two resin-based composites irradiated with two different LCUs 

in two different mold types. The asterisk denotes the mean value for depth of cure.
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Table 1

Result of three-way ANOVA

Source of Variation DF Sum of Squares Mean Squares F p

Mold 1 0.325 0.325 3.48 0.07

Material 1 0.724 0.724 7.76 0.007*

LCU 1 0.029 0.029 0.31 0.58

Material × LCU 1 0.144 0.144 1.54 0.22

Mold × LCU 1 0.151 0.151 1.62 0.21

Material × Mold 1 1.551 1.551 16.6 0.0001*

Mold × Material × LCU 1 0.286 0.286 3.06 0.08

*
Denotes statistical significance at p < 0.05
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