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CT
of problem. Although contemporary analytical methods are available for application to data which exhibit a lack of equality of
r a lack of normality in the error distribution, little guidance is provided for selecting the methods of data handling and analysis
fit color difference data for stained esthetic materials.

he purposes of this in vitro study were to apply information criteria of analysis of variance (ANOVA) methods of differing error distributions
nce structures when analyzing color differences to determine the degree of alienation among 3 Commission Internationale de l’Eclairage
ifference formulae to assess the linearity of relationships among these formulae and to independently assess differences among various
ided design and computer-aided manufacture (CAD-CAM) materials in any color change after common forms of staining over time.

nd methods. Hybrid ceramic, resin nanoceramic, feldspathic-ceramic, and lithium-disilicate ceramic specimens (N=128) were
to staining from water, tea, coffee, and red wine over 1, 7, and 30 days, with color differences calculated from baseline. Akaike
criteria (AIC) and Bayesian information criteria (BIC) values were determined for Gaussian and lognormal error distributions at
structures of standard variance components and compound-symmetry. The analysis of variance used to analyze any significant
these color differences was the one with the lowest AIC and BIC values. Then, for each solution, day, and CIE color difference
y significant difference in the color differences between all pairs of materials was found by Bonferroni-corrected Student t
e statistically significant pairwise comparisons where the larger of the color differences met or exceeded the acceptability
ere labeled as statistically and visually noteworthy.

r this color difference data set, the lognormal error distribution and the covariance structure of compound symmetry provided the
nd BIC. Because the interaction between material, solution, and day was statistically significant (P<.0001), pairwise comparisons
e between all pairs of materials for each level of solution and day studied. Noteworthy differences were identified, where
amic and resin nanoceramic each had color changes after staining in coffee and red wine that were greater than each of
-ceramic and lithium-disilicate ceramic.

s. AIC and BIC values evaluate distinctively the Gaussian and lognormal error distributions when analyzing highly varying color
Although there is a high linear correlation between the 3 color difference formulae studied, each formula is unique, and each
a different assessment of the perceived color difference. CAD-CAM materials, staining liquids, and time points affected the notable
es. (J Prosthet Dent 2020;-:---)
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Clinical Implications
Assessing clinically relevant color changes from
staining between materials involves both statistical
and color science issues, each of which must be
properly evaluated. The lack of notable
susceptibility to staining by ceramic materials when
compared with resin-containing materials is well
supported in vitro.
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natural teeth1 or should at least generally simulate the
optical properties of natural teeth. Then, these required
characteristics must be maintained long-term in clinical
service. Nevertheless, evaluating long-term optical sta-
bility issues of newly introduced materials in vivo would
not provide the timely information needed to determine
their suitability for current use. Therefore in vitro evalu-
ations of simulated clinical environments have been used
to assess the optical stability of contemporary esthetic
materials.

Staining is a major factor affecting the long-term
success of esthetic dental restorative materials. After the
susceptibilities to discoloration of resin veneering mate-
rials2 and composite resin interim materials3 were shown,
studies continued to reveal discoloration of various
esthetic restorative materials. Discoloration was then
shown for nanofilled composite materials,4,5 microhybrid
composite resins,6 and resin-containing computer-aided
design and computer-aided manufacture (CAD-CAM)
materials.7-9 These studies show that the staining of
materials depends on the discoloring solution, exposure
time and temperature, and composition of the material,
and further studies have reported the effects of multiple
staining solutions,10 thermocycling in coffee (Cof),8,11

thermocycling followed by a staining solution,12 aging
regimens,13 surface characteristics,14,15 and processing
methods.16 Stability with regard to color and trans-
lucency has also been evaluated.11,17,18

Newer CAD-CAM restorative materials are classified
into polymer infiltrated ceramics19,20 and resin nano-
ceramics (RCs).21 Advantages of these hybrid polymer-
ceramic materials include easier milling and adjustment
compared with glass-ceramic materials and poly-
crystalline ceramics, elasticity more similar to dentin than
conventional ceramics, and easier repair with composite
resin.22 Studies conducted on polymer-infiltrated ce-
ramics have reported elastic modulus, hardness, and
fracture toughness properties similar to those of dentin
and enamel.21,23 The mechanical properties of polymer
infiltrated ceramic materials generally fall between
ceramic and RC materials.24

RC materials are alternatives to glass-ceramic mate-
rials with similar mechanical properties.25,26 For opposing
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tooth enamel erosion and tooth brushing abrasion, no
difference was found between ceramic-reinforced poly-
mers and lithium disilicate ceramic blocks, yet a decrease
in brightness of resin ceramic was found after brushing.23

Studies on the optical behavior of RC materials have
reported the influence of fabrication.27 A 2014 review28

summarized developments in resin-composite materials
for CAD-CAM applications. The correspondence in color
and translucency has also been shown between human
dentin and a hybrid ceramic (HC) system.29 A clinical
recommendation of the material for a restoration may be
influenced by the effect of a patient’s dietary habits on
esthetic stability and based on the results of these
studies.

Color and color difference calculation methods pro-
vided by the Commission Internationale de l’Eclairage
(CIE)30 have been used extensively to show the magni-
tude of changes in overall color and translucency in
reflection. Although a claim was made that the CIELab
and CIEDE2000 color differences were linearly corre-
lated,31 no analysis of the linearity or of the alienation
measuring the lack of association32 between color dif-
ference formulae was found in the literature by the au-
thors. However, the CIEDE2000 formula reflected the
color differences perceived by the human eye better than
the CIELab formula (DE*ab).33 Perceptibility and
acceptability thresholds have been determined for both
the CIELab and CIEDE2000(1:1:1) color differences.34

More recently, the CIEDE2000(2:1:1) color difference
formula was reported to provide the best estimate of the
visual perception of dental students.35,36

CAD-CAM materials are used for patients with a high
esthetic expectation, especially in the anterior zone. Even
slight color change following the clinical performance
causes patient dissatisfaction, and detecting the color
change of intraoral restorations precisely is extremely
important. Therefore, obtaining the right color difference
equation for evaluating the staining of dental restorations
is essential. Yet, the perceptibility and acceptability of a
color change with the human eye must be accurately
quantified. Higher correlation of a color difference
calculation and human perception and acceptance pro-
vides a more accurate clinical interpretation.

Methods of statistical analyses of color differences
studied usually include an analysis of variance of the
color differences found, although the nonparametric
analysis of a Mann-Whitney U test37,38 and a Kruskal-
Wallis test38 have also been used to analyze color dif-
ference data. When considering methods of analysis,
analysis of variance (ANOVA) is generally the more
powerful statistical procedure for detecting departures
from the null hypothesis.39 Methods of applying an
ANOVA to data which exhibit either a lack of homo-
scedasticity or a lack of normality in the error distribution,
both of which are assumed and required39 for the
Koçak et al



Table 1.Materials studied

Material Brand Code Main Components* Manufacturer

Hybrid
ceramic

Vita
Enamic

HC UDMA, TEGDMA, 86% feldspar
ceramic enriched with aluminum
oxide

VITA
Zahnfabrik

Resin
nanoceramic

GC
CeraSmart

RC Bis-MEPP, UDMA, DMA, 71% silica
(20 nm), barium glass (300 nm)

GC Dental
Products
Europe

Feldspathic-
ceramic

Cerec
Blocs

FC SiO2 (56%-64%), Al2O3 (20%-
23%), Na2O (6%-9%), K2O (6%-
8%), CaO (0,%3-0,6%), TiO2 (0,0%-
0,1%)

Dentsply
Sirona

Lithium-
disilicate
ceramic

IPS E.max
CAD

LSC SiO2 (57%-80%), Li2O (11%-19%),
K2O, P2O5, ZrO2, ZnO

Ivoclar
Vivadent AG

Bis-MEPP, bisphenol A ethoxylate dimethacrylate; DMA, dimethacrylate; TEGDMA,
triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate. *Compositions
supplied by manufacturers.

- 2020 3
P values from a common ANOVA to be unbiased, are
available. In none of the research presented here has an
analysis of the Akaike information criterion (AIC)40 or the
Bayesian information criterion (BIC)41 been used.
Because various error distribution functions are possible
for the analysis of variance of color difference data,42 AIC
and BIC provide indicators of the error distribution which
best fits the data and act in a preliminary analysis to
determine the best model43 for testing the hypotheses of
interest in these color difference evaluations. Further, the
experimental designs used in assessing color differences
can involve repeated measures of the same spec-
imen,1,7,38 often over time. The statistical analysis of
repeated measures involved establishing the covariance
structure, by using techniques of the standard variance
components or compound symmetry as available in
analysis programs.42

The purposes of this in vitro study were to deter-
mine the AIC and BIC of ANOVA methods of differing
error distributions and covariance structures when
analyzing highly varying color differences (aim 1) to
determine the degree of correlation and alienation be-
tween the 3 CIE formulae for color difference and to
assess the linearity of the relationships between these
CIE formulae (aim 2) and to independently assess dif-
ferences between various CAD-CAM materials in any
color change because of common forms of staining
in vitro, taking into consideration both statistical sig-
nificance and visual acceptability (aim 3). The hypoth-
eses tested were that the statistical analysis method
would have different degrees of fit based on their in-
formation criteria, that the various color difference
formulae would provide unique evaluations of color
difference from staining, and that clinically and statis-
tically significant differences would be found in staining
between materials.
MATERIAL AND METHODS

The Vita A1 shade materials studied are presented in
Table 1. Each of 8 blocks of each material was sectioned
into 4 pieces measuring 12×14×1.2 mm with a water-
cooled precision cutting machine (Minitom; Struers
Inc). The surfaces were polished under water irrigation
with abrasive paper disks of 600-, 800- and 1200-grit to
adjust the final thickness (±0.1mm), with specimen
thickness measured with digital calipers. Each of the 4
specimens from a block was placed into 1 of 4 different
solutions. The solutions studied were distilled water
(DW) (FarmaTron Sterile Distilled Water; FarmaTron
Medical Care Healthcare and Cosmetic Inc), tea (Tea),
Cof, and red wine (RW) (Yakut; Kavaklıdere Co). The Tea
solution was prepared by immersing 2-g prefabricated
doses of Tea (Yellow Label Tea; Lipton) into 150 mL of
boiling water for 5 minutes; the Cof solution was
Koçak et al
prepared by dissolving the content of a 2-g sachet
(Nescafe Classic; Nestle) into 200 mL of boiling water.

Before each color measurement, the spectrophotom-
eter (SpectroShade Micro II; MHT Corp) was calibrated
according to the manufacturer’s recommendations by
using the supplied calibration standard. The average of 3
color determinations by using the CIE Illuminant D65
and the Standard Colorimetric Observer (2 degrees)30

was used for each color determination. Each specimen
was measured with a spectrophotometer against a black
background (CIE L*=2.0, a*=1.4, b*=-1.6) with air as an
intermediary, to simulate the optical conditions in the
mouth.10,44

After baseline color determination, each specimen
was immersed in its solution for 24 hours and then
removed from the staining solution and cleaned in DW
for 15 seconds with an ultrasonic cleaner. The specimens
were dried by wiping with gauze before being immersed
in its freshly prepared staining solution for the next day.
Color measurements were recorded for each dry spec-
imen after immersion in the staining solutions for 1, 7,
and 30 days. Color differences by using the CIELab,
CIEDE2000(1:1:1) (CIE001), and CIEDE2000(2:1:1)
(CIE002) formulae were calculated from its baseline ac-
cording to the method of CIE30 for each specimen and
each day.

First, the normality of all color differences was
determined by material, solution, and day by using the
Shapiro-Wilk test for normality, and the resultant prob-
abilities were adjusted for repeated testing by the step-
down Bonferroni correction. All color differences were
analyzed by using a repeated-measures ANOVA (PROC
GLIMMIX, SAS Proprietary Software 9.4; SAS Institute
Inc), where the between-subject effects were the material
and the solution and the within-subject effects were the
day and the CIE formula, with all interactions in the
model. The AIC and BIC values were determined for
each of the error distributions of Gaussian and lognormal
at each covariance structure of standard variance
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 1. Means and 95% confidence intervals of all color difference
formulae (a for CIELAB, 1 for CIE001 and 2 for CIE002) at day 30. CIE,
Commission Internationale de l’Eclairage; DW, distilled water; FC,
Feldspathic-ceramic; HC, hybrid ceramic; LSC, lithium-disilicate ceramic;
RC, resin nanoceramic; RW, red wine.
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Figure 2.Means and 95% confidence intervals for CIEDE2000(1:1:1) color
difference formula at all days studied. DW, distilled water; FC,
Feldspathic-ceramic; HC, hybrid ceramic; LSC, lithium-disilicate ceramic;
RC, resin nanoceramic; RW, red wine.
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components and compound-symmetry. The ANOVA
used to analyze any significant effects on these color
differences was the one with the lowest AIC and BIC
values. Then, for each solution, day and CIE color dif-
ference formula, any significant difference in the color
differences between all pairs of materials were found by
Bonferroni-corrected Student t tests, as appropriate for
the results of the repeated-measures ANOVA selected as
the final analysis to be used. Further, for each pairwise
difference, the larger of the color differences was
compared with the acceptability threshold (AT) for each
of the respective color difference formulae (for DelEab,
AT=2.65; for DelE001, AT=1.76; and for DelE002,
AT=1.78).35 Then, only for each pairwise comparison that
was found to be statistically significant and where the
larger of the color differences was found to meet or
exceed the acceptability threshold was the pairwise
comparison labeled as statistically and visually
noteworthy.

The correlations among each of the 3 CIE color dif-
ference formulae were determined for the entire color
difference data set. The linearity of the relationships
between the 3 CIE formulae was assessed by executing a
second order regression of each of the 2 CIEDE2000 color
differences to the CIELAB color difference and by this
regression of the CIEDE2000(2:1:1) color difference to the
CIEDE2000(1:1:1) difference.

For day 30, the means and 95% confidence intervals
of all 3 color difference formulae were calculated. For the
CIEDE2000(1:1:1) difference formula, the means and
95% confidence intervals by day were also calculated.

RESULTS

Means and 95% confidence intervals are presented in
Figure 1 for all CIE formulae, materials, and solutions at
day 30, which was the longest time studied. Means and
THE JOURNAL OF PROSTHETIC DENTISTRY
95% confidence intervals are presented in Figure 2 for all
materials, solutions, and days for the CIEDE2000(1:1:1)
formula. At day 7, the recorded colors for 1 specimen of HC
subjected to the DW solution were categorized as missing
because the color data presented as extensive outliers.

Over all material, solution, day, and CIE Formula
subgroups, the only significant issue of lack of normality
was found for the CIEDE(2:1:1) color differences for HC
in Tea at day 1 (P=.0425). To address aim 1, the AIC and
BIC values for the 4 ANOVA models studied are pro-
vided in Table 2, from which the model determined to
produce the best fit for these color differences was the
one with the lognormal error distribution and the
covariance structure of compound symmetry. To address
aim 2 and its application to aim 3, the summary of the
null hypotheses tested by the 4-way repeated measure
ANOVA of all color difference values by using the model
determined to have the best fit is provided in Table 3. As
justified by the result that the interaction between ma-
terial, solution, and day was statistically significant
(P<.0001), pairwise comparisons were made between all
pairs of materials for each level of solution and day
studied. To directly address aim 3, then for each color
difference formula, its threshold was compared, and the
greater color difference of each pair was found to be
statistically significant. Noteworthy differences between
all pairs of materials for each solution, day, and CIE
formula are presented in Table 4, where the pairs with
greater discoloration at or above the acceptability
threshold are listed.

To further resolve aim 2, the results of the correlations
between each pair of CIE color difference formulae are
provided in Table 5. For the studied regression analyses
between these color difference values, the second order
coefficient was always found to be statistically significant
(Each P<.0001). The second order regressions of DelE001
and of DelE002 each on DelEab are shown in Figure 3.
Koçak et al



Table 2. AIC and BIC values for models examined

Error Distribution Covariance Structure

Values

AIC BIC

Gaussian Compound Symmetry 2638.1 2646.7

Gaussian Variance Components 3378.6 3384.3

Lognormal Compound Symmetry 1456.6 1465.2

Lognormal Variance Components 1822.8 1828.5

AIC, Akaike information criterion; BIC, Bayesian information criterion.

Table 3. Summary statistics for 4-way repeated-measures ANOVA of all
color differences

Source of Variation

Degrees of Freedom

F-Ratio PNumerator Denominator

CIE Formula 2 892.51 192.935 <.0001

Day 2 892.92 458.620 <.0001

Material 3 111.50 129.654 <.0001

Solution 3 111.50 216.434 <.0001

Day × CIE Formula 4 892.51 0.538 .7079

Material × CIE Formula 6 892.51 1.563 .1548

Material × Day 6 892.91 31.399 <.0001

Material × Solution 9 111.50 9.686 <.0001

Solution × CIE Formula 6 892.51 9.004 <.0001

Solution × Day 6 892.91 22.211 <.0001

Material × Solution × CIE Formula 18 892.51 0.977 .4838

Material × Day × CIE Formula 12 892.51 0.132 .9998

Material × Solution × Day 18 892.89 10.646 <.0001

Solution × Day × CIE Formula 12 892.51 0.457 .9394

Material × Solution × Day × CIE
Formula

36 892.51 0.228 >.9999

CIE, Commission Internationale de l’Eclairage.
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Figure 3. Second order regressions of CIEDE2000(1:1:1) [in black] and
CIEDE2000(2:1:1) [in red] to CIELab with 95% confidence limits.
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DISCUSSION

The hypotheses tested were each supported by this
research. With regard to the first aim and hypothesis, the
color difference data in this study reported normality
within each of the groups studied except one, yet the
analysis of these data when applying traditional analysis
of variance did not demonstrate normality of the re-
siduals, also known as the model errors.45 This then in-
troduces concern about the validity of analyses of color
differences, as any analysis of variance can be adjusted by
the methods described here to account for different error
distributions. As seen in Figures 1 and 2, the distributions
of the subgroups with greater mean color differences
exhibited greater variation. The lognormal error distri-
bution can be expected to provide a more accurate error
distribution when the data set includes both large and
small color differences. It can also be expected that
comparisons of color differences which are more uniform
in the means could have an optimum error distribution
that is normal. Therefore, the most appropriate error
distribution should be determined for data being
analyzed. Limitations of this study included that only 2
error distributions were evaluated. Nevertheless, the
conventional analysis of variance, which is based on the
Koçak et al
assumption that the errors are normally distributed, is
biased for at least this color difference data set.

With regard to the second aim and hypothesis, the
alienation between the 3 CIE formulae for color differ-
ence because of staining indicated that each of these
formulae is unique, and each represents a different
assessment of the perceived color difference. As noted in
Table 4, these unique assessments can often result in the
same conclusion for comparisons between materials, as
can be expected when large differences in the color
changes between 2 materials are noteworthy regardless
of the formula used. However, the 4 occurrences of
noteworthy differences for 1 color difference formula
when the other formulae did not detect this difference
indicate how specific the formulae are. Further, the re-
ported lack of linearity between these formulae for these
data further indicate that the DelEab cannot always be
used as a linear estimate of either of the CIEDE2000
formulae. This study did not directly assess the accept-
ability of color differences but rather relied on 1 available
published study which evaluated acceptability for all 3
color difference formulae when using the same
observers.36

CIELab9,13,16,18,37 and CIEDE2000(1:1:1)8,12,15,38 have
been used in studies evaluating the stainability of current
CAD-CAM materials. Lee31 examined the differences
between the 2 equations and stated that they were
correlated. However, other authors8,12,38 have stated that
the CIEDE2000 formula is more closely correlated with
human visual observations of color differences. The hu-
man eye is less capable of perceiving the color differences
caused by lightness compared with hue.34,36 Recent
studies reported that average participants’ observations
better correlated with CIEDE2000(2:1:1) compared with
CIEDE2000(1:1:1) and CIELab.35,36

With regard to the third aim and hypothesis, the
factors of material, staining solution, and time affected
the magnitude of staining in the CAD-CAM materials
studied. These results are consistent with those of
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 4.Noteworthy pairwise comparisons indicating unacceptable and greater discoloration

Solution Material 1 Material 2

Day 1 Day 7 Day 30

CIELAB CIE001 CIE002 CIELAB CIE001 CIE002 CIELAB CIE001 CIE002

Coffee FC HC d d HC* HC HC HC HC HC HC

Coffee FC LSC d d d d d d d d d

Coffee FC RC d d d RC RC RC RC RC RC

Coffee HC LSC d d HC HC HC HC HC HC HC

Coffee HC RC d d d d d d d d d

Coffee LSC RC d d d RC RC RC RC RC RC

Tea FC HC d d d d d d HC d d

Tea FC LSC d d d d d d d d d

Tea FC RC d d d d d d RC RC RC

Tea HC LSC d d d d d d HC d d

Tea HC RC d d d d d d d d d

Tea LSC RC d d d d d d RC RC RC

Water FC HC d d d d d d d d d

Water FC LSC d d d d d d d d d

Water FC RC d d d d d d d d d

Water HC LSC d d d d d d d d d

Water HC RC d d d d d d d d d

Water LSC RC d d d d d d d d d

Wine FC HC HC HC HC HC HC HC HC HC HC

Wine FC LSC d d d d d d d d d

Wine FC RC RC RC RC RC RC RC RC RC RC

Wine HC LSC HC HC HC HC HC HC HC HC HC

Wine HC RC d d d d d d d d d

Wine LSC RC RC RC RC RC RC RC RC RC RC

CIE, Commission Internationale de l’Eclairage; FC, Feldspathic-ceramic; HC, hybrid ceramic; LSC, lithium-disilicate ceramic; RC, resin nanoceramic. *Material noted under color difference
formula 1 of 2 significantly different materials with greater discoloration and unacceptable discoloration using that color difference formula.

Table 5. Correlation attributes between each pair of 3 CIE color difference formulae

Variable Variable2 Correlation Coefficient Coefficient of Determination Coefficient of Nondetermination Coefficient of Alienation

DelE002 DelE001 0.9976 0.9951 0.0049 0.0699

DelEab DelE001 0.9830 0.9664 0.0336 0.1834

DelEab DelE002 0.9809 0.9622 0.0378 0.1944

CIE, Commission Internationale de l’Eclairage.
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previous studies.3,7,12,18,38 It has been reported that
alcohol softens the resin matrix and increases the stain-
ing,18 although whether alcohol or the presence of pig-
ments increased the staining potential of RW has not
been clarified.7,15,16 RW includes alcohol, acids, chro-
mogens, and tannins.18 Tannins increase the capacity of
chromogens to adhere to the surfaces of the materials.18

Discoloration from Tea and Cof exposure has been re-
ported to be mainly from surface adsorption of the yellow
colorants.2

In vitro studies have reported the staining behavior of
CAD-CAM polymers or resin-based cement after
immersing in different solutions.8,9,12,15,16,18,37,38 The ef-
fect of staining solutions on different block materials was
evaluated on days 1, 7, and 30. As seen in Table 3, a
significant interaction was found between the materials,
solutions, and days studied. Güler et al3 stated that
keeping specimens in Cof for 24 hours produced equiv-
alent staining to 1 month of typical Cof consumption. For
THE JOURNAL OF PROSTHETIC DENTISTRY
this reason, specimens kept in Cof for 1, 7, and 30 days
correspond to 1, 7, and 30 months of Cof consumption,
although the daily average effect of consumed wine and
Cof quantities may not be equal. The interpretation of
color changes according to the time in staining solutions
should be considered according to the daily drink
amount consumed and the contact time with the teeth.

The technique of identifying greater and unacceptable
color differences from staining presented here considered
both statistical and visual significance. Any comparison
between staining solutions, between stained materials, or
between times should be both statistically justified and
visually noteworthy. For this study, an a priori decision
was made to only compare pairs of materials within each
of the staining solutions and times if justified by the
analysis of all of the color difference data. However, for
future studies, the clinical concern of the differences in
the magnitude of staining between solutions for each
material may be considered. Given that Bonferroni
Koçak et al
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adjustments consider the total number of pairwise
comparisons being made in this experiment, an a priori
limitation in the possible pairwise comparisons to be
made will decrease b, the Type II error, or increase the
power to detect noteworthy differences. Also, for this
study, color differences which were clinically unaccept-
able were considered noteworthy, yet further studies
might use visual imperceptibility as being noteworthy.

The HC and RC CAD-CAM materials were highly
stained. This result was consistent with the results re-
ported by others.9,11,12,38 Resin-ceramic CAD-CAM ma-
terials may exhibit higher color change and staining
depending on their composition and the content of the
composite resin components.13,16 Water absorption of
the polymer compound can be explained by hydrolytic
degradation.16 HC and RC materials have triethylene
glycol dimethacrylate (TEGDMA). Because TEGDMA
with hydrophilic structure exhibits high water absorption,
the staining solution can penetrate the resin much
more.8,10,26 Unacceptable color changes of HC and RC
blocks may result from the material composition. When
specimen surfaces were examined, regional color changes
and surface property changes were observed. On the
contrary, Al-Harbi et al13 reported that the surface
properties of RCs did not change after aging and ther-
mocycling. However, the results of the current study
suggest an incremental increase in staining and surface
degradation over time.

Measurements were made on the black background
to simulate the oral environment, similar to some mea-
surements2,8,10,11 but unlike others.3-7,9,14 Ardu et al44

reported that a black or gray background better simu-
lated the intraoral environment than a white background.
Care should be taken to evaluate the measurement
method for its simulation of the oral environment.

Considering that restorations are cemented on a
prepared tooth, the data presented in this study are
somewhat overstated because actual restorations are
exposed to intraoral fluids only from 1 side. However, the
specimens in the current study were in contact with the
solutions on both the top and bottom sides. This study
reports the findings of an in vitro study. The interpreta-
tion of in vitro study results must be carefully made
because the clinical evidence is not as high as a pro-
spective in vivo study. The specimen shape was rectan-
gular rather than crown-shaped. This yielded flat surfaces
rather than the complex occlusal surface of a crown.
Although this could be considered as a limitation of the
current study, a flat shape was essential to measure the
color change accurately, allowing for characterization of
the material. A long-term controlled clinical prospective
study is necessary to confirm these results. Nevertheless,
assessing clinically relevant color changes because of
staining between materials (aim 3) involve both statistical
(aim 1) and color science (aim 2) issues, each of which
Koçak et al
must be properly evaluated. The lack of notable suscep-
tibility to staining by ceramic materials when compared
with resin-containing materials is well supported in vitro.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. AIC and BIC values evaluate distinctively the
Gaussian and lognormal error distributions when
analyzing highly varying color differences.

2. Although there is a high linear correlation between
color difference formulae, each of the formulae
studied is unique, and each represents a different
assessment of the perceived color difference.

3. CAD-CAM materials, staining liquids, and time
points used in the current study affected the color
change. Some changes were both statistically sig-
nificant and clinically unacceptable.
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