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Abstract
Objectives
This study aimed to quantify light attenuation through varying tooth thicknesses and its impact on the depth of cure of composite resin.

Methods
Twenty extracted premolars were used to create enamel-dentin discs that were sanded progressively in 0.5 mm increments from 2.5 mm to 0.5 mm. Light irradiance was measured with and without tooth specimens to evaluate light transmittance. Resin was cured beneath different thicknesses, and the depth of cure was assessed using the Vickers hardness test.

Results
The results demonstrated that light transmittance significantly decreased as tooth thickness increased (p < 0.01), leading to reduced resin polymerization. In the 2.0-mm and 2.5-mm tooth thickness groups, the depth of cure was significantly lower than in the control group without tooth specimens (p < 0.05).

Conclusions
Ultimately, for tooth structures exceeding 2 mm, self-cure or dual-cure resin polymerization is thought to be more efficient than light polymerization.
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INTRODUCTION
When using light-cured composite resins as restorative materials in clinical practice, it is impossible for the light from the curing unit to be directed perpendicularly to all areas of the resin. It is very difficult for light to reach the deepest parts of the cavity, the axio-pulpal line angle in the proximal box, and deep undercut areas [1,2]. To achieve optimal polymerization, manufacturers recommend light curing not only from the occlusal surface but also from the buccal and lingual sides [2]. Additionally, in cases where tooth fragments are reattached due to crown fractures, the light-cured composite resin injected into the tooth cannot be directly exposed to light; instead, the light must pass through the tooth structure to reach the composite. In such circumstances, the general light-curing process without increased curing time or light irradiance may result in insufficient polymerization of the resin [3].
Although some previous studies [4,5] have measured light attenuation regarding the distance from the light-curing unit (LCU) and the intensity of light transmitted through resin or ceramic restorations, few studies have examined light transmittance through an actual tooth structure and the properties of that polymerized composite resin. Additionally, no experiments have controlled for light leakage while the LCU is in operation. Results from previous studies have indicated that, compared to light curing in the air, there is a significant decrease in light irradiance and depth of cure of resin when light is transmitted through a tooth structure. One study [2] reported about a 98% decrease in light transmission at a tooth thickness of 5.0 mm, while other studies [6,7] using enamel and dentin filters have reported a high light attenuation of about 80% or more, depending on thickness, which led to inferior resin properties. Therefore, in this study, actual teeth were used, and a specially designed mold was used to gather the light from a specific spot on the LCU, creating a more precise light transmission circumstance. Unpolymerized residual resin monomers are known to dissolve in the oral cavity and possess tissue toxicity [8–10]. Additionally, they reduce the structural stability of the composite, consequently decreasing its mechanical properties and durability, leading to a poor long-term prognosis for the restoration [11–13]. The depth of cure of resin can be defined as the thickness at the point where the microhardness of the polymerized resin reaches 80% of the top surface hardness [14–16]. The depth of cure calculated with microhardness values can be used as an indirect indicator of conversion degree and the mechanical properties of the resin.
The purpose of this study is to quantify the intensity of the curing light attenuated by the thickness of the tooth structure, compare the differences in light transmittance, and measure the microhardness of the resin polymerized beneath the tooth structure to determine the depth of cure of the resin. The null hypothesis of this study is that “there will be no difference in light transmittance and depth of cure depending on the thickness of the tooth structure.”

METHODS
Materials
For the study, commercially available composite resin (Filtek Supreme Flowable Restorative; 3M Oral Care, St. Paul, MN, USA) and an LCU (B&Lite S; B&L Biotech Co., Daejeon, Korea) were used. Only the A3 shade of the composite resin was used. Tooth specimens were recently extracted from maxillary and mandibular premolars of patients aged 18 to 30 years undergoing orthodontic treatment. Teeth with caries, fractures, or resorption defects were excluded, and only teeth with intact pulp chambers and no calcification or abnormal change were used. To quantitatively analyze the reduction in light transmittance through the tooth structure, a radiometer (LM-300 Curing Light Meter; TPC Dental, Walnut, CA, USA) was used. The microhardness of the resin polymerized beneath the tooth structure was measured using a Vickers hardness tester (HM-124; Mitutoyo, Kawasaki, Japan).


Methods
Preparation of tooth specimens
This study received approval from the Institutional Review Board of Jeonbuk National University Hospital (CUH 2024-03-036-003) to use human teeth. Twenty extracted maxillary and mandibular premolars without caries or restorations were used for the experiment. All teeth were sectioned at the cementoenamel junction using a microsaw (Isomet, low speed; Buehler, Lake Bluff, IL, USA). Next, the cusps of the occlusal surfaces were flattened using a diamond bur, and then 10 circular specimens with a diameter of 6 mm and a height of 2.5 mm were prepared. For each test group, the specimens were polished sequentially from the bottom using 600-grit wet sandpaper to create specimens with thicknesses of 2.0, 1.5, 1.0, and 0.5 mm (Figure 1). Another 10 specimens with a diameter of 4 mm were prepared using the same process.
[image: Figure 1.]
Figure 1. (A) Tooth sample preparation. (B) An enamel-dentin disc with different thicknesses. CEJ, cementoenamel junction.


Resin specimen preparation
Following the standard suggested by the International Organization for Standardization (ISO), a metal split mold with a diameter of 4 mm and a height of 6 mm was used. After applying a mold release agent, composite resin was injected into the mold. A mylar strip was then placed on top to flatten the surface, followed by a custom mold that placed the tooth specimen above the resin. This was followed by 20 seconds of light curing (Figure 2). The manufacturer of the composite resin used in this experiment recommends light exposure at 550–1,000 mW/cm² for 20 seconds for a 2-mm thickness. This process was uniformly conducted across all five groups (0.5/1.0/1.5/2.0/2.5 mm) by adjusting the mold according to the thickness of the tooth specimen, and 10 resin specimens were prepared for each group. After curing, the composite resin was removed from the split mold, and the uncured resin at the bottom surface was scraped off with a metal instrument. The specimens were stored in distilled water at 37°C in a dark environment for 24 hours and kept in a light-proof container at room temperature to prevent additional polymerization by ambient light until further measurements. For the control group, 10 resin specimens were prepared following the same procedure but without a tooth specimen during the curing process.
[image: Figure 2.]
Figure 2. Light curing of composite resin through the tooth structure.


Measurement of light irradiance
Ten teeth with a diameter of 6 mm and specially designed molds of varying heights were used. For the control group corresponding to each tooth thickness, the mold and LCU were positioned on a radiometer without a tooth, and the irradiance was measured at a fixed distance (0.5/1.0/1.5/2.0/2.5 mm) corresponding to the thickness of the tooth used. The control was irradiated at 0.5 mm. Next, after placing the prepared tooth, the measurement was repeated in the same manner for each group (Figure 3). The average value and standard deviation were calculated, and the reduction in irradiance according to tooth thickness was compared and analyzed against the initial values. Ten tooth specimens were used for the measurements in each group, and the light irradiance of the curing unit was periodically checked to ensure consistent output throughout the experiment. Prior to each measurement, the light-curing unit’s irradiance was verified using a radiometer to ensure consistent output across all specimens.
[image: Figure 3.]
Figure 3. Measurement of the light irradiance of the light-curing unit through a tooth structure.


Measurement of resin microhardness and depth of cure
The microhardness (Vickers hardness number, VHN) of resin specimens prepared for each group (n = 10) was measured using a Vickers hardness tester (HM-124) (Figure 4). The hardness value of the surface closest to the LCU (ie, “upper surface”) was measured first. The lower, less-cured resin (ie, “lower surface”) was sequentially polished in 0.1-mm increments. After each polishing step, the hardness values were recorded and compared to those of the upper surface. To minimize measurement error, the indenter was applied to the center of the specimen. A load of 200 g was applied for 20 seconds during the hardness measurement, corresponding to a force of 1.961 N. The VHN value was automatically calculated by the tester using the following formula:
[image: Figure 4.]
Figure 4. Vickers hardness indentation of upper (A) and lower surfaces (B).


VHN=0.1022Fsinα2d2=0.1891×Fd2 ,

where F is the applied load (N), α is the angle of the indenter tip (136°), and d is the mean diagonal length of the indentation (mm).
The point at which the hardness value reached 80% or more of the upper surface hardness was defined as the depth of cure of the resin. For the control group, resin specimens were cured at a 0.5 mm distance in the absence of a tooth. A total of 60 specimens (10 per group) were used to calculate the average value and standard deviation of surface hardness.

Measurement of dentin area ratio
Randomly selected tooth specimens used in the experiment were bisected vertically, and the surface was observed using scanning electron microscopy (SEM; SU8230, Hitachi, Tokyo, Japan). SEM image analysis was conducted on teeth with the same diameter as in the light transmittance experiment, measuring the area ratio of dentin at different heights. The acquired image was processed using ImageJ (ver. 1.53s, National Institutes of Health, Bethesda, MD, USA) to identify the enamel and dentin areas, and the ratio was calculated through pixel analysis. After converting the image, the enamel portion was selectively isolated, and the dentin area ratio was calculated (Figure 5).
[image: Figure 5.]
Figure 5. Scanning electron microscopic image of a bisected tooth specimen with a marked boundary to measure the dentin ratio. E, enamel; D, dentin.


Data Analysis
Measured data were analyzed using a statistical analysis program (IBM SPSS version 19.0; IBM Corp, Armonk, NY, USA). One-way analyses of variance and Tukey post hoc tests were conducted to examine the effect of tooth thickness on light transmittance. The Kruskal-Wallis test was employed to determine the statistical significance of the depth of cure of the resin, based on tooth thickness, between the control and experimental groups. Statistical significance was defined as p < 0.01 for light transmittance and p < 0.05 for depth of cure.


RESULTS
Figure 6 shows the mean and standard deviation of irradiance values measured in the absence of a tooth for the control group and through tooth structures of various thicknesses for the other experimental groups. Transmitted light irradiance significantly decreased as tooth thickness increased (p < 0.01). Among the experimental groups, the highest mean irradiance was observed in the 0.5-mm tooth group (530 mW/cm²), while the lowest was in the 2.5-mm group (220 mW/cm²). The reduction rates in irradiance were 21.8% for the 0.5-mm group, 32.8% for the 1.0-mm group, 40.1% for the 1.5-mm group, 54.4% for the 2.0-mm group, and 61.7% for the 2.5-mm group.
[image: Figure 6.]
Figure 6. Light transmittance by tooth thickness. The control group indicates light irradiance at 0.5 mm from the light-curing unit without a tooth specimen. Values with different lowercase letters are significantly different (p < 0.01).

Figure 7 presents the VHN values of the upper surface of the cured resin for each group, as well as the hardness values at the point where the value reached 80% or more of the upper surface hardness. The hardness values of both the upper and lower surfaces were highest in the control group. The VHN values for the upper surface of the resin were relatively low in the 2.0-mm group (37.8) and the 2.5-mm group (34.1) compared to other groups. Except for these two groups, the hardness values in all other groups were greater than 40. Both the upper and lower hardness values were lower than those of the control when the light passed through the tooth, and hardness decreased as the thickness of the tooth increased.
[image: Figure 7.]
Figure 7. Mean microhardness values (Vickers hardness number) of the upper surface (A) and lower surface (B) of the composite resin samples. The control group indicates microhardness at 0.5 mm from the light-curing unit without a tooth specimen.

Table 1 shows the depth of cure of the resin based on the measured hardness values. The depth of cure was significantly higher in the control group (p < 0.05) and decreased with increasing tooth thickness. The 2.0-mm and 2.5-mm tooth groups showed a significant difference in depth of cure compared to the control group, but the difference between these two groups was not significant (p = 0.241).
Table 1. Depth of cure of flowable composite based on microhardness under various tooth thicknesses
	Tooth thickness (mm)	Depth of cure (mm)	Decrease rate (%)
	Control	3.33 ± 0.10A	
	0.5	2.62 ± 0.07AB	21.3
	1.0	2.22 ± 0.06BC	34.2
	1.5	2.08 ± 0.06C	41.1
	2.0	1.26 ± 0.08D	62.1
	2.5	1.09 ± 0.03D	67.2


Values are presented as mean ± standard deviation unless otherwise specified.Values with different uppercase superscript letters indicate statistically significant difference (p < 0.05).


Figure 8 presents a graph of the ratio of resin depth of cure and irradiance in the experimental groups compared to the control group. As the thickness of the tooth increased, the depth of cure and light irradiance consistently decreased, and the two values showed similar patterns of reduction. In the 2.0-mm and 2.5-mm tooth groups, both values were less than 50%.
[image: Figure 8.]
Figure 8. Ratio of depth of cure and light irradiance to those of the control group. Control group indicates the depth of cure and light irradiance measured at 0.5 mm from the light curing unit without a tooth specimen.

The dentin area ratio varied by the thickness of the tooth and showed a significant decrease to the occlusal surface (Table 2). It can be inferred that the greater the proportion of dentin in the tooth specimen, the greater is the reduction in light transmittance (Figure 5).
Table 2. Ratio of dentin according to tooth thickness when light is transmitted
	Tooth thickness (mm)	Dentin ratio of tooth specimen (%)
	0.5	3.5
	1.0	22.5
	1.5	43.4
	2.0	56.8
	2.5	64.5




DISCUSSION
Composite resin has become an indispensable material in modern restorative dentistry. Based on the polymerization mechanism, composite resins are categorized into self-cured, light-cured, or dual-cured types, with light-cured resins being used for most direct restorations. This resin is typically polymerized using blue light in the 450 to 500 nm wavelength range. When exposed to such light, the primary photoinitiator, camphorquinone, breaks down and generates free radicals, which initiate the opening of the double bonds in resin monomers. This process rapidly triggers chain growth, leading to the formation of polymer molecules. However, if the resin is not exposed to sufficient light energy, incomplete conversion of monomers occurs, resulting in inadequate polymerization. This insufficient polymerization compromises the material’s physical properties and can lead to increased fracture rates, wear, secondary caries, and ultimately early failure of the restoration. Appropriate polymerization is crucial for the longevity and success of restoration.
In this study, we observed a significant reduction in light irradiance when transmitted through the tooth structure, which consequently led to a reduction in the depth of cure of resin. The reduction rate increased as the thickness of the tooth structure increased, and the null hypothesis was rejected. There has been very little research on light transmittance and the properties of resin polymerized under varying tooth thicknesses. To the best of our knowledge, this is the first study to control light leakage from a curing unit. Also, to minimize variability, all extracted teeth were premolars with intact crowns, free of caries or restorations. The enamel-dentin discs were prepared using standardized procedures to maintain consistent thickness.
In Figure 6, as the thickness of the tooth increases, there is a significant reduction in light irradiance. Specifically, in the 0.5-mm tooth thickness group, irradiance decreased by about 21.8% and 59.9% at 1.5 mm and by 61.7% at 2.5 mm. In a previous study [2] using tooth structures with thicknesses ranging from 1.5 mm to 5.0 mm, the irradiance was reduced by about 71% at 1.5 mm and by about 98% at 5.0 mm. The reduction in light irradiance based on the thickness of the tooth structure was greater in previous studies compared to this study. This difference might be attributed to the lack of control of light leakage in previous studies during curing and measurement of irradiance at 0 mm as a fixed reference point. Generally, at least 300–400 mW/cm² of irradiance is required for adequate light curing [17]. In the tooth groups with a thickness of 2.0 mm and 2.5 mm, the transmitted irradiance did not reach 300 mW/cm², suggesting that standard light-curing time may not be sufficient to achieve adequate resin polymerization.
Flowable composite resin was selected for this experiment due to its higher translucency and ease of handling in thin layers, making it suitable for evaluating light transmittance and depth of cure in constrained geometries. Depending on the type and translucency of composite resin, the recommended curing conditions vary. However, manufacturers generally suggest 20 seconds of exposure to 500–800 mW/cm² of light when polymerizing a light-cured composite at 2 mm. The curing light used in this experiment was an LED type, with an 800 mW/cm² minimum output suggested by the manufacturer.
The depth of cure of the resin also showed considerable differences depending on the thickness of the tooth structure, except for the 2.0-mm and 2.5-mm tooth groups. The average depth of cure in the control group was 3.33 ± 0.1 mm, which significantly decreased to 1.09 ± 0.03 mm as the thickness increased to 2.5 mm (Table 1). Previous studies [2,4,5] reported that the reduction in depth of cure was not as significant as the decrease in light transmittance. However, in the present study, the reductions in light transmittance and depth of cure based on tooth thickness were similar (Figure 8). This may be because the cure depth was determined by measuring the microhardness of the resin surface without using the conventional ISO scraping method. ISO introduced a method for measuring the depth of cure of resin by scraping off the uncured resin beneath, but several studies have noted that the ISO 4049 method overestimates the actual depth of cure [18]. Therefore, some authors suggest that the depth of cure be defined by comparing the hardness values of the top and bottom rather than simply scraping off the uncured resin [19,20]. Indeed, in the present experiment, the depth of cure measured after scraping off the uncured resin from all groups was higher than that based on hardness.
There are numerous studies [14,21,22] regarding the quality and properties of the polymerization of light-cured resin. The degree of conversion, which refers to the ratio of monomer conversion to composite material, is important in determining the mechanical, physical, and biological properties of a restoration. The microhardness of the resin surface is generally used as an indicator of the material’s resistance to plastic deformation, wear, and attrition [23,24]. Furthermore, microhardness increases with the degree of cross-linking in the polymerization reaction, which indirectly represents the degree of conversion [25,26]. The depth of cure of resin is closely related to the quality and physical properties of the polymerization, and many methods have been introduced to assess this variable, including measuring the thickness of the portion remaining after removing the uncured lower part, measuring the hardness of the upper and lower sections and calculating the ratio, and using an optical microscope to visually identify the uncured boundary [20,27]. Regarding hardness, the point at which the ratio between the upper and lower sections reaches 0.8 to 0.85 is generally considered the point of cure [14,16,28].
Though there is no consensus on the optimal hardness, the values of commercially available light-cured composite resins range from 30 to 100 [29,30]. Some authors suggest that the hardness of a clinical composite resin should be at least 40 [29,31]. In the present study, the average hardness value of the resin's upper surface in the 2.0-mm and 2.5-mm tooth groups did not reach 40 (Table 1, Figure 7A). This indicates that a significant reduction in light transmittance at a tooth thickness exceeding 2.0 mm might prevent sufficient resin polymerization in clinical settings. For instance, when reattaching a fractured tooth fragment through resin injection, polymerization must occur using light transmitted through the tooth structure, and additional curing time may be required to overcome the thickness of the outer tooth structure. In such cases, extending the curing time beyond the standard duration could help increase the mechanical properties.
Previous studies [7,32] have shown that applying an additional curing time 1.5 to 4 times longer than the standard can reduce residual monomer levels and elution. As the depth of cure of resin varies depending on the shade, translucency, and type of resin, there may be limitations in the results of this study, which used a single shade of light-cured resin [5,33]. Further research incorporating different composite resin shades and material properties would be beneficial in providing a more comprehensive understanding of the clinical implications.

CONCLUSIONS
This study showed that the transmitted light intensity and the curing depth decreased as the thickness of the tooth structure increased. This was especially noticeable when the tooth thickness exceeded 2.0 mm, at which point the cured resin did not achieve clinically sufficient hardness, indicating that the resin polymerization was insufficient. Ultimately, for tooth structures exceeding 2 mm, self-cure or dual-cure resin polymerization is thought to be more efficient than light polymerization. In conclusion, clinicians may need to consider that for tooth structures greater than 2 mm in thickness, self-cure or dual-cure resin polymerization may be more effective than light curing.
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