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Abstract: Zirconia has generated tremendous interest in the esthetic materials used for dental restora-
tions. However, using conventional zirconia has some limitations especially in highly esthetically
demanding situations, as it lacks the translucency that other ceramic materials possess. This study
aimed to evaluate and compare the optical properties (shade, translucency, and opalescence) of three
CAD-CAM monolithic multilayer zirconia ceramics (GNX; Ceramill Zolid® Gen-X, ZCP; IPS e.max®

ZirCAD, and UPC; Upcera® Esthetic Explore Prime) and one CAD-CAM monolithic multilayer
polymer-infiltrated hybrid ceramic (ENM; Vita® Enamic) with a CAD-CAM monolithic lithium disili-
cate ceramic as control (EMX; IPS e.max® CAD). 200 discs (GNX = 40, ZCP = 40, UPC = 40, ENM = 40,
and EMX = 40) were cut, polished, and fully crystallized. Half of the samples for each group were
subjected to hydrothermal aging. Descriptive analysis and ANOVA tests were used to compare
the groups. Zirconia GNX, ZCP, and UPC groups showed significantly lower optical properties
than ENM and EMX groups for both the non-aged and aged samples (p < 0.05). UPC and ENM
groups showed a significant decrease in translucency and opalescence after aging (p < 0.05). The
optical properties of monolithic multilayer zirconia ceramics were lower than monolithic multilayer
polymer-infiltrated hybrid ceramic and lithium disilicate ceramic. Polymer-infiltrated hybrid ceramic
was significantly affected by aging.

Keywords: aging; color; lithium disilicate; monolithic; multilayer; opalescence; optical properties;
polymer-infiltrated ceramic; translucency; zirconia

1. Introduction

With the increasing interest in more esthetically and biologically compatible restora-
tions, all-ceramic restorations have obtained significant popularity over the last decade,
which is attributed to the technical improvements and physical appearance of ceramic
materials [1]. Despite these advantages, there have been restrictions to their use in areas
with high occlusal forces due to the highly brittle nature and tendency to cause excessive
wear of the opposing natural teeth [2,3]. The introduction of CAD-CAM technology al-
lowed high-strength ceramic materials, such as alumina and zirconia, to be used in clinical
settings [4]. Zirconia is a white crystalline oxide of the element “zirconium” obtainable in
three allotropic forms which are temperature-dependent [5]. The monoclinic form exists in
equilibrium between room temperature and 1170 ◦C, the tetragonal form between 1170 ◦C
and 2370 ◦C, and the cubic form above 2370 ◦C to its melting point of 2715 ◦C [6]. Zirconia
has been meta-stabilized in its tetragonal form at room temperature by adding stabilizing
oxides, such as CaO, MgO, CeO2, and Y2O2 [7]. Three types of zirconia systems are used
in dentistry at present; yttrium cation-doped tetragonal zirconia polycrystals (3Y-TZP),
magnesium cation-doped partially stabilized zirconia (Mg-PSZ), and zirconia-toughened
alumina (ZTA) [6].

Conventional zirconia systems are composed of 3 mol% yttria-stabilized tetragonal
zirconia polycrystals (3Y-TZP); they are opaque and can mask tooth discolorations. How-
ever, this chalky appearance is troublesome when trying to match the natural tooth color.
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So, conventional zirconia needed to be layered, and this mandated the removal of more
tooth structures. Consequently, chipping of the veneered zirconia restorations was the
most common complication, due to the lower strengths of feldspathic veneering porce-
lain layers, compared to the underlying zirconia cores. Monolithic (single bulk) zirconia
restorations were developed to overcome this clinically significant problem. These new
materials have good mechanical properties, reflected in the preservation of more tooth
structures during preparation. However, their ability to achieve optimal esthetics is still
challenged in situ. Alterations in the composition (commonly by reducing alumina content)
and firing recommendations for CAD-CAM monolithic zirconia ceramic systems, allowed
for an increase in their translucency and an improvement in their optical properties [8].
Recently, the new generations of CAD-CAM monolithic zirconia ceramic systems had also
increased the yttria content to approximately 4 and 5 mol% Y-TZP. These structures have
more cubic polycrystals with enhanced optical properties. A type of this generation is
called “multilayer” and has layers of polychromatic and translucent zirconia gradients
running from enamel to dentin shades in the single block before milling. Both posterior
and anterior restorations are possible using these recent multilayer zirconia materials [8].

At present, further varieties of materials such as resin nanoceramics and polymer-
infiltrated ceramics are commercially available for constructing monolithic restorations.
The hybrid materials benefit from the structural and property combination of high-strength
ceramics and more compliant resin polymers [9]. Resin-based ceramic (RBC) CAD-CAM
blocks are divided into two subclasses according to their novel microstructure, namely,
resin nanoceramics and polymer-infiltrated ceramics (PIC) [10]. The RBCs seem to have
gained more popularity and have increased their usage gradually because they are easier to
mill, less expensive, and easier to repair than ceramic-based blocks. Moreover, they possess
elastic moduli that are similar to natural dentition [11]. A novel type of hybrid material is
Enamic (VITA-Zahnfabrik H. Rauter-GmbH-Germany), which is PIC material, developed
through the infiltration of a pre-sintered porous ceramic network (80% volume fraction)
by the resin which fills the residual porosity of the ceramic and creates a dual network of
ceramic and resin [12].

Zirconia has some disadvantages that might influence its clinical behavior. One of
these disadvantages is “aging” or “low-temperature degradation” (LTD), defined as the
spontaneous transformation of the metastable tetragonal zirconia state into the more stable
monoclinic form. This transformation happens in relatively low temperatures (65–300 ◦C)
in a humid environment [13–15]. It can happen when zirconia is exposed to various oral
conditions, such as exposure to an aqueous environment, temperature changes, acidification
of food, and cyclic loading during chewing cycles [16]. This transformation can be beneficial
to the zirconia structure as it increases the compressive layer on the surface, which would
improve its mechanical properties. However, further aging would negatively affect the
zirconia properties [17] as it induces the propagation of macro and micro-cracks, grain
pull-out, and surface roughening [6,15]. Thus, to reduce the detrimental consequences of
the LTD process, adding alumina in a small amount (0.15–0.5 wt.%) can reduce the rate of
the tetragonal-monoclinic phase transformation and LTD accordingly, but does not prevent
it. Reducing the alumina content to <0.15 wt.% can help enhance translucency but may
increase the ability of the material to develop LTD [14].

Translucency has been considered one of the important optical characteristics for
achieving an acceptable shade match to the natural tooth color [18]. It occurs when light
partially scatters or reflects while passing through an object. The greater the amount of
light that passes through the object, the higher the translucency of the material [19]. The
translucency of a natural tooth is evident when a detectable amount of light passes through
its incisal and/or proximal regions due to the presence of a high proportion of enamel
compared to the underlying dentin. One of the most general methods of quantitatively
measuring the translucency of dental materials is the translucency parameter (TP). TP
measures the difference between the amount of light reflected through the sample over a
high reflectance backing (white background) and that of a high absorbent backing (black
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background). TP values were measured using CIE L* a* b* color coordinates obtained
from a dental spectrophotometer. A spectrophotometer has been used in several studies to
measure the translucency of different ceramic systems [20–22]. Various factors influence
the translucency of dental ceramics. Some factors relate to the ceramic system itself, such
as thickness, shade, surface texture, porosity, and number of crystals. Other factors relate
to the measurement procedure, such as illumination and edge-loss; a phenomenon when
the light cannot be detected by the sensor of a color measurement device [19,23–26].

Opalescence is an optical property that takes its name because it was first seen in opal
stones [27]. It is a property of translucent materials to appear red-yellow in transmitted light,
and blue in reflected light [28]. In natural teeth, it essentially happens in enamel because of
hydroxyapatite crystals acting as prisms, so that when illuminated, the enamel will allow
the transmittance of longer wavelengths (red, yellow) and scatter shorter wavelengths
(blue) [29,30].

Dental esthetic restorations should have optical properties comparable to natural
teeth in terms of opalescence [31,32]. In dental ceramic materials, opalescence has been
able to solve esthetic dilemmas related to value and translucency, making it possible to
produce unnoticeable restorations [33]. The parameter for measuring the opalescence of
dental materials is the opalescence parameter (OP), which is calculated as the difference
in the yellow-blue and red-green color coordinates between the reflected and transmitted
colors [34].

As excellent tooth color matching is the ultimate optical goal of any dental restoration,
clinical color changes may be assessed and rated according to the color difference (∆E)
before and after aging of the restorative esthetic material [23,28]. When the ∆E value
is 0–1, the color difference is described as “normally invisible difference; 1–2 is “a very
small difference, only obvious to a trained eye”; 2–3.5 is “medium difference, obvious
to an untrained eye”; and 3.5–5 is “an obvious difference” and >6 is “a very obvious
difference” [20,35].

As the number of esthetic ceramic systems used for monolithic restorations is increas-
ing, the need for investigating the full ranges of their properties is of paramount importance.
However, not all marketed materials have been backed up by independent scientific pub-
lished articles, nor have many of the published articles used the ISO standards for sample
production. Thus, this study aimed to evaluate and compare the optical properties of five
introduced CAD-CAM esthetic ceramic systems used for monolithic restorations.

The null hypothesis to be tested is that there is no difference in the optical properties
(translucency and opalescence) among zirconia ceramics, hybrid ceramic, and lithium
disilicate ceramic under ISO standards. Artificial aging does not affect the optical properties
of the tested ceramic materials.

2. Materials and Methods

Three CAD-CAM monolithic multilayer zirconia ceramics, one CAD-CAM monolithic
multilayer hybrid ceramic, and one CAD-CAM monolithic lithium disilicate ceramic (con-
trol), all pre-shaded (A2) and introduced in the market as esthetic ceramic materials, were
investigated in this study. The tested ceramic materials in this study are summarized in
Table 1.

Power analysis using G*Power statistical software (G*Power Ver. 3.0.10, Franz Faul,
Universität Kiel, Germany) was performed to determine the sample size. Samples per
group were set considering: Power: 0.8, α: 0.05, and effect size: 0.5; a sample size of 20 was
set for testing the optical properties in each group [36].

A total of 200 samples, comprising 5 groups, were produced. Each group repre-
sented one of the 5 tested materials and comprised of 40 samples (n = 40) divided as
follows: 20 samples were subjected to hydrothermal aging and 20 samples remained
unaged Figure 1.

The GNX (n = 40), ZCP (n = 40), and UPC (n = 40) samples with the required di-
mensions for each test were milled without water from partially sintered zirconia blanks
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by using a CAM-machine (Ceramill® motion 2; Amann Girrbach, Germany). Cutting
dimensions of the samples were determined, taking into account that a 20–25% shrinkage
occurs during dense sintering for monolithic zirconia type [6]. The ENM (n = 40) and EMX
(n = 40) samples were cut out from respective blocks using water-cooled milling CAM
machine (Ceramill® motion 2; Amann Girrbach, Germany). Cutting dimensions of the
samples were determined taking into account that a 0.2–0.3% shrinkage is encountered
during the crystallization process of EMX [37]. No need for sintering of ENM hybrid
ceramic as recommended by the manufacturer’s instructions. The final dimensions of the
sample discs were checked using a digital caliper (Guanglu, Gullin, China) to achieve a
disc of 10 mm in diameter and 1 ± 0.02 mm in thickness.

Table 1. Ceramic materials used in this study.

Material as Described by
the Company

Trade Name and
Company Details Abbreviation Basic Chemical Composition (wt%)

Multilayer highly translucent
monolithic zirconia

Ceramill Zolid Gen-X, Amann
Girrbach AG, Germany GNX

4Y-TZP:
ZrO2 + HfO2 + Y2O3 ≥ 99.0%

Y2O3 6–7%
HfO2 ≤ 5%

Al2O3 ≤ 0. 5%
Other oxides ≤ 1%

Natural esthetics and
high-strength zirconia

‘One-Disc Solution’

IPS e.max ZirCAD Prime,
Ivoclar Vivadent, Schaan,

Liechtenstein
ZCP

3Y-TZP and 5Y-TZP:
ZrO2 88–95.5%
Y2O3 4.5–7%
HfO2 < 5%
Al2O3 < 1%

Other oxides < 1.5%

Monolithic multilayer ‘All
Cases’ zirconia

Upcera Esthetic Explore,
Upcera, China UPC

4Y-TZP and 5Y-TZP:
ZrO2 + HfO2 86.3–94.2 %

Fe2O3 < 0.5 %
Y2O3 5.8–9.7%

Er2O3 < 2%
Al2O3 < 0.5%

Other oxides < 0.5%

Polymer-infiltrated
hybrid ceramic

Enamic, VITA-Zahnfabrik H.
Rauter-GmbH-Germany ENM

86 % by weight (75% by volume)
ceramic network and 14% by weight

(25% by volume) polymerized
methacrylate polymer network;

UDMA and TEGDMA
[SiO2 (58–63%), Al2O3 (20–23%),

Na2O (9–11%), K2O (4–6%), B2O3
(0.5–2%), CaO (<1%) and TiO2 (<1%)].

Highly esthetic lithium
disilicate glass-ceramic

IPS e.max CAD, Ivoclar
Vivadent, Schaan,

Liechtenstein
EMX

SiO2 57–80 %
Li2O 11–19%
K2O 0–13%
P2O5 0–11%
ZrO2 0–8%
ZnO 0–8%

Al2O3 0–5%
MgO 0–5%

Coloring oxides 0–8%

The samples were consecutively polished with 600, 800, and 1000 grit silicon carbide
(SiC) papers without water in a grinding device (echo LAB POLI-1X/250, Devco S.r.l,
Paderno Dugnano, Milan, Italy) for zirconia samples, and with water for lithium disilicate
and hybrid ceramic samples as recommended by the manufacturers. Each polishing step
was carried out for 60 s at 300 rpm by one single operator [38].



Ceramics 2022, 5 965

Ceramics 2022, 5, FOR PEER REVIEW  5 
 

 

 
Figure 1. Flowchart of workflow for testing the samples. 

The GNX (n = 40), ZCP (n = 40), and UPC (n = 40) samples with the required dimen-
sions for each test were milled without water from partially sintered zirconia blanks by 
using a CAM-machine (Ceramill® motion 2; Amann Girrbach, Germany). Cutting dimen-
sions of the samples were determined, taking into account that a 20–25% shrinkage occurs 
during dense sintering for monolithic zirconia type [6]. The ENM (n = 40) and EMX (n = 
40) samples were cut out from respective blocks using water-cooled milling CAM ma-
chine (Ceramill® motion 2; Amann Girrbach, Germany). Cutting dimensions of the sam-
ples were determined taking into account that a 0.2–0.3% shrinkage is encountered during 
the crystallization process of EMX [37]. No need for sintering of ENM hybrid ceramic as 
recommended by the manufacturer’s instructions. The final dimensions of the sample 
discs were checked using a digital caliper (Guanglu, Gullin, China) to achieve a disc of 10 
mm in diameter and 1 ± 0.02 mm in thickness. 

The samples were consecutively polished with 600, 800, and 1000 grit silicon carbide 
(SiC) papers without water in a grinding device (echo LAB POLI-1X/250, Devco S.r.l, Pa-
derno Dugnano, Milan, Italy) for zirconia samples, and with water for lithium disilicate 
and hybrid ceramic samples as recommended by the manufacturers. Each polishing step 
was carried out for 60 s at 300 rpm by one single operator [38]. 

After that, the zirconia samples GNX, UPC, and ZCP were fully crystallized in the 
sintering furnace (Ceramill Therm, Amann Girrbach, Germany), lithium disilicate EMX 
samples were crystallized in the furnace (Programat EP5010, Ivoclar-Vivadent, Schaan, 
Liechtenstein) according to the manufacturer’s guidelines. ENM did not require sintering 
after milling as it is composed of fully sintered material, Table 2. 

Table 2. Sintering/crystallization parameters used for tested materials. * ENM: It is composed of 
fully-sintered material, which does not require a ceramic furnace after milling. 

Group 
Heating Rate and Eventual 

Heating Steps Final Temperature (°C) 
Holding 

Time (min) Cooling Rate Up Furnace Brand 

GNX 8 °C/min 1450 °C 120 20 °C/min 

Ceramill 
Therm, 

Amann Girr-
bach 

UPC 
10 °C/min until 300 °C, 17.5 

°C/min until 1000 °C, 4 °C/min 
until 1530 °C 

1530 °C 120 12.2 °C/min 

Ceramill 
Therm, 

Amann Girr-
bach 

ZCP 

10 °C/min until 900 °C is at-
tained, after holding for 30 min, 
heating rate of 3.3 C/min until 

1500 °C 

1500 °C 120 

10 °C/min from 
1500 °C until 900 
°C, then 8 °C/min 
from 900 °C to 300 

°C 

Ceramill 
Therm, 

Amann Girr-
bach 

Figure 1. Flowchart of workflow for testing the samples.

After that, the zirconia samples GNX, UPC, and ZCP were fully crystallized in the
sintering furnace (Ceramill Therm, Amann Girrbach, Germany), lithium disilicate EMX
samples were crystallized in the furnace (Programat EP5010, Ivoclar-Vivadent, Schaan,
Liechtenstein) according to the manufacturer’s guidelines. ENM did not require sintering
after milling as it is composed of fully sintered material, Table 2.

Table 2. Sintering/crystallization parameters used for tested materials. * ENM: It is composed of
fully-sintered material, which does not require a ceramic furnace after milling.

Group Heating Rate and Eventual
Heating Steps Final Temperature (◦C) Holding Time (min) Cooling Rate Up Furnace Brand

GNX 8 ◦C/min 1450 ◦C 120 20 ◦C/min Ceramill Therm,
Amann Girrbach

UPC
10 ◦C/min until 300 ◦C,

17.5 ◦C/min until 1000 ◦C,
4 ◦C/min until 1530 ◦C

1530 ◦C 120 12.2 ◦C/min Ceramill Therm,
Amann Girrbach

ZCP

10 ◦C/min until 900 ◦C is
attained, after holding for

30 min, heating rate of
3.3 ◦C/min until 1500 ◦C

1500 ◦C 120

10 ◦C/min from
1500 ◦C until 900 ◦C,
then 8 ◦C/min from

900 ◦C to 300 ◦C

Ceramill Therm,
Amann Girrbach

ENM *

EMX
60 ◦C/min until 770 ◦C is

attained, holding for 5 min.
Then, 30 ◦C/min until 850 ◦C

850 ◦C 10 20 ◦C/min Programat EP5010
(Ivoclar-Vivadent)

Samples were also polished after the final sintering with polishing paste at 5000 rpm
(5100000, all-in-one, Renfert GmbH, Germany). The dimensions of all samples were checked
individually with a digital caliper which has a 0.02 mm accuracy (Guanglu, Gullin, China).

2.1. Aging Procedure

Half of each group (n = 20 × 5 = 100) was subjected to a hydrothermal cycle of 5 h
(15–20 years of aging) in a steam autoclave (Euronda B type, Italy) at 134 ◦C and 2 bars
(200 KPa). This protocol had been chosen because one-hour autoclave accelerated aging
with 134 ◦C, 2 bar (200 KPa) corresponds to 3–4 years of clinical use and promotes an
extensive tetragonal-monoclinic phase transformation (approximately 55–80% monoclinic
phase content) [39]. Samples were placed in sterilization sealing packs and separated from
each other using separators.

2.2. Translucency Parameter Measurement

One trained operator performed all the measurements under the same standardized
testing conditions using the same device. The A2 shade was used as the standard shade for
all the samples.

After sintering and polishing, the samples were cleaned in an ultrasonic bath of
isopropyl alcohol for 5 min before proceeding with the measurements. A spectrophotometer
Vita® Easyshade (VITA Easyshade, VITA Zahnfabrik, Bad Säckingen, Germany) with a
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calibration plate was used to record the CIELAB coordinates (L*, a* and b*) of the ceramic
discs, at a wavelength of 555 nm to compare the samples; since the human eye is sensitive
to wavelengths ranging between 380 and 780 nm with being most sensitive to 555 nm.
This wavelength was selected based on the definition of the International Commission on
Illumination (CIE S 017) and the Japanese Industrial Standard (JIS Z 8113). A thin layer of
petroleum jelly was put between the sample and the background for better optical contact.
The optical handpiece was held at a 90◦ angle to the discs. The measuring process was
carried out in a research lab room with no incandescent lights. A probe tip was inserted
into the calibration port aperture of the device after each measurement to enable calibration
of the device for each sample as recommended by the manufacturer.

The translucency parameter (TP) was determined by calculating the color difference
between the same sample against black and white backgrounds (Figure 2), according to the
following equation [40]:

TP = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2

where ∆L* refers to the difference in lightness between black and white backgrounds, ∆a*
refers to the difference in red-green between black and white backgrounds, ∆b* refers to
the difference in yellow-blue between black and white backgrounds. TP values can range
from 0 (for a totally opaque material) to 100 (for a totally transparent material).
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Figure 2. The Vita Easyshade device used to measure the L*, a*, and b* color coordinates for each sam-
ple in the non-aged and aged groups (a,b). Samples tested with black and white backgrounds (c,d).

2.3. Opalescence Parameter Measurement

The opalescence parameter was calculated from the values a* and b* coordinates that
were recorded using the dental spectrophotometer (VITA Easyshade, VITA Zahnfabrik,
Bad Säckingen, from Germany) from the ceramic samples placed on black (B) and white
(W) backgrounds (Figure 2), according to the following equation [41]:

OP = [(∆a*)2 + (∆b*)2]1/2

∆a* refers to the difference in red-green between black and white backgrounds, ∆b* refers
to the difference in yellow-blue between black and white backgrounds.

2.4. Shade Evaluation

The color difference (∆E) is defined as the difference between two colors in an L*a*b*
color space. Its value is evaluated by calculating the difference in color measurements of
the non-aged and aged samples by using the following formula:

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2

∆L* = L1 − L2

∆a* = a1 − a2

∆b* = b1 − b2
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Terms L1, a1, and b1 were the color data measured for the non-aged groups, while L2,
a2, and b2 were for the aged groups.

3. Results

Descriptive statistics (means and standard deviations) were computed for each prop-
erty (translucency parameter and opalescence parameter) within each material. Measured
data were analyzed statistically by using statistical software (SPSS Statistics v25.0; Chicago,
IL, USA). Normalities of distributions were explored, and the groups were found to be
distributed normally. Data were analyzed with one-way analysis of variance (ANOVA)
with correction to adjust for multiple comparisons among groups. Statistical significance
was set at p < 0.05. Outliers were deleted because they increased the variability in the data,
which decreased statistical power.

3.1. Shade Stability

The CIE ∆L ∆a ∆b values on white and black backgrounds for non-aged and aged
groups are shown in Table 3 and represented by a bar graph in Figure 3.

Table 3. Descriptive CIE ∆L ∆a ∆b values on white and black background with and without aging.
Shaded cells indicate significant differences p < 0.5.

Material Factor Aging N Mean Std. Deviation Sig.

GNX

∆L non-aged 20 13.6300 (0.83231) 0.202
∆L aged 20 14.3300 (2.26555) 0.207
∆a non-aged 20 1.2400 (0.19841) 0.017
∆a aged 20 1.0100 (0.35968) 0.018
∆b non-aged 20 8.9200 (0.99821) 0.595
∆b aged 20 9.1450 (1.58827) 0.595

ZCP

∆L non-aged 20 13.4050 (0.85068) 0.508
∆L aged 20 13.2400 (0.70591) 0.509
∆a non-aged 20 1.8000 (0.24921) 0.000
∆a aged 20 1.4700 (0.24516) 0.000
∆b non-aged 20 10.8550 (0.84322) 0.163
∆b aged 20 10.5050 (0.70597) 0.163

UPC

∆L non-aged 20 15.5150 (1.20494) 0.000
∆L aged 20 13.6650 (0.59230) 0.000
∆a non-aged 20 0.9650 (0.38970) 0.123
∆a aged 20 0.5350 (1.15498) 0.128
∆b non-aged 20 9.4000 (1.51588) 0.016
∆b aged 20 8.4200 (0.86730) 0.018

ENM

∆L non-aged 20 21.7500 (4.55106) 0.009
∆L aged 20 18.9200 (0.79114) 0.013
∆a non-aged 20 2.0950 (0.40843) 0.079
∆a aged 20 1.9150 (0.17852) 0.083
∆b non-aged 20 12.9950 (2.40186) 0.002
∆b aged 20 11.2450 (0.25644) 0.004

EMX

∆L non-aged 20 17.7300 (1.35999) 0.074
∆L aged 20 16.9650 (1.26752) 0.074
∆a non-aged 20 2.7550 (0.18489) 0.689
∆a aged 20 2.7800 (0.20673) 0.689
∆b non-aged 20 11.9450 (0.48826) 0.505
∆b aged 20 11.8500 (0.40066) 0.505

∆L showed a statistically significant higher value for non-aged compared to aged
UPC and ENM groups (p < 0.05), and showed a statistically insignificant higher value for
non-aged compared to aged ZCP and EMX groups (p > 0.05), but showed a statistically
insignificant lower value for non-aged compared to aged GNX group (p > 0.05). ∆a showed
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a statistically significant higher value for non-aged compared to aged GNX and ZCP groups
(p < 0.05), and showed a statistically insignificant higher value for non-aged compared
to aged UPC and ENM groups (p > 0.05), but showed a statistically insignificant lower
value for non-aged compared to aged EMX group (p > 0.05). ∆b showed a statistically
significant higher value for non-aged compared to aged UPC and ENM groups (p < 0.05),
and showed a statistically insignificant higher value for non-aged compared to aged ZCP
and EMX groups (p > 0.05), but showed a statistically insignificant lower value for non-aged
compared to aged GNX group (p > 0.05).
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Figure 3. CIE ∆L ∆a ∆b values on white and black backgrounds for the non-aged and aged groups.

The shade difference ∆E mean values for the non-aged and aged groups on white,
black, and white/black backgrounds are shown in Table 4 and represented by a bar graph
in Figure 4. ENM had the highest shade difference of 2.12, whereas ZCP had the lowest of
0.95; with a range of only 1.17.

Table 4. Descriptive ∆E values of the non-aged and aged groups on white and/or black backgrounds.

Material Mean of ∆E at
White Background

Mean of ∆E at
Black Background

Mean of ∆E at White and
Black Background

GNX 1.084208 1.438327 1.261268
ZCP 0.952307 0.953905 0.953106
UPC 1.538089 2.004471 1.77128
ENM 1.052949 3.197876 2.125412
EMX 1.471839 2.211663 1.841751
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3.2. TP Evaluation

• TP for the non-aged groups:

The mean and standard deviation values of the TP for the non-aged groups are sum-
marized in Table 5. The general ranking of the mean TP values for the non-aged tested ma-
terials is 23.8405, 21.5661, 18.2139, 17.3539, and 16.3669 for ENM > EMX > U > ZCP > GNX
groups respectively.

Table 5. Descriptive TP values for the non-aged groups. * Outliers were deleted.

Material N Mean Std. Deviation

GNX 20 16.3669 (0.82461)
ZCP 20 17.3539 (1.04154)
UPC 20 18.2139 (1.43829)
ENM 18 * 23.8405 (1.47981)
EMX 20 21.5661 (1.27472)
Total 98 19.3791 (3.02144)

Multiple comparisons among the TP values for the tested non-aged groups are shown
in Table 6. All comparisons were statistically significant except for GNX compared to ZCP
and ZCP compared to UPC.

Table 6. Multiple comparisons between TP values for the non-aged groups. Shaded cells indicate
significant differences p < 0.5.

Group Other Groups Sig.

GNX

ZCP 0.092
UPC 0.000
ENM 0.000
EMX 0.000

ZCP
UPC 0.185
ENM 0.000
EMX 0.000

UPC
ENM 0.000
EMX 0.000

ENM EMX 0.000

• TP for the aged groups:

The mean and standard deviation values of the TP for the aged groups are summarized
in Table 7. The general ranking of the mean TP values for the aged tested materials is
22.0976, 20.8905, 16.9788, 16.3750, and 16.1179 for ENM > EMX > ZCP > GNX > UPC
groups respectively.

Table 7. Descriptive TP values for the aged groups. * Outliers were deleted.

Material N Mean Std. Deviation

GNX 18 * 16.3750 (0.74454)
ZCP 20 16.9788 (0.75222)
UPC 20 16.1179 (0.68423)
ENM 20 22.0976 (0.69962)
EMX 20 20.8905 (1.15557)
Total 98 18.5352 (2.64346)

Multiple comparisons among the TP values for the tested aged groups are shown in
Table 8. All comparisons were statistically significant except for GNX compared to ZCP
and UPC.
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Table 8. Multiple comparisons between TP values for the aged groups. Shaded cells indicate
significant differences p < 0.5.

Group Other Groups Sig.

GNX

ZCP 0.117
UPC 0.803
ENM 0.000
EMX 0.000

ZCP
UPC 0.005
ENM 0.000
EMX 0.000

UPC
ENM 0.000
EMX 0.000

ENM EMX 0.003

- Comparison of TP values within same material group; non-aged and aged

A comparison between non-aged and aged TP mean values within each group is
shown in Table 9 and represented as a bar graph in Figure 5. The only statistically significant
comparison was for ENM and UPC groups.

Table 9. Comparison of TP values within same material group; non-aged and aged. Shaded cells
indicate significant differences p < 0.5. * Outliers were deleted.

Material Aging N Mean Std. Deviation Sig. (2-Tailed)

GNX
non-aged 20 16.3669 (0.82461) 0.975

aged 18 * 16.3750 (0.74454) 0.975

ZCP
non-aged 20 17.3539 (1.04154) 0.200

aged 20 16.9788 (0.75222) 0.200

UPC
non-aged 20 18.2139 (1.43829) 0.000

aged 20 16.1179 (0.68423) 0.000

ENM
non-aged 18 * 23.8405 (1.47981) 0.000

aged 20 22.0976 (0.69962) 0.000

EMX
non-aged 20 21.5661 (1.27472) 0.087

aged 20 20.8905 (1.15557) 0.087
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3.3. OP Evaluation

• OP for the non-aged groups:

The mean and standard deviation values of the OP for the non-aged groups are summa-
rized in Table 10. The general ranking of the mean OP values for the non-aged tested materials
is 12.3994, 12.3362, 11.0044, 9.4533, 9.0072 for ENM > EMX > ZCP > UPC > GNX respectively.

Table 10. Descriptive OP values for the non-aged groups. * Outliers were deleted.

Material N Mean Std. Deviation

GNX 20 9.0072 (1.00427)
ZCP 20 11.0044 (0.86360)
UPC 20 9.4533 (1.54029)
ENM 18 * 12.3994 (0.58992)
EMX 19 * 12.3362 (0.34766)
Total 97 10.7925 (1.70406)

Multiple comparisons among the OP values for the tested non-aged groups are shown
in Table 11. All comparisons were statistically significant except for GNX compared to UPC
and ENM compared to EMX.

Table 11. Multiple comparisons between OP values for the non-aged groups. Shaded cells indicate
significant differences p < 0.5.

Group Other Groups Sig.

GNX

ZCP 0.000
UPC 0.813
ENM 0.000
EMX 0.000

ZCP
UPC 0.004
ENM 0.000
EMX 0.000

UPC
ENM 0.000
EMX 0.000

ENM EMX 0.995

• OP for the aged groups:

The mean and standard deviation values of the OP for the aged groups are sum-
marized in Table 12. The general ranking of the mean OP values for the aged tested
materials is 12.1734, 11.4080, 10.6088, 8.9048, 8.5016 for EMX > ENM > ZCP > GNX > UPC
groups respectively.

Table 12. Descriptive OP values for the aged groups. * Outliers were deleted.

Material N Mean Std. Deviation

GNX 19 * 8.9048 (0.93894)
ZCP 20 10.6088 (0.72565)
UPC 20 8.5016 (0.96641)
ENM 20 11.4080 (0.26852)
EMX 20 12.1734 (0.40094)
Total 99 10.3336 (1.58517)

Multiple comparisons among the OP values for the tested aged groups are shown in
Table 13. All comparisons were statistically significant except for GNX compared to UPC.
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Table 13. Multiple comparisons between OP values for the aged groups. Shaded cells indicate
significant differences p < 0.5.

Group Other Groups Sig.

GNX

ZCP 0.000
UPC 0.680
ENM 0.000
EMX 0.000

ZCP
UPC 0.000
ENM 0.001
EMX 0.000

UPC
ENM 0.000
EMX 0.000

ENM EMX 0.000

- Comparison of OP values within same material group; non-aged and aged

A comparison between non-aged and aged OP mean values within each group is
shown in Table 14 and represented as a bar graph in Figure 6. The only statistically
significant comparison was for ENM and UPC groups, similar to that in TP comparison.

Table 14. Comparison of OP values within same material group; non-aged and aged. Shaded cells
indicate significant differences p < 0.5. * Outliers were deleted.

Material Aging N Mean Std. Deviation Sig. (2-Tailed)

GNX
non-aged 20 9.0072 (1.00427) 0.744

aged 19 * 8.9048 (0.93894) 0.744

ZCP
non-aged 20 11.0044 (0.86360) 0.125

aged 20 10.6088 (0.72565) 0.125

UPC
non-aged 20 9.4533 (1.54029) 0.025

aged 20 8.5016 (0.96641) 0.025

ENM
non-aged 18 * 12.3994 (0.58992) 0.000

aged 20 11.4080 (0.26852) 0.000

EMX
non-aged 19 * 12.3362 (0.34766) 0.185

aged 20 12.1734 (0.40094) 0.185
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4. Discussion

In vitro studies in any area of dentistry represent an attempt to simulate clinical
conditions; but no matter how well an experiment is designed, it cannot reproduce all the
relevant clinical features. It does, however, allow examination of factors which influence
clinical performance but cannot be tested in vivo for ethical or practical reasons [42]. The
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in vitro study may also be expected to highlight variables in clinical techniques which are of
significance, and the findings of such studies are therefore of direct clinical application [42].

Over the past 10 years, new dental restorative materials have been introduced as a re-
sult of growing demand for restorations with improved esthetic and mechanical properties
which are capable of serving as an alternative to metal and metal-ceramic restorations. How-
ever, strengths and weaknesses of these newly introduced materials have to be assessed
and tested to guide the clinicians in minimizing the risks of failures of such systems.

In consistence with previous studies [43–45], samples of all groups have been designed
and milled using computerized technology (Ceramill CAD-CAM System, Amann Girrbach)
following the recommendations by ISO:6872-2015. The samples represented three main
groups of ceramic systems used for esthetic/translucent monolithic restorations: three
yttria-stabilized tetragonal zirconia polycrystals with different yttria and alumina contents
to control the LTD and optical properties, polymer-infiltrated hybrid ceramic with a 75% by
volume ceramic network predominantly composed of silica and alumina to control the
optical and mechanical properties, and lithium disilicate glass-ceramic predominantly
composed of silica (control group), Table 1.

The human eye has cones for three colors: red, green, and blue. This receptiveness
helped define color spaces. By varying the amount of red, green, and blue light, we can
realize our eyes’ sensitivity to light stimulus for the three receptors. When plotted, a
sphere helps us visualize all colors. Three dimensions create the spectrum: black and
white in the z-axis, red and green in the y-axis, and blue and yellow in the x-axis. The
three dimensions are generally assigned (L) for lightness (+ = lighter, − = darker), (a) for
red/green (+ = redder, − = greener) and (b) for blue/yellow (+ = yellower, − = bluer) [46].

VITA® Easyshade is a spot measurement device which is susceptible to variation under
different measurement conditions and measures a small area on the tooth determined by
the diameter of the optical device aperture. In the present study, the center of each disc
was measured three times and the average was recorded. Spectrophotometers present an
accurate aid in dental shade measurement; it has been reported that it is five times more
likely to correctly match shades using Vita® Easyshade spectrophotometer than the visual
method [47].

The combination of thermal and mechanical cycling has been proposed to best sim-
ulate the oral environment [48]. In the present study, the samples were subjected to a
hydrothermal aging of 134 ◦C, 2 bar (200 KPa) for 5 h. This protocol had been chosen
because one-hour autoclave aging with 134 ◦C, 2 bar (200 KPa) corresponds to 3–4 years
of clinical use and promotes an extensive tetragonal-monoclinic phase transformation
(approximately 55–80% monoclinic phase content) [39]. Despite the criticism that this test
does not correspond to actual clinical conditions and that it may underestimate the actual
degradation of zirconia ceramics in the oral environment, it remains an efficient method to
estimate the long-term performance of these materials [49].

4.1. Shade Stability

After groups being subjected to artificial hydrothermal aging, the (L) value reduced
for all groups except GNX suggesting that all groups tended to become darker except GNX
became lighter. The (a) value decreased in all groups except EMX suggesting that all groups
tended to become greenish except EMX became reddish. The (b) value only increased in
the GNX group suggesting a yellower material, other materials tended to be bluer, Table 3,
Figure 3.

Bagis and Turgut [50] found that, after aging, (L) and (a) coordinates decreased, while
only (b) coordinate increased. Hamza et al. [51] found only a reduction in the (a) value.
The difference may be attributed to the difference in the material used and the aging
protocol applied.

The clinical acceptability level was determined to be 3.7 ∆E units, as determined by
many studies [52,53]. All groups in this study showed clinically acceptable color stability
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after accelerated aging as all groups showed a color change of less than 3.7, Table 4 and
Figure 4. Similar results were found in previous studies [50,54].

The largest amount of color change was observed in the ENM group, with a mean of
2.13 ∆E units showing a medium difference that is obvious to an untrained eye. This change
might be attributed to the presence of methacrylate polymer network. The lowest value
of color change was observed in the ZCP group, with a mean of 0.95 ∆E units showing a
normally invisible difference. GNX, UPC, and EMX had 1.26, 1.77, and 1.84 respectively,
showing a very small difference, only obvious to a trained eye, Table 4, Figure 4.

4.2. Translucency Parameter (TP)

Translucency is the ability of the colored object to allow the appearance of an un-
derlying background to show through [55]. It is an essential optical property that must
be considered when choosing restoration in the esthetic zone. Optimal translucency is
required to achieve lifelike restorations [56]. Previous studies have reported the mean
TP for a 1 mm section of natural human tooth enamel and dentin to be 18.7 and 16.4,
respectively [57].

However, in situations where restorations are required to mask discolored teeth or
metal posts and cores, materials with lower translucency and higher masking ability are
required [22]. Therefore, good knowledge about the translucency of the newly introduced
monolithic CAD-CAM materials is essential to choose the most appropriate material for
a specific case. It was documented in the literature [58] that translucency of the dental
ceramics is affected by chemical composition, crystalline structure, grain size, additives,
and pores.

In the present study, statistically different values were obtained for the non-aged
ceramic materials regarding TP values, Table 5. GNX group had the lowest TP value
compared to the other groups while ENM had the highest. All comparisons were significant
except between GNX compared to ZCP and ZCP compared to UPC, Table 6. Statistically
different values were obtained for the aged ceramic materials regarding TP values, Table 7.
All comparisons were significant except between GNX compared to ZCP and UPC, Table 8.
ENM had the highest TP among the non-aged and aged groups, whereas GNX had the
lowest TP among the non-aged groups and UPC had the lowest TP among the aged groups.
The variance was suggested to be related to variations in the elements and microstructure
of these materials.

Grain size has a major influence on the material’s TP value. Large crystals are present
in the high translucency materials, whereas the low translucency materials contain a
large number of smaller crystals [59]. This explains the higher TP value of the large
lithium crystals containing materials compared to the four to eight times smaller zirconia
crystals [60]. It also shows that, in general, E-max and Enamic have greater translucency
than zirconia materials which is consistent with previous studies [61,62]. Niu et al. [63]
stated that the higher strength ceramic system tends to be more opaque because of the
required increased crystalline content.

ENM group showed a statistically significant higher TP value compared to EMX
group (p < 0.05). This result is not in agreement with Alfouzan et al. [64] who showed that
E-max is considered to have a statistically significant higher translucency than Enamic.
Shirani et al. [65] showed an agreement; as E-max had lower translucency than Enamic.
These contradictory findings might be attributed to the fact that silica contents for both
ENM and EMX are almost comparable with a higher range for EMX, while the alumina
content is much higher for ENM compared to EMX, Table 1; hence, the resemblances and
differences in the compositions and microstructures of these two ceramic materials might
explain their close resultant optical properties. After aging, UPC group showed decrease in
TP values, to be the lowest TP between all groups.

When comparing TP values within the same material, non-aged vs. aged; GNX
interestingly showed a statistically insignificant lower TP for the non-aged group compared
to the aged one. Kim and Kim [66] reported a significant increase in TP for monolithic



Ceramics 2022, 5 975

zirconia after being subjected to autoclave hydrothermal aging (134 ◦C and 2 bars pressure)
for 0, 1, 3, and 5 h. But in this study, the increase of TP was insignificant. Certain metal
oxides, such as coloring pigments promote the formation of cubic zirconia which reduces
light scattering from the grain boundaries of cubic zirconia, resulting in higher TP values
with rising aging time [66]. ZCP and EMX groups showed a statistically insignificant lower
TP values after aging, whereas UPC and ENM groups showed a statistically significant
lower TP values after aging, Table 9 and Figure 5.

The different structuring of the ceramic groups may have influenced the amount of
change in color caused by artificial accelerated aging. Grain pull-out is reported as a sequel
of the proposed aging process, which results in adverse effects on the optical properties and
surface finish of these restorations. This surface roughness may adversely influence their
optical properties [15]. Another possible factor for the slight color change observed after
aging in these groups may be due to the metal oxide content break down of the colorants
added to the ceramic itself [67].

On the other hand, aging might result in the IPS e.max surface silica network dissolu-
tion, resulting in a reduction of surface crystallinity and consequently a rougher surface.
Furthermore, the presence of other than lithium disilicate phases, such as lithium trisilicate,
might have induced additional grain boundaries, facilitating water diffusion and rendering
the material prone to dissolution [68]. In a previous study [69], one mm thickness IPS e.max
CAD TP value of 23.14 before aging decreased to 19.9 after aging, which agreed with this
research as EMX decreased from 21.57 to 20.89, but not statistically significant.

Fathy et al. [70] and Alghazzawi [71] stated that translucency of colored samples
decreased significantly after accelerated aging. On the other hand, Kurt et al. [72] reported
that, the TP values decreased in the zirconia group after aging, but this decrease was not
statistically significant. Abdelbary et al. [73] stated that 0.5 mm-thick samples exhibited
statistically significant decrease in the TP value, whereas the TP values of 0.8 mm, 1 mm
and 1.2 mm-thick samples exhibited statistically insignificant change.

Furthermore, it is difficult to compare the TP values obtained in the present study
with other literature because of variation in color [74], thickness [63], protocol of aging [75],
zirconia composition (type and amount of stabilizing oxide), presence of cubic phase [76],
amount of pores [77], grain size [8], sintering conditions [77], CIE L*a*b* of black and white
backgrounds [55], and color measuring device [78].

4.3. Opalescence Parameter (OP)

It is a property of translucent materials to appear red-yellow in transmitted light,
and blue in reflected light [28]. An optimal dental restoration should have opalescence
equal to that of the adjacent teeth [79]. The mean OP value for human enamel reported
by Lee et al. [80] was 22.9 ± 1.9 at a thickness range of 0.9–1.3 mm. The particle size and
opalescence are enhanced by increasing the time and temperature of zirconia sintering,
which can improve translucency as well. However, glazing the zirconia reduces opalescence
without changing the translucency. In spite of the improved opalescence of recently
introduced monolithic ceramics, maintaining high translucency is needed [79].

In the present study, statistically different values were obtained for the non-aged
ceramic materials regarding OP values, Table 10. GNX group had the lowest OP value
compared to the other groups while ENM had the highest. All comparisons were significant
except between GNX compared to UPC and ENM compared to EMX, Table 11. Statistically
different values were obtained for the aged ceramic materials regarding OP values, Table 12.
All comparisons were significant except between GNX compared to UPC, Table 13. ENM
had the highest OP among the non-aged groups and EMX had the highest OP among the
aged groups; this might be attributed to the fact that both of them have predominantly
glass-ceramic content (SiO2) besides that ENM has high alumina (AlO2) and methacrylate
polymer contents. GNX had the lowest OP among the non-aged groups and UPC had the
lowest OP among the aged groups. The variance among all groups was suggested to be
related to variations in the elements and microstructure of these materials. The OP values
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of the measured products in this research were less than that of human enamel opalescence.
Bona et al. [41] compared the OP values of various CAD-CAM materials of different shades
at a thickness of 1 mm and stated that IPS e.max CAD LT of shade A2 was (6.58 ± 0.51); less
than that observed in the analysis of materials in this study (8.5016–12.3994). In contrast,
Shiraishi et al. [81] reported OP values to range from 5.27–12.11 for 1 mm thick porcelain
with most values in the range comparable to those found in the current study. This variation
was attributed to the variance in the tested ceramic system, shade, and thickness used. The
higher the chromatic shade, the higher the oxides such as ZrO2, Y2O3, SnO2, and V2O5,
which influences OP values.

When comparing OP values within the same material, non-aged vs. aged; GNX,
ZCP, and EMX groups showed a statistically insignificant higher OP for the non-aged
groups compared to the aged ones. UPC and ENM groups showed a statistically significant
higher OP for the non-aged groups compared to the aged ones, Table 14 and Figure 6.
Abbasimoghaddam et al. [82] showed an agreement with decreasing of OP values of
1.2 mm translucent zirconia after aging in autoclave for 10 h from 14.8643 to 13.2740.

Looking more into the differences and effects of chemical composition on the optical
properties of materials is needed. The improvements in the translucency and opalescence
of recent zirconia were performed by changing the yttria content, the amount of chemical
impurities, and using various grain sizes, but further research is essential. By decreasing the
alumina and increasing the yttria content, the latest monolithic zirconia brands manufactur-
ers enhanced the translucency of 3Y-TZP [83]. The yttria content of the GNX (4Y-TZP) is up
to 6–7%, and that of UPC (4Y-TZP and 5Y-TZP) is up to 5.8–9.7%, while the yttria content
of the ZCP (3Y-TZP and 5Y-TZP) is up to 4.5–7%, being less than the others. Using a higher
yttria content led to a greater content of the cubic phase (approximately 50%) of zirconia,
which enhances the translucency property but reduces the mechanical properties [8]. The
alumina contents of the tested materials were different, GNX and UPC contained a lower
amount of alumina (<0.5%) compared with ZCP (<1%) monolithic zirconia, while ENM
had (20–23% alumina) and EMX had (0–5% alumina), Table 1.

The sintering/crystallization temperature also affects translucency and opalescence.
Various manufacturers’ recommendations were followed for each material; i.e., heating rate,
holding time, and cooling. The higher sintering temperatures, in the range of 1510–1550 ◦C,
close residual pores at the grain boundaries level, thus increasing the density of the material,
and decreasing the refractive index and light scattering [84]. Temperatures used by this
study were: (1450 ◦C for GNX, 1530 ◦C for UPC, 1500 ◦C for ZCP, 850 ◦C for EMX); no
sintering after milling was required for ENM, Table 2.

Based on the results of the present study, the null hypothesis, that stated “no difference
in the optical properties between monolithic ceramic restorations”, was rejected as there
were statistically significant differences between most of the groups. The second component
of the null hypothesis, that stated “artificial aging has no effect on the color stability” was
partially rejected as UPC and ENM groups showed a statistically significant higher TP and
OP before aging.

4.4. Limitations

This study was limited by the in vitro evaluation for a design of flat samples with
only A2- shade. Also, the effects of the luting cement and dental tissues on the resulting
shade were not considered. Furthermore, in the clinical scenario, only the outer surface of
the restoration is exposed to the oral environment rather than all surfaces. Lack of surface
roughness assessment before and after accelerated aging was another limitation of this
study as it is assumed that the change in surface roughness can affect the color changes of
the samples [85]. Different aging methods that simulate more closely the oral environment
might be used for such a study, such as the use of cyclic loading machine that applies
different directions of forces and the use of artificial saliva media.
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5. Conclusions

Based on the results obtained and within the limitations of this study, the following
conclusions can be derived:

1. At baselines, the lithium disilicate ceramic (EMX) showed higher optical properties
(translucency and opalescence) than the monolithic zirconia groups (GNX, ZCP, and
UPC), while the hybrid ceramic (ENM) showed the highest optical properties among
all groups.

2. All groups showed to some extent a change in the optical properties (translucency
and opalescence) after aging, but that was within the clinical acceptability range.
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