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ABSTRACT 
COLOR CHANGE OF COMMERCIAL RESIN COMPOSITES WITH 

DIFFERENT PHOTOINITIATORS 
 
 

Feng Gao, D.M.D. 
 

Marquette University, 2016 
 
 

Camphorquinone (CQ) is the most commonly used photoinitiator in light-cured 
dental resin composites. However CQ is associated with a yellowing effect, which has led 
manufacturers to add alternative initiators into resin composites to reduce the amount of 
CQ used.   

 The color change upon polymerization by light and aging in artificial saliva and 
room air of 8 commercial traditional or bulk-fill resin composites with or without 
additional photoinitiator(s) beside CQ was studied. The three traditional resin composites 
with CQ and additional photoinitiator(s) tested were Tetric EvoCeram (Ivoclar Vivadent), 
AELITE LS Posterior (Bisco), and Vit-l-escence (Ultradent). The two bulk-fill resin 
composites with CQ and additional photoinitiator(s) tested were Tetric EvoCeram Bulk 
Fill (Ivoclar Vivadent) and HyperFIL (Parkell, dual cure). The control resin composites 
with CQ only were Heliomolar (Ivoclar Vivadent, traditional), BEAUTIFIL-Bulk (Shofu, 
bulk-fill) and SonicFill 2 (Kerr, bulk-fill). Sixteen specimens for each material were 
prepared with Teflon disc molds (7 mm diameter x 2 mm thickness) and light cured for 
40 seconds with a quartz-tungsten-halogen light-curing unit. Samples were aged at 37°C 
in room air or artificial saliva (n=8). Color measurements were obtained with a 
spectrophotometer before and after polymerization and after aging for up to three months. 
Color change was calculated using CIELab and CIEDE2000 formulae. One way and two 
way ANOVA and a post-hoc SNK test was conducted for statistical analysis.  

Commercial light-cured resin composites with additional photoinitiators beside 
CQ had greater color change upon polymerization than those with CQ only. Color 
changes with aging tended to be greatest within the first hour after light curing, but was 
not considered clinically perceptible on any resin composites tested except HyperFIL. 
Tetric EvoCeram Bulk Fill showed good color stability that was comparable to the 
traditional resin composites upon aging. 
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CHAPTER 1 

INTRODUCTION 

 
Since the early 1970s, dental resin composites have been the material of choice 

for direct esthetic anterior and posterior restorations. Dental resin composites serve as a 

more esthetic material to use over dental amalgam.  Dental resin composites, no matter 

traditional or bulk-fill, require the use of initiators to help initiate the polymerization 

process. In light-cured resin composites, photoinitiators in the soft raw material are 

activated by the curing light and they start the cascade reaction of polymerization, which 

make the resin composites harden and stronger.  

Camphorquinone (CQ) is the most commonly used photoinitiator in light-cured 

dental resin composites. However, this yellow agent is associated with a yellowing effect 

of the dental resin composites. Since color stability is a very important concern in esthetic 

restorative dentistry, the yellowing effect of CQ has led manufacturers to add alternative 

initiators into resin composites to reduce the amount of CQ used.   

Experimentally, other initiators, such as trimethylbenzoyl-diphenylphosphine 

oxide (TPO) (1) and phenyl propanedione (PPD) (2), have been introduced as alternatives. 

The addition of the alternative photoinitiators as a coinitiator lowers the content of CQ 

and has been suggested to overcome the esthetic issue arising due to the color of CQ (3). 

However data on color stability of commercially available resin composites with 

additional photoinitiators beside CQ are insufficient to show whether or not such an 

approach is beneficial.   
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The aim of this study was to investigate the color change upon polymerization 

and aging in artificial saliva and room air of commercial bulk-fill and traditional dental 

resin composites with alternative photoinitiator systems. The null hypothesis is that the 

color change upon polymerization or aging on resin composites with additional 

photoinitiators is not different from those with CQ only. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Background of dental resin composites 

Since early 1970s, dental resin composites have been the material of choice for 

direct esthetic anterior restorations.  Based on the dental insurance claim data in 2005, 

about 166 million dental restorations, which include amalgams, resin composites and 

crowns, are placed per year in the United States (4). Of these, 77 million are resin 

composites (4). In general terms, resin composites are a mixture of inorganic filler 

particles surrounded by a coupling agent, dispersed in an organic matrix of resin (5).  

The organic monomers, which are soft in the un-cured dental resin composites, 

are converted into rigid polymers through a polymerization process. Some commonly 

used resins in dental resin composites are bisphenol A-glycidyl methacrylate (Bis-GMA), 

triethylene glycol dimethacrylate (TEGDMA), urethane dimethacrylate (UDMA) and 

ethoxylated bis-phenol A methacrylate (BisEMA) (5). 

 Fillers, such as silica, are reinforcing particles or fibers that are dispersed in the 

resin matrix. Fillers also enhance radiopacity, alter the thermal expansion behavior, and 

reduce the polymerization shrinkage by reducing the resin fraction (6). Resin composites 

with low filler contents typically exhibit low mechanical properties and show high 

flowability and adaptability prior to curing (7). Filler contents of 60 to 87 wt% are 

necessary to achieve low shrinkage and high mechanical properties (8). A coupling agent 

such as silane is used to enhance the bond between resins and fillers.  
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Initiators are added to help begin the polymerization process when external 

energy, such like light or heat, is applied. During the activation of the initiators, free 

radicals are produced and they break the double bond of the monomer and bond with 

them to start the reaction. As a result, a polymer forms during the polymerization process 

(9). 

Dental resin composites can be cured through light cure or chemically without 

light cure or by both ways (dual cure). Reaction of the chemical cured resin composites is 

produced by mixing two pastes. However, the chemically cured resin composites have 

some disadvantages: no control over the setting time, poor color stability, and high 

viscosity (10). On the other hand, light-cured dental resin composites have only one paste, 

and do not require mixing which provide dentists full control of time. The first 

commercially available light-cured resin composites was NuvaFil (Dentsply) (10).  

2.2. Background of photoinitiators 

Initiators used in light-cured resin composites are photoinitiators. In brief, 

photoinitiators have the ability to absorb light, and as a result, either directly or indirectly, 

generate a reactive species that can then initiate the polymerization (11).   

Photoinitiators have certain wavelengths for excitation/absorption. The spectral 

emission from the light curing unit should overlap the absorption spectrum of the 

photoinitiator in the resin composites (12). Four basic types of dental curing lights are 

quartz tungsten halogen, light-emitting diode (LED), plasma arc curing (PAC) and argon 
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laser (13). The light provided to cure the resin composites is in the range of the visible 

blue light spectrum. 

Camphorquinone (CQ) is the most common photoinitiator used in light cured 

dental resin composites (10).  This yellow agent is activated by absorbing external blue 

light. CQ can absorb light in the spectral range of approximately 380-500 nm, and has an 

absorption peak near 470 nm (3,11). CQ is relatively inefficient as a photoinitiator, thus 

amines, such as dimethylaminoethyl methacrylate (DMAEMA), are added as co-initiators 

to accelerate the initiation process during polymerization (3).  

Although CQ in conjunction with a tertiary amine has traditionally been used in 

dental resin composites, the intensive yellow color of CQ has limited its use particularly 

in extra white shades of resin composites (14). Other initiators, such as trimethylbenzoyl-

diphenylphosphine oxide (TPO) (1) and phenyl propanedione (PPD) (2), have been 

introduced as alternatives.  

 TPO is a well studied photoinitiator. The absorption spectrum of TPO is situated 

more toward the UV spectrum (380-425 nm) (15).  Lucirin® TPO (Lucirin is the trade 

name of BASF (16)) is completely colorless after light curing (17). Currently, it is the 

most often used additional photoinitiator in commercial dental resin composites in the 

U.S. market.  

PPD was suggested to be an alternative photoinitiator for resin composites in 

1999 (18). Subsequent studies have evaluated the use of PPD in dental resin composites 

as a photoinitiator (19,20). The absorption peak of PPD is around 392 nm (2). The 
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commercial use of this photoinitiator is not as common as TPO. This photoinitiator was 

studied mainly experimentally. Beside less yellowing, PPD was suggested to reduce 

polymerization stress by producing a slower polymerization rate without affecting final 

degree of conversion, compared to CQ (2,18). However this was not conclusively proved 

and it is a matter of controversy that a low rate of polymerization will reduce 

polymerization stress development (2). Use of PPD alone or in combination with CQ was 

reported by Schneider et al. to not improve the final properties when compared to CQ 

alone (21).  The same group also found that it was not possible to polymerize 

formulations containing PPD without amine using 40s of halogen light exposure (21). 

These disadvantages associated with PPD might be the reason for its limited use 

commercially.  

Even though alternative photoinitiators has been suggested to overcome the 

esthetic issue arising due to the color of CQ (3), currently there are no non-CQ dental 

resin composites available commercially in the U.S. market. This may be due to the fact 

that most of the light curing units on the market and in dental offices are optimized for 

curing CQ and are not as suitable for use with alternative photoinitiators that absorb light 

at different wavelengths than CQ. Combining CQ with an alternative photoinitiator is a 

safer and more effective solution in the current situation, since the use of additional 

photoinitiators can reduce the amount of CQ used and the remaining CQ can ensure the 

initiation of polymerization by the majority of light curing units available.  

2.3. Bulk-fill resin composites and color change 
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Incremental filling techniques have been recommended due to a limited depth of 

cure in traditional resin composites as well as a way to minimize stress from 

polymerization shrinkage during curing (22). Unlike traditional resin composites, which 

typically are placed in maximum increments of 2 mm, bulk-fill resin composites are 

designed to be placed in 4 mm, or sometimes greater, increments (23). The manufacturers 

explain that the higher depth of cure of the bulk-fill resin composites is due to the more 

potent initiator system and/or higher translucency (24). However, few studies have 

examined the color changes after polymerization and aging on the bulk-fill dental resin 

composites with different initiators.   

Most bulk-fill resin composites require an additional 2 mm occlusal layer being 

placed using a traditional resin composites (25). Using such a veneering layer not only 

improves the aesthetic quality of the translucent bulk-fill resin composites, but also 

overcomes the low wear resistance of bulk-fill resin composites due to their low filler 

content for the sake of translucency of the material (26).  In the bulk-fill resin composites, 

such as SonicFill 2 where the occlusal layer is not required, color change is an important 

issue.  

2.4. Color measurement 

Being able to maintain its optical properties is important for resin composites, 

especially for those applied in the anterior teeth, since the color is always selected 

carefully to match the adjacent tooth for esthetic concerns in clinic. However, optical 

properties change as a result of polymerization (27). Resin composites become lighter 

and more translucent on irradiation with light (27,28).  
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Color differences can be quantified using either the CIELab formula (ΔE*ab) or 

the more recently introduced CIEDE2000 formula (ΔE00) (29). The most commonly used 

color measuring system in dentistry is the CIELab system. This system was established 

by the Commission International de L̍'Eclairage (CIE), an international organization 

concerned with light and color in 1978 (29).  Unlike the Munsell color system, which 

coordinates the hue, chroma and value on a three dimensional scale in different units, the 

CIELab units are evenly spaced in terms of visual perception on a numerical scale (30). 

The color parameters may be recorded in the L*a*b* coordinates using 

spectrophotometry. L* in the color space represents lightness of the color on a numerical 

scale up to 100, with a small number representing black and a greater number 

representing white. The a* color coordinate represents red (positive a*) and green 

(negative a*). The b* color coordinate represents yellow (positive b*) and blue (negative 

b*) (30).   

ΔE*ab and ΔE00 can be calculated based on the following equations (31): 
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In equation (1), ΔL*, Δa* and Δb* are the differences between a*, b* and L* of 

the pair of color samples.  In equation (2), RT is the rotation function and expressed as RT 

= -sin (2Δθ) RC, where Δθ = 30·exp- 
2
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275'
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C
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The other symbols used in equation (2) are defined as the following: L’ =L*, a ’ 
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7
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2.5. Color stability 

Resin composites tend to discolor during long-term service in the oral cavity (33,34). 

Significant color changes of resin composites have been reported after aging, even 

though in most of the cases, such change in color of resin composites after aging, such as 

storing in water, was found to be in the acceptable range (33). Discoloration after aging 

may be due to a color change in the resin component, but also the other minor ingredients, 

such as photoinitiators, may contribute to the color stability. Exposure to high 
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temperature and a rough composite surface are expected to affect color stability as well 

(33).     
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CHAPTER 3 

MATERIALS AND METHODS 

 
3.1. Resin composites 

Eight commercial resin composites, including two bulk-fill resin composites with 

CQ only (BEAUTIFIL-Bulk (Shofu, San Marcos, CA) and SonicFill 2 (Kerr, Orange, 

CA)), two bulk-fill resin composites with CQ plus additional photoinitiator (Tetric 

EvoCeram Bulk Fill (Ivoclar Vivadent, Amherst, NY) and HyperFIL (Parkell, Edgewood, 

NY)), one traditional resin composites with CQ only (Heliomolar (Ivoclar Vivadent, 

Amherst, NY)) and three traditional resin composites with CQ plus additional 

photoinitiator (Tetric EvoCeram (Ivoclar Vivadent, Amherst, NY), AELITE LS Posterior 

(Bisco, Schaumburg, IL), and Vit-l-escence (Ultradent, South Jordan, UT)) were tested.  

Most of the manufacturers do not disclose what the exact additional 

photoinitiators are because the information is considered to be proprietary. However such 

information can be inferred from literature. Information of the additional photoinitiators 

beside CQ used in the resin composites that were tested in this study are provided in 

Table 1. BEAUTIFIL-Bulk (35) and SonicFill 2 are the two bulk-fill with CQ only. 

Tetric EvoCeram Bulk Fill contains CQ, Germanium and Lucirin-TPO. HyperFIL is a 

bulk-fill dual cure resin composite that includes CQ and an unknown photoinitiator. 

Heliomolar is a traditional resin composite that uses CQ only as a photoinitiator (36). 

Tetric EvoCeram is a traditional resin composite with CQ and Lucirin-TPO (1). AELITE 
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(37) and Vit-l-escence (14) are traditional resin composites using CQ and TPO as 

photoinitiators. 

Table 1. Summary of the resin composites tested. 

Composites Manufacturer Photoinitiator Reference 

BEAUTIFIL-Bulk Shofu Bulk CQ only (35) 

SonicFill 2 Kerr Bulk CQ only Manufacturer

Tetric EvoCeram Bulk 
Fill 

Ivoclar 
Vivadent 

Bulk  CQ + Germanium + 
Lucirin-TPO 

Manufacturer

HyperFIL Parkell Bulk dual cure CQ + unknown Manufacturer

Heliomolar 
Ivoclar 

Vivadent 
Regular CQ only (36) 

Tetric EvoCeram 
Ivoclar 

Vivadent 
Regular CQ + Lucirin-TPO (1) 

AELITE Bisco Regular CQ + TPO 
(37) & 

Manufacturer

Vit-l-escence Ultradent Regular CQ + TPO (14) 

 

3.2. Light curing 

Teflon discs of 31.75 mm x 31.75 mm x 2 mm were used. Holes of 9 mm in 

diameter were made in the Teflon discs. Sixteen samples for each material were prepared 

with the Teflon disc molds (9 mm diameter x 2 mm thickness) (Figure 1). A 5 kg weight 



13 

 

was kept on top of the resin composites for 3 minutes to obtain a uniform surface. A clear 

plastic film was used to cover the resin composites before the weight was applied and 

removed after light cure. Resin composites were light cured for 40 seconds with a quartz-

tungsten-halogen light-curing unit (Optilux 501, sds Kerr Sybron dental specialties). The 

light intensity is 500 mW/cm2 (Figure 2). 

 
Figure 1. Molds 
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Figure 2. Halogen light (Optilux 501) 

 

3.3. Aging 

Two liters of artificial saliva were made with the following formula: 3.4 g 

KH2PO4, 23.6 g Na2HPO4, 160 g NaCl, 4 g KCl and 2 L distilled H2O. Resin composite 

specimens were randomly assigned into two groups (n=8/group): one group was stored in 

artificial saliva and the other group was stored in air (Figure 3). Different storage 

conditions allow for differentiation of any color changes due to time versus the solution. 

Artificial saliva is used to simulate oral conditions, while storage in room air represents 
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an experimental condition upon which changes in color are solely due to the material. 

Both groups were kept at 37°C in an incubator with each specimen in an individual 

container to avoid any cross contamination.  

 
Figure 3. Light cured dental resin composites within mold stored in artificial saliva (A) or 

in air (B). 
 

3.4. Color measurements 

Color measurements were obtained with a spectrophotometer (Konica Minolta 

CM-700D, Ramsey, NJ) (Figure 4) right before light curing, soon after light curing and at 

different time points after aging for all specimens up to 3 months. The time points were 1 

hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 1 day, 1 month and 3 months. The 

spectrophotometer was kept in a fixed position as shown in Figure 4. L*, a* and b* 

values were obtained and recorded for all specimens. At all time points, three 

measurements were taken and the average of them was used. Specimens were covered 

with the clear plastic film when color was measured before light curing. Two color 

measurements were taken soon after light curing. The first one was taken with the clear 

plastic film coving the resin composites as it was before light curing and within 5 seconds 
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after light curing. Another color measurement was taken without the film on within 5 

seconds of the previous color measurement, which is the color measurement after light 

cure and with the plastic film.  

 
Figure 4. Color measurements were obtained with a spectrophotometer. 

 

3.5. Color change 

Color change was calculated using the CIELab formula (ΔE*ab) and the 

CIEDE2000 formula (ΔE00) as shown in Equations 1 and 2, as described previously.  

Color change between the two measurements at “soon after light curing” with and 
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without the film was calculated to ensure no color change was registered by the use of the 

clear plastic film. Calculations were conducted using the time points: 1) between “before 

light curing” and “soon after light curing” to study the effect of polymerization and 2) 

between “soon after light curing” and each time point after aging to study the effect of 

aging.  

3.6. Statistics 

SigmaStat Software (Systat, San Jose, CA) was used for statistical analysis. For 

the color change upon polymerization and aging at 3 months, one way ANOVA with the 

resin composite brand as the factor was conducted for statistical analysis. When the data 

failed the normality test or equal variances test, ANOVA on rank test was conducted 

instead.  For the aging at 3 months, two way ANOVA was also conducted with 

photoinitiators (CQ or CQ+) and aging methods (in air or in artificial saliva) as factors. In 

all the cases, the Student Newman Keuls (SNK) method was used as post hoc analysis. α 

level was set as 0.05 (significant when p<0.05). 
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CHAPTER 4 

Results 

 
4.1. Color change upon polymerization 

 Color change upon polymerization was measured soon after light cure (within 10 

seconds).  Color at before and soon after light cure were both measured with the same 

plastic film in place. The plastic film was removed soon after the color measurement after 

the light cure (with film on), and the color was measured again to ensure there were no 

differences between those readings made at the same time with and without film.  For the 

traditional resin composites, those with CQ and additional photoinitiator had greater color 

change than the resin composites with CQ only (Figure 5A, 5B). Evaluating the color 

change with polymerization via the CIELab formula (ΔE*ab) (Figure 5A) and 

CIEDE2000 formula (ΔE00) (Figure 5B) result in the same significance groupings among 

resin composites, though the values of ΔE00 are less than ΔE*ab.  
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Figure 5A. Color change of traditional resin composites upon polymerization. ∆E (delta E) 
was calculated by the CIELab formula.    
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Figure 5B. Color change of traditional resin composites upon polymerization. ∆E (delta E) 
was calculated by the CIEDE2000 formula. 
 

For the bulk-fill resin composites, Tetric EvoCeram (CQ with additional 

photoinitiator) had greater color change whereas HyperFIL (dual cure with CQ and 

additional photoinitiator) had less color change with polymerization compared to the two 

bulk-fill resin composites with only CQ (Figure 6A, 6B).  
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Figure 6A. Color change of bulk-fill resin composites upon polymerization. ∆E (delta E) 
was calculated by the CIELab formula. 
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Figure 6B. Color change of bulk-fill resin composites upon polymerization. ∆E (delta E) 
was calculated by the CIEDE2000 formula. 
 

ΔL between before cure and soon after cure does not show a consistent pattern 

(Figure 7A). However, Δb of all the resin composites are less than zero, meaning that all 

the resin composites tested became less yellow after light curing (Figure 7C).  ∆a is 

positive for all but one product (SonicFill 2), suggesting that the resin composites tended 

to become more red than green (Figure 7B). 
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Figure 7A. ΔL of resin composites upon polymerization calculated with the CIELab 
formula. N is 16 for each group. ∆L (delta L) was the difference in L*. 
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Figure 7B. Δa of resin composites upon polymerization calculated with the CIELab 
formula. N is 16 for each group. ∆a (delta a) was the difference in a*. 
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Figure 7C. Δb of resin composites upon polymerization calculated with the CIELab 
formula. N is 16 for each group. ∆b (delta b) was the difference in b*. 

  

4.2. Color change upon aging 

4.2.1. Aging for up to 6 hours 

Specimens were put into either artificial saliva or kept in air after the 

measurements soon after light cure were obtained. Color was measured on the same day 

hourly up to 6 hours and L*, a* and b* were recorded. ΔE, ΔL, Δa and Δb from soon 

after light curing to hourly after light curing up to 6 hours are shown in Figure 8 (A, B, C 

and D). The greatest changes were within 1 hour after light curing, though the overall 

color change (ΔE) within 6 hours was smaller than 2, which is not considered clinically 
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perceptible (Figure 8A). It is hard to determine whether or not such color change ΔE is 

mainly due to L*, a* or b* change, since there was not a clear pattern in the change 

associated with L*, a* or b* (Figure 8B, 8C and 8D). Note, the scales in Figure 8 A to D 

are different to better show differences between groups, comparatively Δa (Figure 8C) 

had less change. 

 
Figure 8A. Color change of resin composites within 6 hours of light cure. N is 8 for each 
group. ∆E was calculated by the CIELab formula. 
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Figure 8B. ΔL of resin composites within 6 hours of light cure. N is 8 for each group. ∆L 
was the difference in L*. 
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Figure 8C. Δa of resin composites within 6 hours of light cure. N is 8 for each group. ∆a 
was the difference in a*. 



29 

 

 
Figure 8D. Δb of resin composites within 6 hours of light cure. N is 8 for each group. ∆b 
was the difference in b*. 
 

4.2.2. Aging for up to 3 months 

The effect of aging in artificial saliva and air on the color change of resin 

composites was further studied up to 3 months. L*, a* and b* were measured at 1 day, 1 

month and 3 months after light curing. ΔE between different time points and soon after 

light curing were calculated and shown in Figure 9. Except for HyperFIL, the color 

change of all the resin composites tested at all the time points were less than 3 (Figure 9).  
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Figure 9. ΔE of resin composites after aging for 1 day, 1 month and 3 months. N is 8 for 
each group. ∆E was calculated by the CIELab formula. 
 

Since 3 months is the last time point tested in this study, the data at 3 months was 

further statistically analyzed to study the effect of aging on the color change of the resin 

composites. Table 2 (A and B) shows the results of 2 way ANOVA (∆E was calculated 

by the CIELab formula). In both traditional and bulk-fill resin composites, not taking into 

consideration the aging method, significant differences in color change were observed 

between resin composites with additional photoinitiators combined with CQ versus those 

with CQ only (p < 0.05 between CQ only and CQ with additional photoinitiators, Table 
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2A, 2B). Aging method does not affect color change differently in the bulk-fill resin 

composites (Table 2B), though it seems to affect the color change in the traditional resin 

composites after aging for 3 months (Table 2A). However, when ∆E was calculated by 

the CIEDE2000 formula, no significant difference (p>0.05) was observed by 2 way 

ANOVA with factors of photoinitiator or aging method in either regular or bulk-fill resin 

composites.     

Table 2A. 2 way ANOVA on color change of the traditional resin composites at 3 months. 
∆E was calculated by the CIELab formula. 
Source of Variation DF SS MS F P 

photoinitiator (CQ only or CQ+) 1 1.003 1.003 7.557 0.008 

aging (air or artificial saliva) 1 1.013 1.013 7.633 0.008 

photoinitiator x aging 1 0.184 0.184 1.389 0.243 

Residual 60 7.961 0.133   

Total 63 9.984 0.158   

DF: degrees of freedom; SS: sum of the squares; MS: mean square; F: F value; P: P value. 

Table 2B. 2 way ANOVA on color change of the bulk-fill resin composites at 3 months. 
∆E was calculated by the CIELab formula. 
Source of Variation  DF   SS   MS    F    P  

photoinitiator (CQ only or CQ+) 1 10.926 10.926 6.929 0.011 

aging (air or artificial saliva) 1 1.435 1.435 0.91 0.344 

photoinitiator x aging 1 4.906 4.906 3.112 0.083 

Residual 60 94.609 1.577   

Total 63 111.877 1.776   

DF: degrees of freedom; SS: sum of the squares; MS: mean square; F: F value; P: P value. 

In order to study the effect of the brand in more detail, ΔE of all the resin 

composites between soon after light cure and 3 months after light cure, which is the last 

time point tested in this study, are shown in Figure 10 (A and B). One way ANOVA on 
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rank was performed. ΔE calculated by the CIELab formula (Figure 10A) and CIEDE2000 

formula (Figure 10B) show similar patterns. Again the CIEDE2000 formula seems to 

result in smaller values than the CIELab formula. ΔE of the resin composites Heliomolar 

and AELITE, both in air, are as high as that of the BEAUTIFIL-Bulk (denoted as d in 

Figure 10A) by the CIELab method, whereas they both are lower than BEAUTIFIL-Bulk 

by the CIEDE2000 method, indicating the two formula are not just merely scaled values.  

It is hard to tell which aging method (in air or in artificial saliva) affects the color 

of the resin composites more. In most of the cases, if a difference occurs, those in 

artificial saliva show better stability in color (smaller ΔE). Such resin composites include 

SonicFill 2 (by both CIELab and CIEDE2000 methods, Figure 10A, 10B) as well as 

Heliomolar and AELITE (by CIELab method only, Figure 10A). However the dual cure 

bulk-fill resin composite HyperFIL shows the opposite effect with aging method, in 

which those in room air were more stable in color by both CIELab (Figure 10A) and 

CIEDE2000 methods (Figure 10B).   

Unlike the other bulk-fill resin composites that have a greater color change after 

aging with both (BEAUTIFIL-Bulk and HyperFIL) or at least one (SonicFill 2) of the 

aging methods than the traditional resin composites after aging for 3 months, Tetric 

EvoCeram Bulk Fill showed good color stability that is comparable to the traditional 

resin composites. Such an effect is more obvious when the CIEDE2000 equation was 

used to calculate the color change (Figure 10B).  
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Figure 10A. ΔE of resin composites after aging for 3 months. ∆E (delta E) was calculated 
by CIELab formula. N is 8 for each group. Mean and standard deviation (SD) are shown. 
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CHAPTER 5 

Discussion 

5.1. Are non-CQ dental resin composites available commercially? 

As mentioned, generally, non-CQ dental resin composites are not available 

commercially.  Even though resin composites with other photoinitiators have been 

studied and some were shown to be good substitutes for CQ experimentally (38,39), 

currently it appears there are no non-CQ dental resin composites available in the U.S. 

market.  

The fact that most currently available light curing units on the market and in 

dental offices are optimized for curing CQ and may not be as suitable for exciting 

alternative photoinitiators that absorb light at different wavelengths may contribute to the 

dominant use of CQ. Even though many manufacturers are trying to substitute CQ by 

adding additional photoinitiators, the performance of the additional photoinitiator may be 

underestimated due to the use of an inappropriate light that does not provide the correct 

wavelength needed to cure the additional photoinitiators. The halogen light that was used 

in this study provides a broader irradiation spectrum, covering the absorption spectrum of 

both CQ and TPO (40). The first and second generations of light-emitting diode (LED) 

light curing units (single diode) had problems in curing photoinitiators that are sensitive 

to the shorter wavelengths of less than 420 nm of blue light, since they only produce a 

narrow irradiation spectrum with longer wavelengths of light in the 450-470 nm range 

that cover the absorption spectrum of CQ (37). A third generation LED light curing unit 
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(polywave), however, would be able to cure CQ and photoinitiators with an absorption 

spectrum below 430 nm (40).   

Another significant disadvantage of using photoinitiators with a shorter 

wavelength absorption peak is that they cause a lower depth of cure compared to CQ. The 

shorter wavelengths of light are scattered much more than the longer wavelengths of light, 

and as the thickness of the restoration increases, very little of these shorter wavelengths 

penetrate through the resin composites and reach the bottom of the restoration (37). Price 

et al. further suggested that unless they are very translucent, resin composites that use 

predominantly alternative photoinitiators should be cured in small increments, by which 

the bottom of the resin composites could be exposed to more of the shorter wavelength 

(37). Depth of cure was not studied in the current study. 

Considering the factors discussed, it seems reasonable for manufacturers to keep 

CQ as a major component photoinitiator in their resin composites, before a perfect 

photoinitiator is found to totally substitute for CQ in the future. However, as mentioned, 

to reduce the yellowing effect, different approaches have been made on selecting 

additional photoinitiators that can be added into the CQ/amine system to reduce the 

amount of CQ used.  

Trimethylbenzoyl-diphenyl phosphine oxide (TPO) appears to be a very 

successful approach. In the 5 resin composites tested, 4 of them contain TPO (the 

additional photoinitiator used in the other one (HyperFIL) is unknown), and 3 of them 

contain only TPO, besides CQ (Table 1). In contrast to CQ, which has a broad absorption 

spectrum with peak absorption around 468 nm (2,15), the absorption spectrum of TPO is 
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situated more toward the UV spectrum (380-425 nm) (20). TPO does not require the use 

of the co-initiator, and in this way, TPO is more efficient as it reduces the intermediate 

steps required for radical production in the CQ/amine system (41). Excitation of the TPO 

molecule produces two molecules with free radicals that make it more efficient to initiate 

the polymerization process, compared to the CQ/amine system that produces only one 

free radical per molecule (40,41). The greater number of free radicals produced by TPO 

than CQ, however, may contribute to the inferior depth of cure in the resin composites 

containing TPO. At similar concentration, TPO absorbs many more photons than CQ, 

which in turn reduces the penetration of light through the resin composites (41). 

Nevertheless, TPO is considered a photoinitiator with high reactivity and curing 

efficiency (41), since TPO based resin composites have exhibited a higher degree of 

conversion (38,41) and rate of polymerization than those containing CQ with a tertiary 

amine (41).  Regardless of the many advantages of TPO, one of the major concerns with 

this photoinitiator is that TPO based material behaves in a more toxic way than CQ/amine 

based materials (15). TPO reacts more efficiently with cells than CQ/amine (15). 

5.2. Why did the resin composites with CQ+ have greater color change upon 

polymerization?   

In the current study, except the dual cure HyperFIL, resin composites with CQ 

and additional photoinitiators showed greater color change upon polymerization (Figure 5, 

Figure 6). A possible reason for the greater color change in those with CQ+ may be that 

they have a greater degree of conversion. Additional photoinitiators may help to increase 
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the degree of conversion. As mentioned, resin composites with TPO show a greater 

degree of conversion compared to resin composites with CQ alone (38,41).  

On the other hand, additional photoinitiators may also increase the speed of 

polymerization. As mentioned, TPO increases the rate of polymerization (41). Whether or 

not such a change in polymerization rate affects the polymerization shrinkage stress 

remains controversial (2), but the increased polymerization rate caused by additional 

photoinitiators could affect color change upon polymerization due to difference in the 

degree of conversion at the various measurement points in this study. The color change 

after polymerization shown in Figure 1 and Figure 2 was measured soon after light curing 

(within 10 seconds). The color change at 1 hour after light cure was greater than it was at 

2 hours through 6 hours (Figure 8A).  The relative greater color change in the first hour 

may reflect the ongoing polymerization process.  

The exact concentration of the total photoinitiator in the different resin 

composites remains unknown. Although greater color changes were found in the resin 

composites with additional photoinitiator in this study (Figure 5, Figure 6), it is possible 

that resin composites showing greater color change include a greater concentration of 

photoinitiators, which might increase polymerization rate and therefore increase the 

degree of conversion soon after light cure. Concentration of the photoinitiators is critical. 

A good photoinitiator should have high absorption at low concentration (42). When the 

CQ concentration exceeds the critical level, the unreacted molecules will return to the 

ground state and result in yellow discoloration (43). This may further attenuate the light 

and result in reduced depth of cure (43). Very high TPO concentration will not increase 
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the degree of conversion, since TPO of less than 1 wt% already results in a maximal 

degree of conversion (15). However, when the concentration of photoinitiator is too low, 

the optimized rate of polymerization that results in optimal properties may not be able to 

be achieved. In the case additional photoinitiator is included in the resin composites, the 

ration of the amount of additional photoinitiator to CQ is important as well (37). It is not 

possible to know the concentration of the photoinitiators and their ratios used in the 

commercial resin composites because the information is considered to be proprietary. 

Experimental studies that control the concentrations of individual photoinitiator and their 

ratios are more definitive in ruling out the exact influence of the different photoinitiator 

system.  

As mentioned, CQ requires the use of an amine as co-initiator. The rate of 

polymerization and degree of conversion increases as the concentration of coinitiators 

increases (10). In general, higher amine content leads to improved polymer properties, 

but it is also correlated with higher color change (21). The different co-initiator formula 

used could also contribute to the difference in color change. Additional photoinitiators 

such as TPO may also react with the co-initiator of the CQ system and therefore speed up 

the polymerization process. 

Variables in the chemical composition of resin composites beside photoinitiator 

such as the types and concentrations of resin monomers and fillers may also affect color 

changes during polymerization, since degree of conversion can be affected by them. For 

instance, even though Tetric EvoCeram, which is a CQ+, is significantly different in 

color change from the CQ only resin composites Heliomolar, it had a smaller color 
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change compared to the other two regular CQ+ resin composites, AELITE and Vit-l-

essence (Figure 5A, Figure 5B). According to the manufacturers, unlike AELITE and 

Vit-l-essence, Tetric EvoCeram does not contain any TEGDMA. This may contribute to 

its relatively smaller color change due to a lesser degree of conversion.  

Kim and Lee stated that light curing causes a characteristic chromatic shift toward 

the blue region of color space in resin composites away from yellow (27). The results 

from the current study are in accord with this claim. In the current study, all the resin 

composites tested became less yellow after polymerization (Figure 7C). These results 

suggest that it would be beneficial to choose an initial color that is more yellow in color 

than the desired final color. Such a suggestion is consistent with a previous report (44). 

Alternatively, shade selection could be made using already polymerized resin composites 

color tab examples.  

5.3. Color changes upon aging 

 Results showed a difference in color change upon aging between resin composites 

with CQ only and CQ combined with additional photoinitiators, when ∆E was calculated 

by the CIELab formula (Table 2). However such results cannot be repeated when ∆E was 

calculated by CIEDE2000 formula. Despite the confliction by different ∆E calculation 

methods, color changes in all resin composites tested except the dual cure bulk-fill resin 

composites HyperFIL are less than the level that can be considered as clinically 

perceptible (Figure 9, Figure 10). This result is consistent with previous studies (33). 

With regard to the clinical perceptibility in dentistry, in general a ΔE calculated by 

CIELab formula of less than 3.3 is considered perceptible clinically for a tooth color 
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restoration (45). Few studies address perceptibility calculated by the CIEDE2000 formula. 

ΔE of less than 1.30 was considered clinically perceptible in some studies (46, 47). The 

difference in color due to aging between air and artificial saliva is not clinically 

significant. The internal color change of the resin matrix is suggested to be a reason for 

the discoloration of resin composites upon aging (33). 

5.4. Color changes of the bulk-fill resin composites 

Many dentists have shown a preference in using bulk-fill resin composites to save 

time (24). Bulk-fill resin composites are designed to be filled and cured in 4 mm 

thickness increments in a single step, and therefore it saves time by skipping the time-

consuming layering process (24). Most of the currently available bulk-fill resin 

composites have low hardness and elastic moduli, and therefore require a surface cap 

layer to overcome the low wear resistance. The three bulk-fill resin composites tested in 

this study were chosen because their manufacturers claim that they do not need to be 

covered with an outer layer of regular resin composites, because their elastic modulus and 

hardness are higher than the other bulk-fill resin composites (24). Thus, the color stability 

of these bulk-fill resin composites is an important issue with regard to their esthetic 

properties when used clinically. 

Tetric EvoCeram Bulk Fill contains CQ, Lucirin-TPO and a newly synthesized 

Germanium based photoinitiator Ivocerin®. The absorption peak of this photoinitiator is 

around 418 nm (48). In this study, Tetric EvoCeram Bulk Fill showed a large color 

change after light curing (Figure 6); this may reflect its great polymerization rate and 
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degree of conversion. On the other hand, Tetric EvoCeram Bulk Fill showed better color 

stability than the other bulk-fill resin composites tested after aging (Figure 10).   

HyperFIL behaved differently from all the other bulk-fill resin composites. It 

showed a small color change upon polymerization (Figure 6) but a large color change 

upon aging (Figure 10). HyperFIL is a dual cure resin composite. At the time that light 

was applied, the polymerization process had already started, since in order to produce 

smooth surfaces, a 5 kg weight was applied and kept on all the samples for three minutes 

before light curing, and in the case of HyperFIL, after mixing. The color change upon 

polymerization in the current study was actually reflecting the color change upon light 

curing after three minutes of chemical cure. This explains the small value of ΔE shown in 

Figure 6A and Figure 6B.  However, HyperFIL also showed a great color change after 

aging, which is around 3 by the CIEDE2000 calculation (Figure 10B) and over 4 by the 

CIELab calculation (Figure 10A). In both methods, it is considered as clinically 

perceptible. Post-irradiation polymerization has been assumed to happen in cured resin 

composites as observed by a change in hardness over a period of time, which could be on 

the scale of minutes to months (38). This theory may explain the great color change in 

HyperFIL upon aging. This dual cure resin composite may experience a longer post-

irradiation polymerization. 

5.5. Color measurement and ΔE calculation 

Change in light scattering and absorption properties, like light reflectivity and 

translucency, may affect the color measurement (21).  In this study, the color 

measurement was based on reflective light. Translucency was not considered. Some 
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manufacturers believe the high translucency of resin composites will result in higher 

depth of cure (24). A study by Kim et al. determined translucency parameter values of a 

few commercial resin composites, including SonicFill 2, Tetric EvoCeram Bulk Fill and 

Tetric EvoCeram, by calculation of the color difference between readings over black and 

white backgrounds for the same sample using the CIELab formula (24). They found that 

Tetric EvoCeram Bulk Fill had the highest translucency parameter, followed by SonicFill 

2 and then Tetric EvoCeram. The finding in this study is in agreement with their findings. 

The color change upon polymerization (Figure 5, Figure 6) on these three resin 

composites (Tetric EvoCeram Bulk Fill > SonicFill 2 > Tetric EvoCeram) may be caused 

by the difference in depth of cure that positively related with the translucency property of 

the resin composites.  

  Using CIEDE2000 and CIELab equations, the color change was calculated and 

the values were comparable, although the CIEDE2000 values were always smaller. The 

CIELab formula is more known and accepted in the field of dentistry. In addition to color 

change (ΔE), CIELab calculations also provide ΔL*, Δa* and Δb* values, which indicate 

more detailed information on the lightness/darkness, changes toward red/green and 

yellow/blue, respectively. Therefore, using CIELab not only provided more information 

on color properties, but also made comparison with many other studies possible. 

However, the newly developed CIEDE2000 formula is getting more and more attention. 

This formula corrects the nonuniformity of the CIELab color space, especially for small 

color differences (47). Despite the equation being more complicated, the CIEDE2000 

formula has been shown to provide a better fit for evaluating the color difference for 

dental ceramics (47,49) and reflects the color difference of resin composites better than 
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CIELab formula (46). Therefore it is rational to expect CIEDE2000 to be used more 

extensively in dentistry in the future. Thus, having the color change calculated by the 

CIEDE2000 formula will be beneficial for future studies.   
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CHAPTER 6 

Conclusion 

Color change upon polymerization and aging in air and artificial saliva was tested 

on eight commercial resin composites with either CQ only or CQ and additional 

photoinitiators.  

Resin composites with additional photoinitiator(s) beside CQ showed greater 

color change upon polymerization, not taking into consideration the dual cure resin 

composite HyperFIL, whose curing process included a 3 minute gap between the start of 

light and chemical cure under the current experimental condition.  

Color change with aging tended to be greatest within the first hour after light 

curing, but was not considered clinically perceptible on any resin composites tested 

except HyperFIL. Tetric EvoCeram Bulk Fill showed good color stability that is 

comparable to the traditional resin composites upon aging.  
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