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The Use of Objective Digital Matching to Achieve Aesthetic Composite Restoration
· Objectives: To investigate the ability to match composite restorations to teeth using digital imaging and CIELAB colour difference.  Methods: Ten extracted human central incisors were used.  Eleven discs of composite of differing shades (Spectrum, Dentsply, Weybridge, Surrey) were produced and mounted on white cardboard to produce a customised shade guide (CSG).  The CSG was photographed next to each of the ten teeth in a phantom head using a digital SLR camera.  The images were analysed and colour differences ((E) between the teeth and the shade discs were calculated using CIE L* a* b* values.  Three cavities were then drilled into the labial surface of each tooth. Composite shades with the lowest three ΔE values, were then used to restore the cavities.  Ten observers evaluated the teeth under a standard D65 light source and recorded the best match.  Results: The majority of the observers selected the lowest ΔE in 6 out of the 10 teeth and in a further 2 out of 10 teeth the second lowest ΔE was chosen. Conclusion: The lowest ΔE selected by objective colour matching was agreed as best match by observers.  The high correlation between digital and visual colour matching confirms the ability of digital camera and image analysis software to detect colour difference. 

Introduction

Colour matching may be a cause for concern amongst dentists.  The fact that some clinicians find this important procedure more difficult than others, is more likely to be related to the physiology of their eyes rather than their clinical competence.  Age for example, is detrimental to colour matching abilities as the cornea and the lens of the eye become yellowed with age causing a yellow brown bias and making differentiation between white and yellow increasingly difficult1. It is well known that some people are, ‘so-called’, colour deficient2, however these people lie at an extreme end of the normal differences between human beings in terms of colour perception 3, 4, 5. 
This problem is complicated by a number of other factors, including illumination of the surgery and the variation in daylight during surgery hours 6,7. Most shade guides do not match the natural tooth colour.  The shades on some colour tabs are so close to each other in colour space that the differences are difficult to distinguish with the naked eye8.  Very often, the colour tab in a shade guide, do not cover the shades of individual teeth9.  
The problem is further complicated because the shade of materials such as composites, can vary between production batches10  In addition, most manufacturers of composite systems, base their shade on the Vita shade guide that is made of porcelain and therefore has a different surface reflectance to composite11,12.

There are a number of systems to define colour.  The Munsell colour system is a visual based colour system, which describes colour using three descriptors.  The values represent lightness; chroma which is colour intensity; and hue which is different colour groups (i.e. red, green, yellow etc.).  The Munsell system represents colour space in a cylindrical coordinates format.  This is mathematically difficult to handle when compared to the Cartesian coordinate format of the CIE L*a*b* system.  CIE L*a*b* is a widely used system, which describes colour in terms of its relative position in a three dimensional colour space, where the three axes are lightness (L*), green-red (a*) and blue-yellow (b*) 13.  
Spectrophotometers or colorimeters are often used to measure these values.  Although these instruments have industrial applications, they require relatively large measurement areas and are not suitable for use in the mouth14.  More recently shade matching instruments have been manufactured for dental use15.  These analyse the colour of teeth and “suggest”  the most appropriate shade. A disadvantage of these systems is that they are all based on standard shades, whereas individual materials can vary in shade between manufactures and even batches10, 16  
Digital image analysis has been used for colour measurements and matching with high correlation to spectrophotometers17,18,19,20,21. This paper describes and evaluates a novel method of using computer analysis of digital photographs as an aid to shade matching.  The aims of this study were; first to correlate the CIE LAB values of the spectrophotometer and digital camera for Munsell chips.  Secondly, to evaluate the use Objective Digital Matching (ODM: digital imaging and customised shade guide) to produce an acceptable colour match, when used to restore human maxillary central incisors with composite restorations.  
Material and Methods

This study was comprised of three parts.  The first part was to validate the technique of acquiring CIE L*a*b* data from digital images, by comparing them to the CIE L*a*b* values of nine standard Munsell colour chips.  In the second part, a technique was developed to acquire colour data from a customised composite shade guide and a target tooth.  The third part used the previous method to select the three closest composite shades to restore three small cavities in a pre-prepared tooth.  The resulting restorations were assessed for colour match by 10 observers. 

Munsell Colour Chips Correlation

Munsell colour chips have specific shades and are supplied with their reference colour CIE values (L*,a*,b*). The chips selected for this study were N9.5, N9, N8.5, N8, 10YR 9/0.5, 10YR 9/2, 10YR 8.5/1.5, 10YR 8/2.5 and 2.5Y 9/2.  These chips have colour values close to the natural tooth colour space as identified by Goodkind and Schwabacher22.  
An image of the nine Munsell chips was taken on a bench with a digital SLR camera (Fuji S1 pro digital camera, FujiFilm, Japan) using a 105mm macro lens (Sigma 105 EX Macro, Sigma, Japan) and a ring flash (SB-21B Ring Flash, Nikon, Japan).  The SLR camera was set on manual mode (M) program, which allowed complete control of the shutter speed, and aperture size. The shutter speed was set at 1/125 sec with an aperture of F22.  The “white balance” was on “custom setting” and the camera was set at “normal sharpness” and “standard image adjustment”, with an “ISO 350 sensitivity” mode and a lens macro ratio of 3:1.  The camera was mounted on a tripod.  
The sRGB colour values of the Munsell chips were obtained from the digital image using SigmaScan( Pro image analysis software (Systat Software Inc. San Jonse, USA).  This data was then converted to CIEXYZ23 and then to L*, a* and b* colour values using standard formulae 23. The overall colour value (E*) was calculated using the formula24: 
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Statically Analysis:
The colour values (E*) of the Munsell chips obtained using the digital imaging were correlated with E* data calculated from the CIE L*a*b* values supplied by the manufacturer using Pearson correlation in the SPSS statistical package (Version. 12, SPSS Inc, USA).

Digital Matching 

Digital Images of Teeth with CSG

A single brand of composite (Spectrum, Dentsply, Weybridge, Surrey) was used in this study.  A customised shade guide (CSG) for the composite was produced by preparing discs of the individual composite shades (7mm diameter x 3mm thick) using a Teflon mould.  The composite was cured from both sides using LED composite light cure (SmartLite PS, Dentsply, Weybridge, Surrey), with 950mW/cm2 output.  They were then polished using Sof-Lex discs (3M ESPE, USA) on a mandrel bur using a low speed handpiece according to manufacturer instructions. 

The discs were then mounted on a small strip of white cardboard. Subsequently the CSG was photographed next to each of the 10 extracted central incisors placed in a phantom head.  The images were taken with the SLR digital camera using the same settings as described previously.  This produced 10 digital images each showing one tooth and the CSG.  
Colour Measurements and Objective Digital Matching

On the digital image, the L*, a* and b* values for a 4 mm diameter area from the middle third of the tooth and each of the shades on the CSG (towards the centre of the disc) were measured using SigmaScan( Pro software.  The image analysis software allows selection of a standard sized area and the calibration for distance allows the use of reference point to ensure consistent measurements. The computer calculated the colour difference ((E) between the teeth and each shade disc using the formula  
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Tooth Preparation for Composite Restorations and Subsequent Shade Matching: 

Three cavities were drilled into the labial surface of each tooth (1.5mm width x 2mm depth) using a diamond bur in a high speed handpiece.  The cavities were then restored with the composite shades that had the lowest ΔE* obtained from the digital images (Figure 1).  The composites were finished with Sof-Lex discs and composite polishing paste (Prisma gloss and Prisma Gloss extrafine, Dentsply Caulk, USA) 

Observer Evaluation

Ten observers evaluated the teeth on a bench with a neutral grey background (50% grey) under a standard D65 matching light (100fc) (Sol-Source, GretagMacbeth Ltd, Preston Brook, UK), as recommended by previous authors24, 25.  The light source was set up at a constant distance according to the manufacturer’s recommendations. Five observers were senior dental technicians with an average experience of 10 years. The remaining five observers were specialist restorative dentists with an average experience of 15 years. The selection of observers is in line with McMaugh, which shows that ceramic technicians and specialist dental practitioners perform better in colour matching using shade tabs26. The observers were screened for colour-defective vision using Ishihara colour blindness test27. The observers evaluated the colour match of the three composite fillings in each tooth (10 teeth) and recorded the best match and acceptability of the best match.

Technique Repeatability under Different Conditions
To determine the repeatability of the described method (see above), five composite discs (shades A1, A3.5, B2, B4, C4) were digitally photographed next to the CSG in the phantom head using 5 different camera settings, flash settings, distances and lighting conditions (Table 1).  The images (n= 25) were then evaluated using the image analysis software (SigmaScan® Pro) and the CIE L*a*b* colour difference was calculated between the discs and the CSG composite tabs to obtain the lowest three ΔE for each image. 
Statistical Analysis:

The binomial probabilities were used to test the null hypothesis that the best match expected frequency equals to 33.33 out of 100.
Results

Munsell Chip Correlation 

The CIE E* data of the Munsell chips calculated from the digital image and the spectrophotometer data were correlated using Pearson correlation. There was a statistically significant correlation r= 0.97 (p<0.01) (Figure 2).

Observers Visual Match 

In six out of ten teeth, the observers rated the composite with lowest (E as the best colour match. For two other teeth it was the composite with second lowest (E. All observes rated their choice of restoration as acceptable (Table 2).   

Statistical test:
For the best match (composite filling with lowest (E), there were 42 selections, while the null hypothesis leads to an expectation of 33.33.  The binomial probability of more than or equal 42 out of 100 is 0.04337 which was significant at P < 0.05 at right tail test.    Therefore, the null hypothesis was rejected.
Repeatability of Technique under Different Conditions
The shades with the three lowest (E scores were the same regardless of the camera settings or lighting conditions.

Discussion
The high correlation between colour values of the Munsell colour chips and the values calculated by the software indicates that the method can accurately discriminate colour difference. This is in agreement with previous work17
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In this study, 80% of the agreed best matches were either the lowest ΔE (60%) or second lowest (20%).  The reason for the differences between observers is that colour matching has a subjective element.  It could be argued that, to be successful, the method should identify a perfect colour match.  There are two main reasons why this is not possible.  Firstly, in this study the technique determined the colour difference between the shade tabs and the middle third of the tooth.  Although the three cavities were placed as close to this point as possible, there is always some degree of colour variation across the surface of the tooth28.  Secondly, as composites are partly translucent, the final shade of the restoration is influenced by the colour of the underlying dentine29.  The shade of composite will vary across a restoration, due to the inherent optical properties of the composite.  The thickness used when restoring a tooth is variable and in most cases is not thick enough to mask the shade of the underlying dentine.  This is also complicated by the variation of colour across the tooth surface.  Nonetheless, the fact that all observes rated at least one shade as acceptable, indicates that the method could be developed as an aid to colour matching.  
A further factor to be considered is related to the CIE L*a*b* colour system and the colour difference (∆E).  Teeth do not have standard shades and may be positioned between two or three shades in the colour space9.  Therefore, although the lowest ∆E indicates the closest match in the colour space that does not always mean the exact match.  The reason for this is that in dentistry, the tolerance to colour change in red direction is much less than to yellow30.  In other words, samples may have the same colour difference to the target match but they may differ in value, hue or chroma and the human tolerance to such change is variable.  
The ability of the observers to choose the best match was significantly higher than chance. In this study one tailed binomial probability was used to determine if the observers were better than chance (0.33) in selecting the best match.
In dental research, the value of ∆E has normally been used to determine colour difference.  However, more recently investigators have explored different colour difference formulae, that may relate better to an observer, especially for small colour differences (such as between teeth) 31.
The fact that the same shades were identified using different camera settings and lighting conditions is not surprising, because the conditions affect the colour tabs and the target tooth to the same degree.  This is important because there will always be fluctuations in the ambient light in a surgery and different camera settings are needed to take the best clinical image.  In theory, using any camera should produce similar results.  Having the tooth and the CSG in the same image, should eliminate the need for calibration, however future research is needed to test such a hypothesis. 

The advantage of this method is that it matches the shade of the tooth against a colour tab of the material that will be used for restoration.  This has an advantage over other methods, because different materials and even different batches of the same material can vary in shade.  Thus, an A2 composite will appear different to an A2 porcelain because of the reflectance of the materials11, 12.  All of the currently available dental colour matching instruments relate the shade of the tooth, to the colour values of porcelain shades, which have been shown to have different values to the evaluated tooth coloured restorative materials11, 12.  
In its present form, the method is relatively complicated because it uses software designed for general colour assessment.  However, this software could be refined to automatically calculate the (E values between the shades on the CSG and an area of the tooth outlined on the digital image with a mouse.  This would be the area of tooth to be restored.  SigmaScan( Pro is a scientific software package.  The procedure described in this paper uses only a fraction of the facilities provided by the software.  It should be possible to develop a “dental” package that would be designed solely for colour matching. 
Jarad et al,18  found a high correlation between the colour values obtained by a spectrophotometer and the digital imaging system.  The potential advantage of this method is that it can be used to match the shades of a dentists preferred composite or porcelain to the tooth.

Conclusion  

· The lowest ΔE selected by objective colour matching was agreed as best match by observers.
· Further development is needed to simplify and automate the method to allow its use in general dental practice. 
· The high correlation between digital and visual colour matching confirms the ability of digital camera and image analysis software to detect colour difference. 
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	Conditions
	Aperture
	Exposure speed
	Macro ratio
	Flash
	Room illumination 
	Distance 
	position

	1
	22
	120
	3:1
	1/4
	dark
	30cm
	tripod

	2
	22
	120
	2:1
	1/4
	dark
	20cm
	tripod

	3
	11
	120
	3:1
	1/16
	light
	30cm
	tripod

	4
	22
	120
	3:1
	1/4
	light
	30cm
	tripod

	5
	22
	120
	3:1
	1/4
	light
	30cm
	hand held


Table 1:  List of the conditions for recording digital pictures.
	Tooth No.
	1st  lowest  ΔE
	2nd lowest  ΔE
	3rd lowest  ΔE

	Tooth 1
	4
	3
	3

	Tooth 2
	9
	0
	1

	Tooth 3
	2
	7
	1

	Tooth 4
	1
	1
	8

	Tooth 5
	6
	3
	1

	Tooth 6
	9
	1
	0

	Tooth 7
	2
	1
	7

	Tooth 8
	5
	5
	0

	Tooth 9
	4
	3
	3

	Tooth 10
	0
	7
	3


Table 2: Number of observers matching composite fillings in each tooth which were selected by ODM (lowest 3 ΔE). The agreed match is the composite filling which was selected by the majority of observers (highlighted).
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Figure 1: Three composite restorations on the labial surface of an upper central incisor.
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Figure 2: Scatter plot of CIE E* colour data of Munsell chips showing correlation between the digital image and the spectrophotometer (P<0.01,  r= 0.97).
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