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ARTICLE INFO ABSTRACT

Keywords: Objective: To evaluate the influence of monolithic zirconia brand, thickness, and substrate color on color
Color matching accuracy when optically coupled to abutment substrates.
Monolithic zirconia Methods: A total of 180 samples of two brands of monolithic zirconia [Prettau Anterior (PA), Ceramill Zolid FX
::Zgrzlj;zhcolor Multicolor (CZ)] were prepared in three different thicknesses (0.8 mm, 1.5 mm, and 2 mm) with a standardized
Restoration thickness 10 mm diameter. Color properties of the samples were assessed using spectrophotometry at baseline and after
coupling to three substrate types: standard dentin, discolored dentin, and titanium. Color differences (AE) were
calculated and statistically analyzed by 3-way ANOVA and pairwise comparison (2=0.05).
Results: The brand and material thickness, at baseline and after coupling to different substrate colors, had sig-
nificant effect on color variations (P < 0.001). CZ consistently exhibited higher color differences than PA across
all conditions. Thinner specimens (0.8 mm) demonstrated greater sensitivity to substrate color, and increasing
the thickness to 1.5 mm resulted in a reduction in color differences, particularly for CZ formulations. Thinner
zirconia restorations (0.8 mm) require careful material selection and substrate matching to mitigate perceptible
color shifts.
Conclusion: The accuracy of color matching of monolithic zirconia restorations is significantly influenced by
material composition, thickness, and underlying substrate color. CZ demonstrated greater substrate transparency
effects compared to PA, emphasizing the critical role of material selection in clinical outcomes.
Clinical significance: Clinicians should carefully consider the potential change of the color properties of monolithic
zirconia restorations, especially in thin sections and with dark tooth substrate, when color masking is needed.

1. Introduction

Zirconia is a polycrystalline ceramic material that exists in three
crystallographic phases: monoclinic, tetragonal, and cubic, and exhibits
transformation toughening behavior [1,2]. The incorporation of yttria
(Y20s) at varying concentrations is used to stabilize the cubic phase of
zirconia. A concentration of at least 8 mol % Y203 leads to the formation
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of fully stabilized zirconia (FSZ), while partially stabilized zirconia (PSZ)
is achieved with Y20s concentrations in the range of 4 to 6 mol %. In
yttria-stabilized tetragonal zirconia polycrystals (Y-TZP), improved
translucency is attained by reducing the alumina content and increasing
the yttria concentration, thereby mitigating the susceptibility to
low-temperature degradation [3-7].

Monolithic zirconia restorations have become widely utilized in
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dental clinics due to their excellent mechanical properties, reduced wear
on opposing dentition, preservation of tooth structure, and the absence
of veneering porcelain, which streamlines both clinical and laboratory
workflows [8-12]. The final shade of monolithic zirconia is not solely
determined by shade selection but is instead the result of various
interacting factors, such as the coloring method [13-16], the color of the
abutment substrate [17,18], type of luting cement [17,19-21], sintering
parameters [22,23], glazing and polishing techniques [24-26], zirconia
brand [27,28], material thickness [18,20,21,28,29], and aging processes
[30-32].

The recommended thickness range for translucent zirconia is 0.5
-2.0 mm [18,20,21]. Increasing the thickness of zirconia enhances its
ability to mask imperfections but reduces final restoration translucency
[28,29]. However, a previous study observed that low-translucency
zirconia crowns with a thickness of <1.5 mm, when positioned over
non-tooth-colored substrates, do not result in a perceptible color
discrepancy with discolored natural teeth [30].

Color assessment for dental materials has traditionally been based on
the standards established by the CIE (Commission Internationale de
I’Eclairage), which has developed the foundational color systems, con-
cepts of color difference (AE), and illumination patterns utilized in color
science. In the CIE Lab* color space —~where L* represents the lightness-
darkness value axis, a* signifies the red-green axis, and b* represents the
yellow-blue axis. AE_ab has historically been the standard parameter for
quantifying the total color difference between two objects. As a result, a
higher AE value indicates a larger color difference, rendering the
distinction more perceptible to the human eye [31-37].

However, the CIE recommends the use of the CIEDE2000 color-
difference formula (AE00), which incorporates specific adjustments to
account for the non-uniformity inherent in the CIELAB color space. This
formula includes weighting functions (S, Sc, Su), a rotation term (RT)
that addresses the interactions between chroma and hue differences in
the blue region, and modifications to the a* coordinate of CIELAB, which
primarily affect colors with low chroma (neutral colors). Furthermore,
the formula incorporates parameters that consider the effects of illu-
mination and viewing conditions on the evaluation of color differences
(the parametric factors: Ky, K¢, Kp).

Balancing translucency and strength is crucial when selecting zir-
conia materials. 3Y-TZP and 5Y-PSZ zirconia types exhibit distinctly
different optical characteristics and are commonly used in clinical
practice. While 3Y-TZP is known for its high strength and relatively low
translucency, 5Y-PSZ offers greater translucency but with reduced me-
chanical strength. By examining both materials, the study provides a
thorough evaluation of how zirconia thickness and substrate color in-
fluence shade matching, thereby aiding clinicians in choosing the most
appropriate material for various restorative situations.

Despite extensive research on the impact of substrate on the
appearance of restorations made from various dental materials, a
consensus remains lacking regarding the factors involved in this process
and their influence on the final optical properties. Dental structures or
other restorative materials can represent this substrate. Therefore, the
aim of this study was to evaluate the effect of different substrate colors
on the appearance of monolithic zirconia, accounting for the variables of
zirconia thickness and material brand. The null hypothesis was that
changes in zirconia thickness, along with different substrate colors,
would not significantly influence the color properties of monolithic
zirconia.

2. Materials and methods
2.1. Specimen preparation

Two brands of monolithic zirconia materials, Prettau Anterior (PA,
3Yttria-stabilized Tetragonal Zirconia Polycrystal, 3Y-TZP) and Ceramill

Zolid FX Multilayer (CZ, 5Y-TZP), were assessed in this study (Table 1).
A total sample size of 180 specimens was calculated based on an alpha
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Table 1
List of materials used in the study.
Material Brand Manufacturer Composition
Uncolored Prettau Zirkonzahn ZrO,: main component Y203:
zirconia Anterior (FSZ) 8-12 % Al,03:, 0-1 % SiOy:
(PA) 0.02 % Fe503: 0.01 % NayO:
0.04 %
Shade Ceramill Zolid Amann ZrO,+HfO5+Y,03: >99.0
gradient FX Multilayer Girrbach AG Y,03: 8.5 — 9.5
zirconia (CZ) HfO,: <5
Al,05: <0.5

level of 0.05 and a beta of 0.20 (power of 80 %), guided by effect sizes
reported in previous studies [8,9,15,22,27,30]. The specimens were
digitally designed using AutoDesk Inventor software (Autodesk Inc.)
with a 25 % increase in dimension to accommodate sintering shrinkage.
Three thickness groups were prepared: 0.8 mm, 1.5 mm, and 2 mm, all
with a standardized 10 mm diameter (Fig. 1). The final specimen
thickness was verified with an accuracy of +0.02 mm using digital
calipers (Mitutoyo Series 209 Caliper; Mitutoyo Corp., Japan).

For PA specimens, surface coloring was achieved through immersion
in A2 coloring solution (Prettau® Aquarell; Zirkonzahn GmbH) for 10s,
followed by infrared drying using a Zirkonlamp 250 (Zirkonzahn) for 20
min according to the manufacturer’s instructions. CZ specimens were
milled with precise nesting in CAM software to align vertical shade
gradients (enamel-dentin-cervical), followed by dry milling using
diamond-coated burs at optimized speeds (6000-12,000 RPM), sintered
at 1450 °C using a standardized furnace program (Ceramill Therm) with
a 1-2 hour hold time at peak temperature and a total cycle duration of
8-10 h, including controlled ramp up (8 °C/min). This difference in
shade protocols is due to the difference in manufacturers’ presentation
of the materials. PA is typically supplied in a white, uncolored form and
requires external coloring procedures while CZ is supplied as a pre-
shaded, multilayered block.

Post-sintering, specimens were categorized by thickness cohort.
Surface standardization involved sequential polishing with 320-, 400-,
600-, and 1200-grit silicon carbide papers under water cooling for 60 s
per abrasive grade. Final cleaning consisted of ultrasonic treatment in 99
% alcohol for 3 min to remove particulate residues.

2.2. Fabrication of tooth- colored foundation

Within each ceramic thickness, the specimens were then divided into
three groups (n = 10) based on the background color. The first group
comprised Group ND3: shade ND3 of tooth-colored resin substrates (IPS
Natural Die Material; Ivoclar Vivadent, Schaan, Liechtenstein) to imitate
standard dentin color. The second group was Group ND9: resin sub-
strates representing severely discolored dentin (IPS Natural Die Mate-
rial; Ivoclar Vivadent, Schaan, Liechtenstein) prepared to be 10 mm in
diameter and 5 mm thick by using putty molds. Finally, Group T: A ti-
tanium background disk with a diameter of 10 mm and a height of 5 mm
was designed (Fig. 1). The same digital caliper was used to confirm the
thickness of background materials (5.0 = 0.02 mm).

The contact surface of each foundation was sandblasted using
aluminum oxide (Al20s) particles (Korox, Bego, Bremen, Germany).
Following sandblasting, the foundation blocks were ultrasonically
cleaned in distilled water (Healthsonics, Livermore, USA) for 10 min to
remove any surface contaminants and subsequently air-dried. To
establish optical contact, a saturated sucrose solution (73 % concen-
tration, refractive index n = 1.5) was applied between the zirconia and
underlying substrates. This solution served as an intermediary layer,
facilitating the optical contact between the zirconia specimens and the
underlying substrates [4,6].
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Prettau Anterior (PA)
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Fig. 1. Flow chart illustrating the distribution of specimens into groups and subgroups.

2.3. Color assessment

For each specimen, color values were measured at the baseline, and
after optical coupling of the zirconia specimens to tooth-colored sub-
strates, according to the Commission Internationale de 1’Eclairage (CIE)
1976 L*a*b* values and the average of 3 readings for each specimen was
calculated. To ensure consistent measurement across all specimens, a
custom mount was fabricated using condensation silicone (Zeta+;
Zhermack GmbH). Color evaluation was conducted using a double-beam
reflectance spectrophotometer (Cary 5000 UV-Vis-NIR Spectropho-
tometer; Agilent Technologies), which was calibrated prior to measuring
each specimen’s color, utilizing an integrating sphere attachment.
Relative reflectance data were collected at 5-nm intervals across the
visible spectrum (380 to 780 nm). The CIE D65 standard illuminant and
a 10° standard observer angle were used for the measurements. Each
color was characterized by three parameters: L* (lightness), a* (red-
green value), and b* (yellow-blue value). The color difference (AE) was
calculated using the following formula:

AE = [(AL'&)2 +(Ad)® + (Ab*)z} 2 where :

AL=(L1*-L2%), Aa=(al*—a2*), Ab=(b1*—-b2*). Here, L1*, al*, and
b1* represent the baseline color values of the specimens (as sintered),
while L2%, a2*, and b2* correspond to the measurements after optical
coupling to tooth-colored substrates.

AE,4p, values were compared with an ideal threshold and an accept-
able clinical threshold for assessment of the perceptibility and accept-
ability of the color changes. A AE value of 1 was assumed as an ideal
(perceptible) threshold; whereas, 3.7 was assumed as an acceptable
clinical threshold [39].

And CIEDE2000 (AEgg) color difference formula, according to
following equation:

AByy = \/(AL’)Z N ((AC>)2 N (AH)Z +RT<AC'-AH>
KLSL K(;SC KHSH ScSH

In the CIEDE2000 color difference formula, ALo, ACo, and AHo
denote the differences in lightness, chroma, and hue, respectively, be-
tween two color samples. The term Ry represents the rotation function,
which adjusts for the interaction between chroma and hue differences,
particularly in the blue region of the color space. The weighting func-
tions S;, Sc, and Sy normalize the total color difference based on the
specific position of the color pair within the Ly, ag , and by coordinates of
the CIELAB color space. Furthermore, the parametric factors Kp, K¢, and

Ky are applied as correction terms to account for different experimental
conditions.

Color differences were assessed by comparison with the 50:50 %
perceptibility (PT) and 50:50 % acceptability (AT) thresholds. The PT
and AT values used in this study were 1.74 and 3.48 units for AE*ab, and
1.25 and 2.23 units for AEoo, respectively, as determined for dental ce-
ramics. An A2 shade tab from the VITA Classical shade guide (VITA
Compact EasyShade; VITA Zahnfabrik) was used as a reference color and
were measured at the center of its middle third using the same spec-
trophotometer and were considered the reference CIELab values for the
final color (control) (L*=74.8, a*=0.7, b*=20.0).

2.4. Statistical analysis

The data were statistically analyzed using SPSS version 26.0 (SPSS,
Inc., an IBM Company, Chicago, IL, USA). The normality of data dis-
tribution was evaluated with the Kolmogorov-Smirnov test (P > 0.05). A
three-way analysis of variance (ANOVA) was performed to examine the
interaction between the three independent variables (material brand,
material thickness, and substrate color) and their individual effects on
color properties. For each material, a two-way ANOVA was performed to
evaluate the influence of material thickness and substrate color on color
properties, assessing both their individual effects and potential inter-
action on colorimetric outcomes. When significant differences were
identified, post-hoc comparisons of mean values were conducted using
Bonferroni correction («=0.05).

3. Results

The study compared three thicknesses (2 mm, 1.5 mm, 0.8 mm) of
two different monolithic zirconia materials. Table 2 presents mean
values and standard deviations of AL*, Aa*, and Ab* for PA and CZ
brands coupled to tooth-colored substrates. Negative AL* and Aa*
values indicate an increase in lightness (L*) and the red component (a*)
of the tested zirconia brands, corresponding to changes in material
thickness and optical coupling to tooth-colored materials. Conversely,
the positive Ab* values suggest an increase in the blue component of the
material. Results from 3-way ANOVA demonstrated that the changes in
the AL* and Aa* values were affected by significant interaction between
the tested variables (material brand and thickness) (P < 0.05). However,
the changes in the Ab* value weren’t influenced by interaction between
the tested variables (Table 3).

The mean values of the color difference AE,, and AEq after coupling
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Table 2
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Mean values of AL, Aa, and Ab =+ standard deviation of tested zirconia brands of different thickness after optical coupling to different abutment substrates.

Zirconia Brand Color Parameter Thickness Background ND3 Background ND5 Background T (Metal)
PA Al 2mm —1.90 —1.49 —2.22
1.5mm —-1.49 —2.42 —-2.97
0.8mm —2.42 —-2.91 —-2.71
Aa 2mm 0.64 0.64 0.41
1.5mm -0.15 -0.16 —-0.59
0.8mm —0.54 —0.42 -0.59
Ab 2mm —2.01 —2.74 —2.54
1.5mm —-2.31 —-2.31 —-1.81
0.8mm —-2.11 -1.78 —2.80
CZ Al 2mm -1.37 -1.77 —2.69
1.5mm —-1.74 —2.18 —2.21
0.8mm —2.05 —2.44 —2.84
Aa 2mm 0.64 0.64 0.59
1.5mm 0.62 0.61 0.62
0.8mm —0.04 —0.04 —0.03
Ab 2mm —2.53 —2.23 -1.93
1.5mm —-2.17 —-2.37 —2.57
0.8mm —2.52 —2.62 —2.82
4. Discussion
Table 3

Three-way ANOVA test for influence of material brand, material thickness and
substrate color on AL, Aa, and Ab.

Source Dependent Type 11 df  Mean F Sig.
Variable Sum of Square
Squares
Corrected DI 47.550° 17 2797 4.292 0.000
Model
Da 40.563° 17  2.386 10.046 0.000
Db 17.976° 17  1.057 1.605 0.068
Intercept DI 869.924 1 869.924 1334.980 0.000
Da 4.573 1 4.573 19.252 0.000
Db 986.685 1 986.685 1497.566  0.000
Material Dl .563 1 .563 .865 0.354
Da 10.498 1 10.498 44.198 0.000
Db 1.008 1 1.008 1.530 0.218
thickness Dl 13.411 2 6.705 10.290 0.000
Da 22.777 2 11.388 47.946 0.000
Db 1.041 2 521 .790 0.455
substrate Dl 19.993 2 9.996 15.340 0.000
Da .730 2 .365 1.537 0.218
Db .554 2 277 420 0.658
Material * DIl .802 2 401 616 0.542
thickness
Da 5.500 2 2.750 11.579 0.000
Db 2.965 2 1.483 2.250 0.109
Material * DI .074 2 .037 .057 0.945
substrate
Da .636 2 .318 1.339 0.265
Db 324 2 162 .246 0.782
thickness * DI 5.019 4 1.255 1.925 0.109
substrate
Da 212 4 .053 223 0.925
Db 4.612 4 1.153 1.750 0.142
Material * DI 7.688 4 1.922 2.950 0.022
thickness
*
substrate
Da .210 4 .053 221 0.926
Db 7.472 4 1.868 2.835 0.026

to tooth-colored substrates are summarized in Table 4. Between the
monolithic zirconia brands, the CZ group recorded the highest AE value
regardless of the variable tested, and the difference was statistically
significant (Table 5).

Two-way ANOVA test (Table 5) revealed a difference in the mean
value of AE,, and AEg that was significantly affected by the material
thickness and background color (P < 0.001) while no significant dif-
ference between the material brands was recorded (Table 6).

The results of this study reject the null hypothesis, demonstrating
that the color of monolithic zirconia is significantly affected by both the
material brand and thickness when optically coupled to different tooth-
colored substrates.

The study’s findings emphasize the importance of careful material
selection and restoration design to achieve the best esthetic results.
Differences in zirconia composition and microstructure across brands
affect how light is transmitted and reflected, while thickness influences
the extent to which the underlying substrate color is masked. A thorough
understanding of these factors is crucial for clinicians seeking to reduce
visible color mismatches, particularly in cases involving thin restora-
tions or substrates with discoloration. The results of the current inves-
tigation indicate a statistically significant inverse relationship between
zirconia thickness and L* value, independent of other experimental
factors. This phenomenon may be attributed to variations in the struc-
tural and optical characteristics among the monolithic zirconia brands
tested. A plausible explanation is that reduced thickness promotes
decreased light dispersion, resulting in a lower L* value [15]. This
finding aligns with the principle that thinner layers of a material may
exhibit reduced light scattering and increased translucency, leading to a
lower L* value as the underlying substrate influences the overall color
perception. The different structural and optical properties inherent to
each monolithic zirconia brand likely contributed to this phenomenon
[25,28,38,39]. Specifically, the variations in grain size, porosity, and the
concentration of stabilizing oxides can influence light transmission and
scattering behavior. It can be deduced that reduced light dispersion with
reduced thickness, which induces lower L* value, could occur. The
significant interaction between material brand and thickness un-
derscores the complexity of color matching with zirconia restorations
[27,29,40,41]. The finding indicates that the optimal thickness for
achieving a desired shade may vary depending on the specific brand of
zirconia used, highlighting the importance of considering
material-specific guidelines and conducting thorough shade matching
procedures when selecting and fabricating zirconia restorations [15].
Clinicians should be aware that simply increasing or decreasing the
thickness of a restoration may not predictably alter the color outcome,
and a more nuanced approach -taking into account the material’s
inherent optical properties —is necessary.

The effect of cement color and thickness have been studied by many
researchers [16-23]. It was not within the scope of this study to inves-
tigate the effects of cement, and so to avoid the effect of cement color, a
saturated sucrose solution (73 % concentration, refractive indexn = 1.5)
was applied between the zirconia and underlying substrates.

The analysis of color differences using AEqy provides additional
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Table 4
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Mean color difference (AE,, & AEqp) + standard deviation of tested zirconia brands of different thickness after optical coupling to different abutment substrates.
(Similar superscript letters indicate no statistically significant difference (P > 0.05).

Zirconia Brand Thickness Color Difference Background ND3 Background ND5 Background T (Metal)
PA 2mm AE,, 2.97+ 0.64% 3.3240.67 P 3.51+0.8 "
AEqo 2.0340.48° 2.132+0.41° 2.3240.53 ¢
1.5mm AE.p 2.89+0.45%4 3.48+0.79" 3.614+0.75 "
AEqq 1.8740.53%¢ 2.35+0.84 4 2.81+0.88 24
0.8mm AE,p 3.37+0.58 »P 3.60+0.52 »P 4.14+1°F
AEqo 2.3540.9%¢ 2.75+0.8 &4 2.85+0.84 >4
cz 2mm AEp 3.00+0.89 *P 3.16+1 &P 3.46+0.74 °
AEgq 1.9440.58 ¢ 2.15+0.79 ¢ 2.46+0.5%¢
1.5mm AEq 2.9240.86° 3.40+0.8 &P 3.54+0.84 °
AEqo 2.0040.54¢ 2.3440.54 4 2.4140.55 ¢
0.8mm AE,p 3.33+0.86 *° 3.62+0.75f 4.06+0.66
AEgo 2.21+0.53 ¢4 2.45+0.45 4 2.79+0.57 »4

Table 5
Two-way ANOVA test for the influence of material brand, material thickness and substrate color on color difference (AE,, & AEqo) of tested monolithic zirconia.
Source Dependent Variable Type III Sum of Squares df Mean Square F Sig.
Corrected Model AE,, 20.644% 17 1.214 1.994 0.014
AEqgg 15.682° 17 .922 2.061 0.011
Intercept AE,p 2098.176 1 2098.176 3444.459 0.000
AEqg 993.988 1 993.988 2221.007 0.000
Material AE,p .089 1 .089 147 0.702
AEgo .281 1 .281 .628 0.429
thickness AE.p 7.010 2 3.505 5.754 0.004
AEqo 4.890 2 2.445 5.463 0.005
substrate AE,p 12.367 2 6.184 10.151 0.000
AEgo 8.747 2 4.374 9.773 0.000
Material * thickness AE,, .006 2 .003 .005 0.995
AEqgo .270 2 135 .301 0.740
Material * substrate AEap .062 2 .031 .051 0.950
AEqo .048 2 .024 .053 0.948
thickness * substrate AEap 1.013 4 .253 416 0.797
AEqo 493 4 123 .276 0.893
Material * thickness * substrate AE,, .097 4 .024 .040 0.997
AEqg .953 4 .238 532 0.712

Table 6

Mean color difference (AE,, & AEq) + standard deviation between shade tab
and tested zirconia brands of different thickness after optical coupling to
different abutment substrates. NDS: standard dentine; ND5: discolored dentine.

Zirconia Thickness  Color Substrate Substrate Substrate T
Brand Difference ND3 ND5 (Metal)
PA 2mm AEap 4.16+0.65 4.554+0.71  4.73+0.85
AEqg 2.69+0.53 2.82+0.44 3 +0.0.45
1.5mm AE,p, 5.14+0.55 5.88+0.79  5.96+0.88
AEqgo 3.28+0.33 3.79+0.70  4.2440.54
0.8mm AE,p 6.41+0.97 6.61+0.8 7.13+£0.93
AEqg 4.15+0.80 4.57+0.58  4.73+0.46
CZ 2mm AEqp 5.41+1.3 4.794+0.75  5.32+0.97
AEqg 3.00+0.67 3.11+0.39  3.46+0.65
1.5mm AE,p 5.53+0.8 6.06+0.66  8.18+1
AEgo 3.75+0.58 4.10+0.62 4.18+0.74
0.8 mm AEap 7.01+1.36 7.06+1.1 7.50+1.2
AEqg 4.61+0.82 4.88+0.90  5.23+1

insights into the deviation from ideal color matching in dental restora-
tions. While AE,;, values were previously discussed, considering AE0O is
important as it offers a more perceptually uniform color difference for-
mula [33,36].

Many studies have shown that background color significantly in-
fluences perceived color differences [16,17,19,23,33-35]. Specifically,
studies have found that samples viewed against a white background tend
to exhibit more pronounced color differences compared to those viewed
against grey or black backgrounds [33-35]. In this study, it was
observed that the acceptability threshold values were higher when
samples were placed on a white background compared to grey or black

backgrounds, aligning with recent findings. Additionally, it has been
noted that neutral backgrounds, such as grey, generally result in smaller
perceived color differences than white backgrounds, a pattern that was
also observed in our analysis of acceptability threshold values.
Comparing AE,, and AEgyo values, a linear relationship of AEy =
0.66AE,p, has been observed. This relationship suggests that AEyg values
are generally smaller than corresponding AE,p, values, which is impor-
tant to consider when interpreting color difference data. These results
are supported by the findings of a previous study [37], which reported a
linear relationship between AEqy and AE,y,

The mean AE,, values representing the average color difference
between the zirconia restorations and the target shade after optical
coupling to various abutment substrates ranged from (4.16+0.65 to 8.18
+1). These values are substantially higher than the ideal threshold of 1,
indicating that, regardless of zirconia brand, thickness, or abutment
shade, a perceptible color difference is almost inevitable. This is
consistent with a previous study [42] that evaluated color differences of
different ceramic systems in comparison with Vita Classic (VC) shades.
The study evaluated color differences between CAD-CAM ceramic sys-
tems (IPS e.max, IPS Empress, Paradigm C, VITABLOCS Mark II) and
Vita Classical (VC) shade guide shades A1-A3, as well as intra-system
shade variations. Results showed clinically unacceptable color differ-
ences (AEab* 6.32-13.42; AE004.48-9.30) between ceramic systems
and corresponding VC shades, with some intra-system differences below
acceptability thresholds (A1-A2, A2-A3) and perceptibility thresholds
(A2-A3). The authors suggested that this is due to manufacturers finding
bright teeth appealing [34].

In agreement with previous studies [15,17,18,20], the change in
chromaticity, b* value, was more sensitive to the change in zirconia
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thickness than the a* value. Similarly, another study reported that the
difference in subjective color assessment between a* and b* values for
monolithic zirconia was accompanied by the change in ceramic thick-
ness [39].

CZ’s higher AE values compared to PA may stem from its multilayer
architecture, which introduces additional light-scattering interfaces
compared to homogeneous PA. This structural disparity likely explains
CZ’s heightened sensitivity to substrate color changes, particularly at 0.8
mm thickness, where layer interactions are maximized [5,9].

This study was constrained by its exclusive evaluation of two
monolithic zirconia systems (PA and CZ), the absence of translucency
quantification, and its in-vitro design, which limits extrapolation to
clinical scenarios. Additionally, the study did not incorporate resin ce-
ments with varying shades, which can influence the final color outcome
of zirconia restorations. Future research should include a wider range of
zirconia compositions, employ spectrophotometric translucency mea-
surements, and assess the effect of different cement shades.

5. Conclusions
Based on the results of the present study, it can be concluded that:

1. The color of monolithic zirconia can be influenced by the material
brand and thickness.

2. Increasing zirconia thickness from 0.8 mm to 1.5 mm notably
reduced color differences, especially for the CZ brand, highlighting
the importance of adequate material thickness to achieve acceptable
esthetic outcomes.

3. The CZ zirconia coupled to different tooth-colored substrates
consistently exhibited elevated AEab and AE0O, indicating a higher
likelihood of visible color mismatch compared to PA, regardless of
thickness. Thinner zirconia restorations require careful material se-
lection and substrate matching to mitigate perceptible color shifts,
particularly in CZ formulations.
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