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[bookmark: _Toc49258208]ABSTRACT
Purpose. : The aim of this research paper is to develop an accurate means of performing shade matching, using Photoshop ®.
Materials and methods. : A set of two photos of the upper anterior segment were taken on 58 subjects, using a digital camera with normal flash and normal flash with a cross-polarizer. The white balance and colour temperature discrepancies between photographs were corrected using a standardized grey reference card and Photoshop ®. Similarly, the digital shade guide was white white-balanced and developed via a grey reference card and Photoshop ® as well. The photo of natural teeth and the digital shade guide were overlaid. By utilizing the built-in Photoshop ® function, the nearest shade tab was chosen for the natural tooth. In order to verify the colour difference (E) between the natural tooth and the chosen shade tab, another two photos were taken with the chosen shade tab placed alongside the central incisor. By obtaining the L*a*b* coordinates from Photoshop ®, the colour difference between the central incisor and the shade tab could be calculated by the ∆E formula. A oOne -sample t-test was used to test the significance of the colour difference between the group and hypothetical value, E =2.7. A paired t-test was used to test the significant differences between colour difference in both groups. Pearson correlation tests were used to identify the strength of the linear relationship between the L*, a* and b* natural tooth value and the shade tab in the respective groups. 
Results. : The mean E values for the cross-polarizer group was statistically significantly greater than the hypothetical value of 2.7 (p<0.05). The mean E values for the normal flash group was smaller than the hypothetical value of 2.7, ; however, it was not statistically significant (p=0.055). Considering the means in the two groups and the direction of the t-value, there was a statistically significant difference in shade shade-matching outcome, after using the cross-polarizer, from a ∆E of 2.54 ±+/- 0.733 to 3.14± +/- 1.02, an increase of 0.60± +/- 0.80 (p<0.000). The correlation between the L*, a* and b* values of the tooth and the shade tab was statistically significant (p<0.001) in both normal flash and cross-polarizer groups. 	Comment by Copy Editor: In the sentence beginning ‘Considering the means in the two groups and the…’ please check that p<0.000 is correct and intended.
Conclusion. : Within the limitations of this study, the new approach using computer software Photoshop ®, together with a grey reference card might be utilized and can be further optimized to match tooth shade in everyday dental practice. 



[bookmark: _Toc49258209]INTRODUCTION
In the mid-1600s Isaac Newton had determined that a beam of white light can be separated into a series of colours. Each of the component colours, having differing wavelengths, comprise the visible colour spectrum. The components are red, orange, yellow, green, indigo and purple. Since As the human eye can only perceive these colours, they are known as the “visible light spectrum”, with wavelengths ranging from 380 to 780 nm. The reason that a colour is perceived as such is the light interaction with the object, and the image is perceived by the rods and cones in our eyes for interpretation by the brain. Hence, the perception of colour is both physically and psychologically conditioned. In this sense, colour perception may be purely subjective. A particular colour may be perceived as another by the same person because of various factors affecting colour perception, for example the observer, lighting conditions and object conditions. Colour is termed according to its wavelength, ; however, since as everyone perceives colour differently, the descriptive terms are variable. Professor Albert H. Munsell established a Munsell colour system to accurately identify colour. He described colour in three dimensions: hue, value and chroma. Hue is the tonality of colour (i.e. specific wavelengths of the colour in the visible wavelength spectrum), value is the lightness of the colour and chroma is the colour intensity. To achieve aesthetic restorations, it is necessary to match dental materials with natural teeth and soft tissues. Of all the aesthetic parameters, Pollini et al.1 showed that colour was the most important factor perceived by lay people and prosthodontists alike.
In restorative dentistry dentists strive to achieve harmony in regard to functionality and aesthetics. Concerning the aesthetic aspect, restoration contour, texture, position and colour are important. Clinicians attempt not only to improve the aesthetics, but to blend restoration and natural tooth, to provide harmony and attractiveness. In the absence of proper shade shade matching with the natural tooth, a restoration cannot be regarded as successful. While contours, texture and position of the teeth/restorations are objective properties, colour is not. It is perceived upon light interaction between the light source and the object, which means red is not itself red, though we perceive it as red because of light interaction and brain interpretation. Moreover, to add its complexity, contour, texture and position may also alter colour perception,  (e.g. a bigger, smoother and more protruding tooth appears brighter). Hence, compared to the other three aspects, colour is more difficult for clinicians and laboratory technicians to mimic. 
The task of producing a restoration blending with the adjacent natural teeth requires perception, evaluation, communication, reproduction and verification of colour. 
Rightly, perception is the first step, since as no successful restorations can be fabricated, if colour perception is not precise. 
As colour is subject to perception, colour interpretation is different in various individuals. Observer-associated factors include gender, colour deficiency, past experience of colour and training. 2–-5 Lighting conditions include colour temperature, intensity of illuminants, 6,7 and whether there are lighting conflicts, dust or foreign bodies in the lighting tubes affecting the quality of light emitted. The sSurrounding environment can entail contrast effects cast by surrounding gingivae, lips or soft tissues, clothing, skin tone, hair colour, eye colour or the background, size and position of the tooth. 8,9. All these factors can hinder accurate shade matching and cause shade mismatch in the restoration, which will in turn fall short of patient expectations. 
Given the above-mentioned subjectivity surrounding colour perception, the shade shade-matching procedure in dentistry is inevitably most challenging. Conventionally shade matching is performed using a shade guide (e.g. VITA 3-D Master shade guide,  or VITA Cclassical shade guide), etc. Clinicians visually pick the best colour match from the shade tab to match the natural tooth. However, this method is neither accurate nor reproducible. One study shows that 80% of patients actually notice a difference in the shade of their natural teeth compared with those restored. 10-,11.  Fortunately, with the evolution of new technologies, there are now various colour- measuring instruments available in the market. These include spectrophotometers, spectroradiometers and colourimeters. Spectrophotometers and spectroradiometers are relatively more reliable, accurate and useful than the colourimeter. ; Howeverhowever, they are costly and present difficulties in measuring colour in the mouth. In addition, there is the chance of edge loss, 12, and more importantly they can only interpret colour in terms of specific manufacturers’ shade guides (e.g. the EasyShade V only interprets colour according to the VITA shade guide). Despite this, the spectrophotometer shade shade-matching performance is better than conventional visual shade- matching, and the reproducibility of these instruments is high. A study has shown that the shade shade-matching spectrophotometer is not reliable, such that even identical spectrophotometers measured different colour values and shades for the same tooth. 13. The inaccuracy could be due to improper machine positioning on the tooth surface, curved tooth surface or differing illuminants/ lighting conditions. Nevertheless, with evolution of the internetInternet, digital cameras and computer software, the shade shade-matching technique has been improved with computer software, and one study shows greater reliability of shade matching using computer software and digital photographs, compared to conventional visual methods. However, the best best-match shade tab was only selected in the light of tedious scientific calculations targeting shade tab and tooth. Moreover, only a few selected shade tabs were captured with the tooth in the photograph, thus limiting shade tab choice. 14.
Conventional shade matching can compare several shade tabs at one time; however, this is too subjective and not reproducible. Colour-measuring instruments eliminate the observer factor; however, they cannot eliminate factors related to lighting conditions and tooth anatomy. According to earlier studies, if a digital camera is combined with computer software, the results vary between studies, and the methods are too complicated for most dentists to use.  
The aim of this research paper is to develop an accurate means of performing shade matching, using Photoshop ®. The Objectives objectives are to: 
1)	 Use use a standardized grey reference card to correct discrepancies in white balance and colour temperature between two images, 
2)	Utilize utilize the L*a*b* measurement in Photoshop to identify the closest shade match, 
3)	Deploy deploy ∆Ea formula, in order to verify the colour difference (∆E) between the natural tooth and chosen shade guide, and 
4)	Prove prove that shade matching is more accurate in cross-polarized photos than non-polarized ones.
In the field of colour science, a colour difference formula (∆ E) is used to describe quantitatively the perceived colour difference between two subjects, provided they have the same environmental conditions. The International Commission on Illumination (CIE) defined perceptual non-uniformities as ∆E. There are various formulas formulae calculating the colour difference. The CIE76 colour difference formula consists of L*, a* and b* values from two colours. , where L* stands for lightness or luminosity, ranging from black (0) to white (100), a* stands for greenness/redness, ranging from green (−-) to red (+), and b* stands for blueness/ yellowness, ranging from blue (−-) to yellow (+). The quality of shade matching is reflected in the intensity and direction of colour difference between two subjects. The larger the ∆E value, the more perceptible the difference to the human eye. 
A 50:50 perceptibility threshold (PT) means that 50% of observers notice a difference in colour changes between two specimens, while the other 50% does not. At 50:50 acceptability threshold (AT) 50% of observers think that the colour difference is acceptable, while the other 50% think that it is not acceptable and needs correction. Although it is ideal if dental restorations could generate a colour difference at PT or below, it will take more time and cost to achieve this. This That having been said, AT can also generate a satisfactory outcome to meet patient expectations of aesthetic results. Hence, in the present study the ATacceptability threshold value was taken to compare with results obtained from the experiment, because it is clinically more practical to achieve. 
Of the studies on ATacceptability and perceptibility thresholdPT, more than half referred to PT as ∆E=1, while one one-third of the studies gave AT as ∆E=3.7. 15  However, the Paravina et al. study results 16 study results were adopted in the present study, because it was a comprehensive project on this topic so far and the thresholds were included in ISO/TR 28642 Dentistry – Guidance on colour measurement .17. In the Paravina et al. study, for an excellent match, the perceptibility thresholdPT is ≤equal to 1.2 or below, while the acceptability thresholdAT is ≤2.7 or below. 16
In this study, in order to eliminate potential factors affecting shade matching, a digital camera is to replace human eyes, totally eliminating human error and environmental factors; the factor relating to tooth anatomy can be reduced by use of a cross-polarizer;  and the lighting conditions can be adjusted by use of reference grey cards and computer software (i.e. Photoshop ®) . The purpose of this study is to suggest a clinical protocol for using Photoshop® to bypass the complexity of calculations and simplify shade shade-matching procedures. The study goal is to verify or reject the method accuracy. 
The null hypotheses are that:
1)	The the colour difference of the normal flash group is greater than a hypothetical value of 2.7.,
2)	The the colour difference of the cross-polarization group is greater than a hypothetical value of 2.7., and
3)	There there is no difference between the colour ΔΕ under normal flash and in the cross-polarization groups.





[bookmark: _Toc49258210]MATERIALS AND METHODS
[bookmark: _Toc49258211]Sampling method
The study was approved by the research ethics office of King’s College London, UK (Reference reference number: LRU-19/20-16087). After performing power analysis according to Pandis, 18, the study was planned to involve 50–-100 subjects. Overall, 72 subjects, patients aged 16 years or above, were recruited from a private clinic. All potential participants were initially screened by clinic staff, and the inclusion criteria adopted were:
1)	age above 16 years, 
2)	a current patient in the clinician’s working place, after requested routine check-up and tooth cleaning were done, 
3)	no further dental treatment was needed. Every participant received a written form with information on this study and an explanation from clinic staff. After signing the consent form, participants were further screened by the clinician, and further inclusion criteria are were: 
4)	having upper right or left central incisor or both, and 
5) 	upper front teeth were of normal inclination.
The exclusion criteria adopted during screening were:
1) 	upper central front teeth with discolouration due to tetracycline stains,
2) 	upper front teeth with discolouration due to hypoplastic lesions,
3) 	upper front teeth with discolouration due to loss of tooth vitality,
4) 	protrusive or retrusive upper front teeth, and 
5) 	upper front teeth with more than half coronal fracture.
[bookmark: _Toc49258212]Camera and background set-up
A photograph was taken with a grey reference card “elab eLab Emulation” (Figure 1) (www.bioemulation.me) beside the upper central incisor, using a digital single- lens reflex camera Nikon D7200 ( Nikon Imaging Japan Inc., Tokyo, Japan) with a ring flash Sigma EM-140 DG-iTTL (Sigma Corporation of America, Ronkonkoma, NY, USA). The camera and flash settings were set at: aperture F29, shutter speed 1/125 s, ISO 200, flash power ¼ . The distance from tooth to lens was 50 cm. Likewise, a second photograph was taken with cross-polarization filters set (polar Polar eyesEyes, www.bioemulation.me) (Figure 2) attached to the same ring flash, using the same parameters as above. The photos were taken under fluorescent light conditions at 5500 K. All photos were saved as both JPEF JPEG and NEF file types.
[image: ]
[bookmark: _Toc49257776]Figure 1: eLab emulation Emulation grey reference card
[image: ]
[bookmark: _Toc49257777]Figure 2: Polar eyes Eyes cross-polarization filter
[bookmark: _Toc49258213]Patient position 
Participants were first asked to hold their head in a natural position, and incisor inclination was assessed clinically. If the patient met the normal inclination criterion, they went onto the next procedure. 
Participants were seated in the same dental chair positioned in a supine position in the same window-less surgery. In an attempt to remove the lips from the field of view, the upper lip was retracted by a dental assistant using an occlusal fork plastic retractor, a grey reference card (elabeLab®) was positioned by the same assistant beside the incisal edge of the participant’s tooth in question. The grey card was on the same horizontal level as the tooth. The clinician held the camera so that the lens was at 90°  degrees to the upper central incisor and the grey reference card. The distance between camera and central incisor was set at 50 cm.
[bookmark: _Toc49258214]Photo-taking of the tooth
To prevent false colour results, the teeth had to be perfectly cleaned and free from extrinsic stains, yet and 24  hours were allowed for re-hydration before taking the initial photo. Either the central left or right incisor was chosen for each subject, if both the upper left and right central incisor fell into the inclusive criteria, the upper central right was chosen. Before photo-taking the tooth was dried gently using a 3-in-1 syringe to remove excess saliva. Two photos were taken of each subject, one using a normal flash and one with a cross-polarization filter. Each photo was saved as JPEG and NEF file types and uploaded to a computer. 
[bookmark: _Toc49258215]Preparational work on the shade guide
The VITA 3-D Master shade guide was chosen for this study, since as there were more shade options compared with other popular shade guide systems such as Chromascop, VITAita Lumin and VITAita Classical. The coverage error of Vitapan 3D Master is lower, according to Bayindir et al. 19. Although they showed an even lower coverage error in combination, only the 3D Master shade guide system was chosen in this study for simplification purposes. The Vitapan 3D Master shade guide was sanitized with an alcohol wipe; the shade guide was laid flat on the same level as the participant’s head. The photo-taking distance was set at 50 cm, the same distance as for taking a patient image. Because the complete shade guide with all 26 tabs could not be included in a single frame using the pre-set 50 cm distance, each shade shade-guide group was photographed separately. With each group of shade tabs, the same grey reference card was photographed right under and next to the tabs.  Pictures of the shade tabs were taken using normal flash and cross-polarization. (Figures 3, and 4). 
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[bookmark: _Toc49257778]Figure 3: Different groups of the VITA 3D Master shade guide were photographed separately using a normal flash
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[bookmark: _Toc49257779]Figure 4: Different groups of the VITA 3D Master shade guide were photographed separately using the cross-polarizer

The four photos taken with a normal flash were developed using computer software Photoshop® (Adobe + version). Using the white-balancing tool in the software, each of the NEF files was neutralized with the aid of the grey reference card.
A NEF file instead of a JPEG file was imported, because NEF or RAW files has have basically preserved most of the camera information (e.g. sharpness and contrast. ) and are It is without processing or compressing. 
The image histogram was set at Lab, which means all the colour sampling is expressed in L*a*b* values. CIELAB is a colour space created in 1976 by the International Commission on IlluminationCIE, ; the value measure expressing expresses colour as three values. 
· L* represents lightness, with 0 being a perfect black with 0% reflection or transmission. A rating of 50% indicates medium grey, while whereas a 100% rating indicates perfect white. This indicates 100% reflection and perfect clarity.
· a* represents the redness-greyness of the colour. Positive values of a* are red, while whereas negative values are green. A level of 0 is neutral.
· b* denotes the yellow-blueness of the colour. Positive values of b* are yellow, while whereas negative values are blue. 0 indicates neutrality.
By clicking on the grey part of the reference card in the photo, the grey point was set. This means that the point on the grey card carried a zero value of a* and b*. After setting the grey point, the luminosity (i.e. L* value) was manually adjusted to the same level for all the composite shade shade-guide images, in this case, L* = 79. Throughout the study the grey point on the reference card was standardized as described below. (Figures 5–-8). 
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Description automatically generated][bookmark: _Toc49257780]Figure 5: Open the NEF file in photoshop; use the white balance tool and pick up a spot on the grey card. The a* and b* values were set at zero by setting this point as grey.
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[bookmark: _Toc49257781]Figure 6: Adjust the L* value by sliding the pointer on “EFigure 6: Adjust the L* value by sliding the pointer on “Exposureexposure” bar so the L* value is 79.xposure” bar so the L* value is 79. 
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[bookmark: _Toc49257782]Figure 7: Open the NEF file in Pphotoshop; use the white balance tool and pick a spot on the grey card, standardize the point throughout the study. The a* and b* values were then set at zero.
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[bookmark: _Toc49257783]Figure 8: Adjust the L* vaFigure 8: Adjust the L* value by sliding the pointer on “Exposureexposure” bar so the L* value is 79.lue by sliding the pointer on “Exposure” bar so the L* value is 79. 
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Description automatically generated]In this study the standardized grey point on the reference card has zero value of a* and b*, which means that there is no redness/ greenness or yellowness/blueness respectively. After white -balancing, the four photos were exported as JPEG files. They were saved as JPEG files, because this is a file type that is more easily opened in software. They were saved at high high-quality JPEG files via the software. The four JPEG files were then composited in the software, in a pattern similar to the 3D master Master shade guide pane. The same steps were carried out for the cross-polarized photos. The two composite shade guide photos are shown below (Figures 9, and 10).[bookmark: _Toc49257784]Figure 9: Composite shade guide under normal flash
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Description automatically generated] [bookmark: _Toc49257785]Figure 10: Composite shade guide under cross-polarizer

[bookmark: _Toc49258216] Utilization of computer software Photoshop ® 
Step 1.	Calibration by using grey reference card
The two photos (normal flash and cross-polarized) of upper central incisors were imported into the computer software, and the NEF file was opened and white white-balanced in the same way as the shade guide (Figures 11, and 12). The white white-balanced photos were then opened in Photoshop ®
[image: A screen shot of a computer

Description automatically generated]
[bookmark: _Toc49257786]Figure 11: Open the NEF file in Photoshop; use the white balance tool and pick a spot on the grey card, standardize the point throughout the study. The a* and b* values are then set at zero.
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[bookmark: _Toc49257787]Figure 12: Adjust the L* value by sliding the pointer on “Exposureexposure” bar so the L* value is 79.

Step 2.	Compositing two photos 
[image: A screen shot of a computer

Description automatically generated]The photo of the shade guide taken with normal flash was opened in the Photoshop® software, and at the same time, the photo of the central incisor was opened as an overlay. (Figure 13).[bookmark: _Toc49257788]Figure 13: Overlay the image of upper front teeth over the digital shade guide



Step 3.	Selecting the colour range
[image: A screen shot of a computer
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Description automatically generated]Using the “select colour range” function in the software (see figure belowFigure 14), all other parts of the photo displaying the same colour range as the pixel point selection are highlighted. A point pixel point is selected on the target tooth, at the tooth central portion, avoiding areas with glare formed by the camera flash. Pixel point was used here, because it picked up the specific colour value of the point. If 3× by 3, 51× by 51 or 101× by 101 pixels are chosen, the software would round up the average colour value, but in the end the colour selection area might not include the specific point picked up. In order to view the selected section clearly, the “Black black matte” preview mode was selected. (Figures 14, and 15, blue arrow). When clicking “OK”, both the natural tooth central portion and the certain portion of the shade tab were highlighted. The shade tab with a highlight in the central portion was recorded as the chosen shade. After that, the Photoshop file was saved. [bookmark: _Toc49257789]Figure 14: Using the function of “Select > Colour Range
Figure 14: Using the function of “Select > Colour Range”
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Description automatically generated][bookmark: _Toc49257790]Figure 15: (Blue arrow) The “Black black matte” mode showing the colour selected.
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Description automatically generated][bookmark: _Toc49257791]Figure 16: The matched shade was revealed by the highlight on the central portion of the shade tab.






Step 4. Getting the closest match
Pick tThe first shade tab, which is highlighted at its central portion (Figure 16).  ) was selected.  If there is was no match initially, increase the colour range selection was increased (i.e. to include more similar colours) to pick the first shade tab highlighted. This can could be done by increasing the “fuzziness” on the fuzziness bar. (Figure 15, red arrow).
Step 5. Verification of the shade match
After choosing the closest shade tab match, the participant was recalled for a 2nd second photo-taking appointment using the protocols mentioned in the previous steps, with the chosen shade tab placed beside the central incisor.  The photo was imported to the computer software. The previously highlighted central portion of the shade tab and the portion of the central incisor were selected by a 101×X101 -pixel radius. An average colour value was obtained by selecting 101×X101 pixels instead of point pixels, because it was easier to get to the right zone of the highlighted colour.  
[image: ]The respective L*a*b* values were displayed. (Figure 17). The CIE E were calculated from the L*a*b* values. The CIE76 formula was adopted to calculate the E.
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Description automatically generated][bookmark: _Toc49257792]Figure 17: The L*a*b*values of the two points were displayed on the “INFO” palette.


The cross-polarized group should repeat Tthe above steps were repeated for the cross-polarized group to calculate the E value.
[bookmark: _Toc49258217]Statistical tests
In order to test the significance of the colour difference between the group and hypothetical value, E =2.7 in this case, a one-sample t-test was run. The significance level was stated set at Pp<0.05.
Additionally, to test the significant differences between colour difference for both groups, a paired t-test was run. The significance level was stated set at Pp<0.05.
In order to test the correlation between the L*a*b* values of shade tab and tooth, Pearson correlation tests were carried out to determine the strength of the linear relationship. 




[bookmark: _Toc49258218]RESULTS
There were 77 subjects in the study for the first set of photos, but only 62 of them completed the study, with 15 of them either missing the second photo-taking appointment or withdrawing from the study. 
Among the 62 subjects, 2 were excluded because the teeth of with tetracycline stains were not noticed at preliminary screening,  and 1 was excluded, because there was inadequate oral hygiene and abundant plaque deposited on the incisor’s labial surface on the day of photo-taking. 1 One of them was excluded after the 2nd second photo-taking session, because there was glare on the specific portion of the chosen shade tab that prevented us from extracting the L*a*b* value. 
[bookmark: _Toc49258219]Normality test
To test whether the sample data were parametric or not, the normality tests of SPSS was run. From the a Shapiro–-Wilk Testtest, the data are normal when the significance value is set at > 0.05. Since As the significance is was 0.209 and 0.254 for the normal flash and cross-polarizer group, respectively (Table 1), the data were of normal distribution. From the nNormal Q-Q pPlot (Tables 2, and 3), as the data points are close to the diagonal lines, the data points from the normal flash and cross-polarizer group were described as normally distributed. 	Comment by Copy Editor: AQ: Table 2 and 3 seem to be figures and not tables and ought to be renamed as such.
That means the data was were distributed symmetrically around the median. 
	
	Shapiro–-Wilk Testtest

	
	Statistic
	df
	Sig.p-value

	Normal flash
	0.972
	58
	0.209

	Cross-polarizer
	0.974
	58
	0.254


[bookmark: _Toc49257763]Table 1: Normality test for normal flash and cross-polarizer groups
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[bookmark: _Toc49257764]Table 2: The normal Q-Q plot of normal flash group
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[bookmark: _Toc49257765]Table 3: The normal Q-Q plot of cross-polarizer group



[bookmark: _Toc49258220]One-sample t- test
As the data was were normally distributed, a one-sample t-test was used to determine if whether the median of the sample was below the theoretical value. In this study, the theoretical value (m0) was set at 2.7, regarded as an acceptable threshold by Paravina et al. 16. More details are discussed in the following section. The null hypothesis (H0) stated that the median (m) value was larger than 2.7. 
m0=2.7
H0: m> m0
After running the one-sample t-test via SPSS, the median of the normal flash group was 2.54 (SD=0.73). The median was smaller than the hypothetical value. The 2two-tailed significance was 0.11, which means it was 0.055 if the mean is tested, whether it was below the hypothetical mean or not. The significance was 0.11/2,  (i.e. p=0.055). Hence the result was not significantly smaller than 2.7 (p=0.055). Because the significance was higher than 0.05, the null hypothesis cannot be rejected. 	Comment by Copy Editor: AQ: please consider whether there might be a clearer way of presenting this statement ‘…which means it was 0.055 if the mean is tested, whether it was below the hypothetical mean or not’.
In the cross-polarizer group the median was 3.14 (SD=1.01). The result showed a significant difference (p=0.002/1, i.e. p=0.001) from the hypothetical value of 2.7. Hence the null hypothesis can be accepted.








	One-sample statistics

	
	N
	Mean
	Std. DeviationSD
	Std. Error meanSEM

	Normal flash
	58
	2.5438
	0.73381
	0.09635

	Cross-polarized
	58
	3.1407
	1.01630
	0.13345




	One-sample test

	
	                      Test value = of 2.7

	
	t
	df
	Sig.p-value (2two-tailed)
	Mean Differencedifference
	95% confidence interval of the difference

	
	
	
	
	
	Lower
	Upper

	Normal flash
	−-1.621
	57
	0.110
	−0-.15622
	−-0.3492
	0.0367

	Cross-polarized
	3.303
	57
	0.002
	0.44074
	0.1735
	0.7080


[bookmark: _Toc49257766]Table 4: The descriptive and one one-sample t-test	Comment by Copy Editor: Table 4 would be Table 2 provided Table 2 and 3 are renamed as Figures. Please provide a citation for Table 4 (2) in the text.


[bookmark: _Toc49258221]The Paired paired t-test
In order to compare the ∆E value in both groups, the a paired t-test was carried out. It was used to compare two sets of data from the same participants. In this study it was used to investigate any change in result if the cross-polarizer was used for photo-taking and then the shade shade-matching technique was carried out via Photoshop ®. 
The null hypothesis was the median of differences between the normal flash and cross-polarizer groups equals 0. 
H0: median difference = of 0
t (57)=−-5.45, p=0.000
Considering the means of the two groups and the direction of the t-value, it is concluded that there was a statistically significant difference in shade shade-matching outcome after using the cross-polarizer, from ∆E of 2.54 ±+/- 0.733 to 3.14± +/- 1.02, an increase of 0.60± +/- 0.80. The null hypothesis is to be rejected. There was a statistically significant difference between the two groups. 
Paired sample correlations
	
	N
	Correlation
	Sig.p-value

	Normal flash & and cross-polarizer
	58
	0.620
	0.000





Paired samples t-test 

	
	95% Confidence confidence interval of the difference
	

	
	Mean
	Std. DeviationSD
	Std. Error MeanSEM
	Lower
	Upper
	t
	df
	Sig.p-value (2two-tailed)

	Normal flash
Cross-polarizer
	−0-.59696
	0.80391
	0.10556
	-.−0.80834
	−0-.38558
	−-5.655
	57
	0.000


[bookmark: _Toc49257767]Table 5: The paired sample correlation and paired t-test	Comment by Copy Editor: Table 5 would be Table 3 provided Table 2 and 3 are renamed as Figures. Please provide a citation for Table 5 (3) in the text.




[bookmark: _Toc49258222]The normal flash group
Inside this group the L*a*b* differences between tooth and shade tab averaged 0.5, 1.36 and 0.34, respectively. In ∆a*, all the subjects except one showed a higher a* than the shade tab, which reflected the generally “redder” natural teeth. In ∆b*, 18 subjects’ teeth showed lower b* values than the shade tab, which means that the natural teeth were less yellow, while 24 subjects showed higher b* values, which means that the teeth were yellower. To study the variance of data in the L* and,  a* and b* groups individually, all the data were summed up regardless of direction. In subjects with ∆E greater than> 2.7 the greatest discrepancies lay were in the a* value, which averaged 1.91, while L* and b* differences were 1.46 and 1.20, respectively. Because all the a* values were positive, this shows that the natural teeth were of a higher a* value,  (i.e. redder, than the shade tab). 
In samples with ∆E below< 2.7, the a* value discrepancy was similar to that in b*, which was 1.09. The L* value discrepancy was lower at 0.82. 

	
	∆E > 2.7
	∆E ≤<= 2.7

	∆L*
	1.46
	0.82

	∆a*
	1.91
	1.09

	∆b*
	1.20
	1.09


[bookmark: _Toc49257768]Table 6: The L*a*b* discrepancy in the normal flash group	Comment by Copy Editor: Table 6 would be Table 4 provided Table 2 and 3 are renamed as Figures. Please provide a citation for Table 6 (4) in the text.

[bookmark: _Toc49258223]The cross-polarizer group
In this group, the L*a*b* differences between tooth and shade tab averaged 0.27, 2.03 and −-0.22, respectively. In ∆a*, all 58 subjects showed higher a* values than the shade tab, which reflected the generally “redder” natural teeth. In ∆b*, 23 subjects’ teeth showed lower b* values than the shade tab, which means that the natural teeth were less yellow, while 15 subjects showed higher b* values, which means the teeth were yellower. Again, all the data in ∆L*, ∆a* and ∆b* were summed up regardless of direction. Subjects with colour difference greater than> 2.7, again showed the greatest discrepancies in a* value, which averaged 2.88, while L* and b* differences were 1.33 and 1.21, respectively. This showed that in this group, again the natural teeth were of higher a* value,  (i.e. redder, than the shade tab). 
In samples with ∆E below< 2.7, the a* value discrepancy of which was 1.44 surpassed that of L* and b*, which were 1.18 and 1.06, respectively. 
	
	∆E > 2.7
	∆E ≤<= 2.7

	∆L*
	1.33
	1.18

	∆a*
	2.88
	1.44

	∆b*
	1.21
	1.06


[bookmark: _Toc49257769]Table 7: The L*a*b* discrepancy in the cross-polarizer group	Comment by Copy Editor: Table 7 would be Table 5 provided Table 2 and 3 are renamed as Figures. Please provide a citation for Table 7 (5) in the text.











[bookmark: _Toc49258224]The Pearson Correlationcorrelation
The correlation between L*, a* and b* values of the tooth and shade tab was statistically significant (p<0.001) in both normal flash and cross-polarization groups. There were positive correlations between natural teeth and shade tabs. 
Normal flash 
	
	L* (Toothtooth)
	L* (Tabtab)

	Tooth
L*
	Pearson Correlationcorrelation
	1
	0.991**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	Tab
L*
	Pearson Correlationcorrelation
	0.991**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257770]Table 8: The Pearson Correlation correlation test of ∆L* in the normal flash group
**. Correlation is significant at the 0.01 level (2two-tailed).

	
	a* (Toothtooth)
	a* (Tabtab)

	Tooth
a*

	Pearson Correlationcorrelation
	1
	0.860**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	Tab
B*
	Pearson Correlationcorrelation
	0.860**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257771]Table 9: The Pearson Correlation correlation test of ∆a* in the normal flash group
**. Correlation is significant at the 0.01 level (2two-tailed).



	
	b* (Toothtooth)
	b* (Tabtab)

	Tooth
b*
	Pearson Correlationcorrelation
	1
	0.940**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	Tab
b*
	Pearson Correlationcorrelation
	0.940**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257772]Table 10: The Pearson Correlation correlation test of ∆b* in the normal flash group
	**. Correlation is significant at the 0.01 level (2two-tailed).




	Cross-polarization


Correlations

	
	L* (Toothtooth)
	L* (Tabtab)

	L*
Toothtooth
	Pearson Correlationcorrelation
	1
	0.989**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	L*
Tabtab
	Pearson Correlationcorrelation
	0.989**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257773]Table 11: The Pearson Correlation correlation test of ∆L* in the cross-polarizer group
**. Correlation is significant at the 0.01 level (2two-tailed).

	
	a* (Toothtooth)
	b* (Tabtab)

	a*
Toothtooth
	Pearson Correlationcorrelation
	1
	0.784**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	b*
Tabtab
	Pearson Correlationcorrelation
	0.784**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257774]Table 12: The Pearson Correlation test of ∆a* in the cross-polarizer group
**. Correlation is significant at the 0.01 level (2two-tailed).

	
	b* (Toothtooth)
	b* (Tabtab)

	b*
Tooth tooth 
	Pearson Correlationcorrelation
	1
	0.872**

	
	Sig.p-value (2two-tailed)
	
	0.000

	
	N
	58
	58

	b*
Tabtab
	Pearson Correlationcorrelation
	0.872**
	1

	
	Sig.p-value (2two-tailed)
	0.000
	

	
	N
	58
	58


[bookmark: _Toc49257775]Table 13: The Pearson Correlation test of ∆b* in the cross-polarizer group
	**. Correlation is significant at the 0.01 level (2two-tailed).










[bookmark: _Toc49258225]DISCUSSION
[bookmark: _Toc49258226]1)	Upper incisor inclination 
[image: A close up of a girl

Description automatically generated]The reason for normal inclination was the colour change due to increased or decreased inclination. According to Ciucchi and Kiliaridis, 20 there occurred colour changes occurred when tooth inclination was increased or decreased. Traditionally the incisor inclination was measured by cephalometric images (i.e. drawing lines along the upper incisor axis and comparing these with anatomical references, such as ( maxillary planes, Frankfort planes, etc). However, it this was not suitable in this study, because the skeletal relationships were not of concern, and it was rather the aesthetics (i.e. colour changes) that mattered. Additionally, this conventional method increases the challenges in data collection. In order to simplify the methods and determine whether the incisors were of normal inclination, the maxillary incisor inclination was evaluated clinically with the patient in a natural head position.  The method described by Naini et al. 21 was adopted. He They suggested that the labial crown should be parallel to the true vertical line and also tangential to the true horizontal line (Figure 18). A true vertical line was drawn from nasion to pogonion, while and a true horizontal line was drawn perpendicular to it. To include participants with normal incisor inclination, the maxillary incisor labial crown was approximately parallel to the vertical line and perpendicular to the true horizontal line. [bookmark: _Toc49257793]Figure 18: TrV: The true vertical line; TrH: the true horizontal line

[bookmark: _Toc49258227]2)	∆E and hypothetical value
[bookmark: _Toc49258228]2.1	Colour difference (∆E) and ATacceptability threshold
The mean ∆E readings from the normal flash and cross-polarization groups were 2.54 and 3.14, respectively. The normal flash group showed almost statistically significant ∆E below the hypothetical value 2.7 (p=0.055) ; The cross-polarization group showed statistically significant ∆E above the hypothetical value 2.7 (p=0.001). The null hypothesis 1) cannot be rejected; the null hypothesis 2) can be accepted. 
There are three common methods of shade matching, namely visual, instrumental and digital imaging. The technique in the present study consisted of digital imaging and computer software. In order to identify the most reliable and accurate shade-matching methods, there were various studies on this topic. The results and methods were compared with the present study as described below. 
[bookmark: _Toc49258229]2.2	Comparison between visual and instrumental shade matching
Visual shade matching is conventionally carried out by clinicians. However visual selection is subjective and depends on the light interaction with the object. More importantly it depends on the competency of the operator carrying out shade matching.3. The Gasparik et al. study 22 study shows that the mean ∆E between what the observer picked up from the shade guide under normal day light, daylight with a light light-correction device and a light light-correcting device with polarizer were all greater than> 3.28. Observers did not improve shade matching even when a cross-polarizer was used. It seemed that the relatively greater value of ∆E in visual shade matching is related to observer factors, affected by the gender,  and colour discrimination competency etc. To eliminate possible errors caused by the observers, there are many colour-measuring measuring devices could be used (of which there are many in on the market). The emergence of shade-matching devices might help facilitate more accurate shade matching. 
Instrumental shade matching might be more accurate and reliable than visual shade matching, because it can be carried out under standardized environmental protocols. There have been studies showing the higher accuracy of shade matching by spectrophotometryer than the a visual method. Liberato, Eduardo, and Chitrarsu 23–-25 showed statistically significant differences in shade shade-matching performance by the spectrophotometric method than visual shade matching. Dozić Dozic et al.26 compared the performance of five shade shade-matching devices and found that they were 33% more accurate in instrumental colour matching than a visual one. However, even with much higher the accuracy than the visual onemethod, there were still uncertainties surrounding this method. 	Comment by Copy Editor: AQ: In the sentence beginning: ‘Liberato, Eduardo and Chitrarsu23–25 showed statistically’ please check the citations as ref 23 is Liberato et al., ref 24 is Chitrarsu et al. and ref 25 is Mahn et al. There is no Eduardo in the ref list.
Certain studies have shown the reliability of colour colour-matching instruments. Igiel et al.27 showed that the inter- and intra-rater reliability were higher, if observers matched the shade with the aid of a spectrophotometer. However, this study only investigated the reliability but not the accuracy of the shade shade-matching procedures in the visual and spectrophotometerspectrophotometry methods. Even though the methods may be reproducible in shade- matching, the outcome might not necessarily be accurate. 
Kim-Pusateri et al.28 tried to compare reliability and accuracy of various dental shade shade-matching devices. Although most of the devices were reliable and tested accurately, the accuracy of the devices was not clinically relevant, because only the shade-matching phase was tested, but not the shade-duplicating step. This means accuracy was only compared to the similarity between the tab and the colour database inside the instrument, but not the capability to copy true tooth colour.  Kim 13 studied repeatability and accuracy between two identical spectrophotometers. Although the repeatability was high, again accuracy was inconclusive. The ∆ E values were 3.05 and 2.86 for the two identical devices. ∆E were obtained by comparing the L*a*b* value of the tooth and the indicated shade tab as shown on the spectrophotometer. Unsurprisingly, the ∆E difference was not too far from an acceptable threshold, because the experiment just compared the measured L*a*b* of the tooth to that of the shade tab, so it was verification of the shade shade-guide database in the instrument instead of actual shade comparison. Tsiliagkou et al. 29  adopted similar methods to calculate the ∆E, by comparing the recorded L*a*b* value of a natural tooth with the L*a*b* value of the reference shade tab. He They also proved high reliability of the three colour-matching devices. Although accuracy was claimed to be good to fair, it the methods had the same issue as Kim, namely that even though the ∆ E was low, it did not imply the recorded value was the actual shade. 
In contrast to those studies, in the present study, every chosen shade tab was compared with the natural tooth directly and the colour difference was calculated from the same digital image. ALGhazali AlGhazali et al. 30 studied spectrophotometer accuracy by comparing the result with a reference spectrophotometer. Unlike the methods of previous studies, they tried to differentiate between absolute and relative accuracy. They concluded that the spectrophotometer was not accurate in measuring absolute colour coordinates, although the reliability was high. The absolute colour difference values were ∆E=13.95 between the test and reference spectrophotometers. The ∆E value was much greater than in the present study. This inaccuracy could be due to instrument head size, tooth position, experience of the examiner and illumination that might influence shade shade-matching outcome.  Additionally, it might be affected by the translucency, texture or curvature of tooth surfaces. Meanwhile, in the present study, as the images were all calibrated via software and a grey reference card under a standardized environmental set-up, there was less chance of error. 
Apart from AlGhazali et al., there were not many other studies comparing the CIELAB coordinates of a shade tab and natural tooth. Although many studies showed high reliability in instrumental shade matching, most of them compared the L*a*b* coordinates with the database inside the machine with the indicated shade tab. It is difficult to distinguish the difference between actual tooth colour and the chosen shade tab. In addition, most of the studies were in vitro, so there werewith few in vivo studies. 
With advancing technology in intra-oral scanning, it is true that the intra-oral scanner has built-in shade matching abilities, ; however, Culic et al. 31 showed inaccurate shade matching performance in his their study. 
[bookmark: _Toc49258230]2.3	Comparison with other digital imaging shade shade-matching techniques 
Digital imaging techniques are more accurate than conventional visual methods.14,32. Jarad et al. 32  showed better performance, if observers matched the shade using computer software instead of conventional visual methods32. There was a 61.6% correct match in the computer shade matching group, against only 43% in the conventional group. However, shade tab selection in this study was limited, and there was no calibration of lighting factors. And again, it was the shade-matching but not the shade-duplicating capabilities that were tested. Schropp 14 described the procedures to determine the closest shade tab by calculating the L*C*h* value, using Photoshop® software14. He found better shade shade-matching performance in graphical software programs than visual shade taking, whereas 67% shade tabs were correctly matched. However, in everyday dental clinic conditions it is time-consuming to calculate L*C*h* when the clinician needs to match shade. And there exists certainly a wider shade selection than the twelve 12 tabs used in this study. It is not practical for the clinician to place the whole VITA 3D master Master shade guide with the tooth and take a photo. The photo-taking distance needs to be very far away, and there would be over 26 calculations, before getting the least least-colour difference between the tooth and shade tab. Suggested in the present study is a protocol using only a few simple steps and software to help clinicians pick the best match. 	Comment by Copy Editor: AQ: In the sentence beginning ‘Schropp14 described the procedures to determine the closest shade tab by calculating the L*C*h* value…’ this is the first time that L*C*h* has been mentioned. Should this be defined?
To minimize the steps in calculating colour, some have developed software aids for colour matching. 33. Culic et al. 34 introduced new computer software for shade matching, and 88% of cases had colour difference ∆E below the ATacceptability threshold of 3.2. However, they only compared the results between values derived from the software and those from the spectrophotometer. The absolute accuracy might not be guaranteed, because they assumed the shade matching from the spectrophotometer was accurate. 
Jarad et al. 32 first suggested the use of the digital shade guide in 2005. Digital images analysed by imaging software is a cheaper method than conventional shade shade-matching devices (e.g. spectrophotometers or colourimeters). They compared the CIELAB from digital colour measurement with spectrophotometric readings. They found a very high statistically significant correlation between the two groups. Again, they did not show the accuracy of the shade matching, assuming that the spectrophotometric method was accurate.  Tung et al. 35 also advocated a digital shade guide, and the study concluded that a digital camera with LED lighting using custom white balance worked best in shade matching, with a 93% match, ; however, the method was complex in acquiring the proposed shade. Each ceramic specimen needed to be compared with 15 pre-calculated L*a*b* shade tab values. 
Mclaren McLaren et al.  36 described a method of performing photoshop Photoshop shade analysis, by comparing the value and chroma of the tooth in the digital photo to the shade tab by the photoshop Photoshop “INFO” palate, and the measurement difference could be extrapolated to find the closest colour match36. However, it was found by the others that the interval in colour parameters between the 3D Master shade tabs might not be uniformly distributed.37. That might make this method unreliable in extrapolating measurements.
[bookmark: _Toc49258231]2.4	A novel digital shade shade-matching technique 
A new approach involving digital shade guides and software-aided colour selection has been used in shade matching. In this study the new shade shade-matching technique helps make the software program steps simpler and easier. No complicated mathematical calculations are needed. All the clinician needs are an authentic grey reference card, a digital camera and a computer equipped with Photoshop ®. 
A grey reference card is essential in digital shade matching. Cublic et al. 34 mentioned the importance of image calibration in obtaining natural colours. Tam et aland Lee 38 utilized flashes without calibration and hence, study results were inconsistent, when the spectrophotometric readings were compared with digital images. When the image is captured, environmental lighting can affect colour selection, because different lighting creates different wavelengths. 39. Takatsui et al. 40 stated that even though the same camera and environmental settings were adopted, there was a clinically unacceptable colour difference in the same VITAita Lumin Vacuum A3.5 shade tab between manual and automatic models of cameras. Tung et al. 35 verified the necessity of custom white balance for digital images, whereas the study showed higher matches of shade in the groups using LED and under custom white balance. They customized the white balance by shooting a white standard plate. Hein and Zangli 41 suggested another method to calibrate white balance and showed the importance of a grey reference card in correcting colour casts caused by different diffusers. They utilized a grey reference card with known coordinates, and the study showed that the grey card helped to record more accurate digital dental images. In the present study, a White_Balance ® grey reference card developed by Sascha Hein was used. The defined colour coordinates are L*79, a*0 and b*0, with low manufacturing tolerance of ±0.5.
A digital camera can be any brand of digital single- lens camera, although the white balance is better set at 5500 K, then post-acquisition white balancing can be performed with computer software and grey reference card. The images are saved in both JPEG and NEF formats, with the NEF format being preferred for image calibration in the computer software. To capture high high-resolution images, the lens should be 105 mm. 
Photoshop® is utilized to calibrate the white balance of images, to create the digital shade guide and conveniently pick the closest tooth shade match. In this study Photoshop ® occupied an important role in measuring the L*a*b* of objects. 
The reason why the previous studies focused on in vitro instead of in vivo testing could be the colour complexity of the natural tooth. If the natural tooth shade is compared with the shade tab, it is very likely to achieve a high ∆E, because it is difficult to manually control the exact spot of colour measurement. Using Photoshop ® it can be controlled by the built-in functions, the selected section of tooth surface can be recorded and duplicated afterwards. This eliminates selection inconsistency error. 
In the present in vivo study, the actual tooth shade was tested, and the true tooth shade and the picked shade tab were compared. We tested the absolute accuracy of this shade-matching technique. Instead of complicated mathematical calculations, a few simple steps lead the clinician to select the nearest shade. From the results, the ∆E of the normal flash group was below <2.7, which supports the feasibility of this technique. Even though the ∆E of the cross-polarization group was 3.1, it was smaller than the value (∆E=3.7) commonly referred to in previous studies.15.  
[bookmark: _Toc49258232]3.	Normal fFlash VS versus Crosscross-polarizer
The present study shows a statistically significant difference between the normal flash and cross-polarization groups, thus the null hypothesis 3) was rejected. The ∆E of the cross-polarization group was higher than that of the normal flash group. This contradicted previous studies, which supported the use of a cross-polarizer for digital imaging in shade- matching. 
Although Gasparik et al. 22 showed no improvement in visual shade shade-matching ability when a cross-polarizer filter was added to the light-correcting device, cross- polarizers have an impact on instrumental shade matching. When comparing the performance of shade matching in spectrophotometryer, cross-polarized digital images and visual analoganalogue, Eduardo 25 showed no significant difference between cross-polarized imaging and spectrophotometric measurements. He concluded that cross-polarizers facilitate accurate shade matching. From these two studies, it seemed that although it might not be helpful in visual shade matching, it might be helpful when combined with a spectrophotometer. This is because cross-polarizers eliminate the specular reflectance of the tooth surface produced by the camera flash. It and reduces the chance of overestimating the “whiteness” of the tooth shade. 42	Comment by Copy Editor: AQ: in the sentence beginning ‘When comparing the performance of shade matching in spectrophotometer …’ please note that ref 25 is Mahn et al. and not Eduardo.	Comment by Copy Editor: AQ: in the sentence beginning ‘From these two studies, it seemed that although it..’ please define what is meant by ‘it’ (cross-polarizer?)
Lazar et al. 43 studied the difference between a cross-polarizer and normal flash, when shade matching was compared with the spectrophotometer. Although only 23% of the sample had an acceptability threshold (AT) ≤of or below 2.7, still it still showed that the polarized group performed better. The low percentage of samples meeting AT=2.7 could be due to the spectrophotometric method being reliable but not accurate. In these early studies, cross-polarization was deemed superior to normal flash. It was not expected in the present study that the cross-polarization group would evidence produce a higher ∆E than the normal flash group. 
In the present study, the smaller ∆E in the normal flash group could be due to the study design, which avoided picking up the glare part in the normal flash image, otherwise the results from the normal flash group might be affected by the glare, which would impose higher luminosity and hence greater discrepancy between shade tab and tooth colour. However, it still does not explain the higher ∆E of the cross-polarization group. When the ∆L* ∆a* ∆b*results are studied individually, all ∆L*, ∆a* and ∆b* differences between the natural tooth and shade tabs were statistically significantly different. This means that it was not likely that the difference was there by chance. It was observed that most of the colour discrepancies are in the a* value for both normal flash and cross-polarization groups, ; the a* values invariably being greater in the tooth than shade tabs. This was especially obvious in samples where ∆E was greater than >2.7. The generally higher a* value discrepancy could hint that there was insufficient coverage of the “red” shade tab in the VITA 3D master Master shade guide system. During the shade-matching steps there were instances in which there was no shade tab revealing the same “colour range” as the tooth. In such instances only the nearest shade tab was selected. 
On average in the L*value there was higher luminosity in the natural tooth than the shade tab in both the normal flash and cross-polarization groups. This result was similar to that of Zlataric et al. 44 and Hassel et al. ,45, which who also found the L* value was higher in the tooth than in the matching shade tab, when measured by spectrophotometer. Zlataric and Hassel et al. attributed the results to the small sample size and lack of colour spectrum, respectively. Moreover, Hassel et al. explained that the higher L*value in natural teeth could be due to transparency properties. Due to the coordinate’s discrepancies between natural teeth and shade tab, Hassel et al. suggested not directly comparing the natural tooth and shade tabs. In the present study, the L* values were especially higher in samples which that had resultant ∆E greater than >2.7, which could be due to the inadequate shade coverage of the shade guide; when the closest shade was identified via Photoshop, the colour range selection was very specific, so that any colour that fell out of the range was not “picked up”, ”. Iin order to choose the closest shade tab, the “fuzziness” had to be increased, in which “low fuzziness number” means very specific colour selection, while a larger number means more tolerance of variances, and so more brightness levels would be included in the range. Therefore, the more dissimilar the shade tab and natural teeth, the more likely a brighter shade tab was to be selected by the Photoshop®. That explained the invariably higher L* values of natural teeth than shade tabs in greater ∆E samples. In samples with smaller ∆E there were even distributions of ∆L*(+ve) and ∆L*(−-ve and zero). 	Comment by Copy Editor: AQ: in the sentence beginning ‘This result was similar to that of Zlataric et al.44…’ and subsequent sentence, please note that ref 44 is Knezović et al. and not Zlataric et al.
Although the ∆a* was generally higher in both groups, the a* value discrepancy was noticeably greater in the cross-polarized group than the normal flash onegroup. This could be due to the increased saturation of red after cross-polarization, in which case the a* value discrepancy could have been exaggerated. In the cross-polarized group the a* value discrepancy in ∆E >2.7 samples were much greater than those in ∆E ≤<= 2.7 samples. It This reflected that if the tooth shade falls out of the range of shade guide provided, it is more difficult to match the shade under cross-polarization than using a normal flash, because the former technique increases the image saturation. In other words, shade matching using cross-polarization could be more technique-sensitive and coverage-error-sensitive, if the shade shade-guide system does not cover the red range. 
In the b* values of cross-polarization and normal flash groups, we observed similar discrepancies. It seemed that there was better coverage of blue/yellow in the VITA 3D Master shade guide than red/green,. A andnd the cross-polarization did not increase as much saturation of blue/yellow as the red/green. 
[bookmark: _Toc49258233]4.	Limitations 
[bookmark: _Toc49258234]4.1	Calibration of the shade shade-verification image
There was no grey reference card taken with the natural tooth and shade tab during the verification photo-taking stage. SoTherefore, if no calibration was performed in this photo, there could be error introduced because the tooth and shade tab were not calibrated to their actual colour dimensions. Although they were in the same image, still there existed possibilities of faulty ∆E because the colour dimensions might not be in linear relationships with each other. 
[bookmark: _Toc49258235]4.2	Variance of shade tabs
It has been abundantly shown that there are variations between shade guide systems, so even if a shade tab is chosen by this technique, it might not be the same as the shade tab that the ceramist has. King et aland deRijk 46 studied variations of shade between the shade tabs of Vitapan Classical. They found that there were significant differences between shade tabs, especially C1, which possessed clinically unacceptable differences. Even though a clinician might have picked the most accurate shade tab, it might not be the same reproduction as the one that the ceramist holds. 
[bookmark: _Toc49258236]4.3	Coverage error in shade shade-guide systems
Studies showed that some shade shade-guide systems do not have enough spectral coverage of colours found in teeth. O’Brien et al. 47 described the method of calculating coverage error. Coverage error (CE) is an index showing the mean value of the minimal colour difference between shade tab and teeth. Because there was a limited selection of colours when matching with human teeth, there was an error when tooth colour is only defined by the nearest shade in the shade shade-guide system. The smaller the coverage error, the higher the chances of accurate shade matching. Bayindir et al. 19 compared VITA Lumin, Chromascop and Vitapan 3D master Master shade guides, and found that the Vitapan 3D Master had the lowest coverage errorCE, so that was the reason which is why the 3D Master shade guide was used in the present study, Bayindir et al.’s study also showed that none of the three shade guides effectively covered the red tooth range. That explains the result of the present study, since as in the ∆E group greater than >2.7 group, the a* value was invariably higher in the tooth than in the shade tab. As the shade guide did not cover the tooth with higher a* (red) value, even though the “colour range” function in Photoshop ® was performed, there was no identical colour match, and in order to find out the nearest shade tab, similar colours were selected. This could be performed by adjusting the fuzziness.  Fuzziness enables Photoshop ® to set an acceptable range, so that all pixels that fall within it are included in the selection. The higher the fuzziness value, the more brightness levels are included in the range. The fuzziness value of 10, for instance, selects all pixels of identical colours as the pixel clicked on the tooth, plus all the pixels within 10 brightness values lighter or darker. The fuzziness adjustment only leads to the nearest shade tab regarding luminosity, without consideration of a* and b*. In the present study, in samples of ∆E greater than> 2.7 the fuzziness values were all set at 8 or above, while samples of ∆E were smaller or at 2.7, there were identical colours from the shade tab revealed by clicking on the tooth, and there was not much increase in fuzziness. 
[bookmark: _Toc49258237]4.4	Homogeneity of tooth colour
Most natural teeth show a complex of colours instead of any homogenous shade. The mixture of colours added challenges in “colour range” selection in the present study. Although tetracycline and hypoplastic teeth were excluded from the study, there were still tooth samples showing a mixture of colours. In an attempt to accurately pick the pixel, a point pixel point was used in shade matching. After clicking on the central portion of the tooth, all the identical colours were displayed in the software, and only the shade tab showing identical colours in the central portion was chosen. 
For colour measurement, a point pixel point could not be used, because that would make the colour reading very specific and not practical, . Iinstead a range of 101×X101 pixels was used, since as due to the high resolution of digital single single-lens cameras, a circular selection occupies less than 1/10one-tenth of the overall tooth surface. The software would rounds up the colour values in the circular selection and displays the average L*a* and b* values. The same size of selection was placed on the shade tab. Using this method, the colour difference was found relatively high in the present study because both the natural tooth and shade tab were not homogeneous in colour, . Thisit was quite different from the previous studies calculating the ATacceptability threshold, ; for example, Paravina et al. had made use of a monochromatic ceramic block in their study 16. With this limitation, even though there were samples with ∆E greater than >2.7, the discrepancy between chosen shade tabs and natural teeth were actually hardly perceptible. 
[bookmark: _Toc49258238]5.	Future improvement 
[bookmark: _Toc49258239]5.1	Lighting environment
Electronic flash is in common use in dental practice; however, it has the drawback of inconsistent flashlight performance, as Tung et al. 35 showed. According to their study the LED group showed a better result in shade matching than the normal flash group. In this study, although the normal flash group showed smaller ∆E than cross-polarization, the glare part had to be ignored. When glare occurs for on a crucial portion of the tooth surface, it can affect shade shade-matching accuracy. To refine the shade-matching technique, a LED light is recommended instead of an electronic flash. From the above results, cross-polarization might not be essential. That This was quite different from previous studies, which mainly compared the effect of cross-polarization under spectrophotometric measurements instead of a digital imaging technique. 
[bookmark: _Toc49258240]5.2	Variability of shade tabs between various systems
Another problem with the spectrophotometer spectrophotometric method is that the shade indicated might not be applicable to other shade shade-guide systems. Sampaio et al. 48 studied shade shade-guide variability and concluded that the VITA-coded shade guides were not interchangeable with the VITA classical Classical shade guide. In their study none of the shade guides matched VITA classical Classical completely. In that case, even if the clinician has measured the colour by these instruments, the colour might not be interchangeable with the shade tab from certain manufacturers.
By using the present approach, the clinician can develop a digital shade guide according to various manufacturer’s shade guide (e.g. specific ceramic or composite shade guides).
[bookmark: _Toc49258241]5.3	Minimizing coverage error of shade guide
[bookmark: _GoBack]Baylindir et al. 19 mentioned a combination of shade guides to help reduce coverage error in shade guide systems. It is feasible to integrate various shade guides using computer software and following the methods in the present study, ; the tooth colour can be selected from a broader range of colour.  The clinician can even integrate a gradient spectrum of various stain colours in the digital shade guide for the ceramist to add characterization on restorations. 





[bookmark: _Toc49258242]CONCLUSION
There have been many studies on shade shade-matching technique. However, there have not been many recommendations on accurate shade shade-matching techniques. Visual shade matching is too subjective and dependent on observer-related factors. Instrumental shade-matching devices are relatively costly, although they have been shown to be more accurate than the visual method. Although there have been studies on instrumental measurements, most of the studies were in vitro experiments proving shade-matching but not shade-duplicating abilities of various shade shade-matching techniques. There was inconclusive accuracy provided by these devices. With the advancing computer software technology and digital imaging there is potential to achieve more accurate shade-matching results, ; however, few studies focus on its absolute accuracy. 
In the present study, the in vivo results showed that there was a statistically significant difference in ∆E among the normal flash and cross-polarization groups. Shade Shade-matching performance was reflected from the ∆E at 2.54 and 3.14 for normal flash and cross-polarization group, respectively. ; Howeverhowever, the results were not statistically significant for the normal flash group. There were statistically significant relationships between the tooth and shade tab L*a*b* values in both the normal and cross-polarization groups. 
Within the limitations of this study, the new approach using computer software Photoshop ® together with a grey reference card could be utilized and further optimized to match tooth shade in everyday dental practice. 
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