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Abstract: The aim of this in vitro study was to evaluate the effects of substrate and cement shades on
the translucency and color of lithium-disilicate and zirconia CAD/CAM materials. Two light-cured
resin cements (RelyX Veneer Cement; 3M; Choice 2 Veneer Cement; Bisco Dental) with a standardized
thickness (0.1 mm) were tested in combination with two different monolithic CAD/CAM materials
(E-Max CAD (LI2SI2O5); Ivoclar Vivadent; Katana (ZrO2); Kuraray-Noritake Dental) on two different
colored composite substrates used as a dentin (Filtek Supreme XTE; 3M); for a total of 12 combina-
tions (n = 10). The specimens’ color was measured with a spectrophotometer (Spectroshade; MHT).
Measurements were taken using the CIELAB color coordinate system (L*a*b*) against black and white
backgrounds. L*a*b* values were statistically analyzed for the variables Substrate, Ceramic, and Ce-
ment by applying a Three-Way ANOVA followed by the Tukey Test for post-hoc comparison (p < 0.05).
Translucency Parameter (TP) and Constant Ratio (CR) were assessed to evaluate translucency; accept-
ability and perceptibility thresholds (∆E00 1.8 and 0.8) were used. Statistically significant influence
was found for factors ceramic material, cement shade, and substrate color (p < 0.05). Unacceptable
color differences were reported for Li2Si2O5. Opacity was significantly higher when white opaque
cement shade was employed. Ceramic type and cement shade significantly influenced L*a*b* color
coordinates. The final translucency and color of ceramic restorations can, therefore, be influenced by
ceramic material, cement shade, and substrate color.

Keywords: translucency; color stability; cement; zirconia; lithium disilicate; ceramic; opacity

1. Introduction

In clinical situations involving esthetic restorations, ceramic materials have the ca-
pability to replicate the appearance and the optical properties of natural teeth and are,
therefore, suitable for manufacturing several types of all-ceramic restorations for anterior
and posterior teeth, such as inlays, onlays, crowns, veneers, and bridges [1]. Contemporary
all-ceramic materials in conjunction with adhesive systems and luting cements allow clini-
cians to use a minimally invasive approach and to make more conservative restorations
obtaining excellent esthetic results.

Since the introduction of all-ceramic materials, the limitation in light transmission
typical of porcelain-fused to metal (PFM) restorations has been overcome. Furthermore,
the introduction of CAD/CAM technology facilitated the spread of these newer materials
providing the clinician several opportunities to treat esthetic challenging cases. In PFM
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restorations, the metal was covered by a white and opaque material that represented a stan-
dardized substrate. In all-ceramic materials, substrate and cement color are variable, as well
as the different levels of translucency of the ceramic itself [2]. Despite the unquestionable
better esthetic outcome, all-ceramic materials introduced a higher level of complexity to
the shade matching process. The final outcome of all-ceramic restorations is not limited to
shade selection, but rather the resulting of several factors, such as the translucency degree;
the restoration thickness; the surface properties, such as roughness and gloss; the shade
and the opacity of the luting agents; and the substrate [3–6]. Ceramic materials with high
translucencies allow more light to enter and scatter; consequently, the underlying tooth
shade could have a significant influence over the final color.

The influence of the above-mentioned factors on translucency has been reported for
felspathic ceramic [7], lithium-disilicate [8,9], and zirconia materials [10,11]. However,
few studies and limited clinical guides correlating the luting cement and the background
substrate shade on translucency and color of lithium disilicate compared to last generation
cubic zirconia are present in the literature. For this reason, the influence of resin cement
and substrate shade on translucency and color was investigated in this study.

The formulated null-hypotheses were:

1. After the cementation procedure, resin cement does not influence the final shade of
lithium disilicate and cubic zirconia restorations;

2. Substrate color does not influence translucency and color of lithium disilicate and
cubic zirconia restorations.

2. Materials and Methods
2.1. Study Design

The general description of the main materials used in the present study, their manu-
facturers and composition are listed in Table 1.

Table 1. Materials used in present study.

Abbreviation Name Shade Manufacturer Type of Material

LI2SI2O5 E-Max CAD A2 LT Ivoclar Vivadent, Schaan,
Liechtenstein

Lithium disilicate glass
ceramic

ZrO2 Katana HT12 Kuraray Noritake
Dental, Tokyo, Japan 3Y-TPZ Zirconia

A2, A4 Filtek Supreme XTE A2D, A4D 3M ESPE, St. Paul, MN, USA Nanofilled resin-based
composite

TR RelyX Veneer
Cement TR 3M ESPE, St. Paul, MN, USA Light cured cement

MB Choice 2 Veneer
Cement Milky Bright Bisco Dental, Schaumburg, IL, USA Light cured cement

n.a. Bis-Silane n.a. Bisco Dental, Schaumburg, IL, USA Coupling agent

n.a. All Bond Universal
Adhesive n.a. Bisco Dental, Schaumburg, IL, USA Universal adhesive

n.a. Bisco Porcelain
Etchant Gel n.a. Bisco Dental, Schaumburg, IL, USA Hydrofluoric acid

n.a. Z-Prime Plus Primer n.a. Bisco Dental, Schaumburg, IL, USA Zirconia primer

This study was designed in 12 study groups (n = 10 each), where the specimens were
randomly allocated (www.randomizer.org, access on 16 November 2019) considering:

1. “CAD/CAM ceramic material” in 2 levels: lithium disilicate (E-Max CAD, Ivoclar
Vivadent, Schaan, Liechtenstein) and tetragonal zirconia discs (Katana, Kuraray Nori-
take Dental, Tokyo, Japan) were used to simulate indirect anterior restorations;

www.randomizer.org
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2. “Luting cement shade” in 3 levels: two completely different cement shades (Translu-
cent Rely-X Veneer, 3M; Milky Opaque, Choice 2, Bisco, Chicago, IL, USA) and a
transparent glycerin gel as negative control were used to understand the effect of
different shades on ceramic optical properties;

3. “Background shade” in 2 levels: to simulate different shades of prepared teeth, two
composite shades, A2 and A4, were used to create disk-shaped samples.

2.2. Sample Preparation

A total of 120 disks (10 mm diameter × 2 mm thickness) of Filtek Supreme XTE, (3M
ESPE, St. Paul, MN, USA) of two different shades (A2D and A4D, n = 60), were manufac-
tured. A calibrated mold was employed to control the diameter and thickness of the disks.
A glass plate was pressed on the surface of the mold to eliminate the excess of material
and then polymerization was performed by a LED curing unit (Valo, Ultradent Products,
South Jordan, UT, USA) for 20 s with a light intensity of 1200 mW/cm2. The specimens
were then immersed in distilled water for 24 h to allow completion of polymerization.
Then, 60 CAD/CAM lithium-disilicate (Li2Si2O5) blocks (E-Max CAD, Ivoclar Vivadent,
Schaan, Liechtenstein) were cut perpendicularly with a water-cooled low speed diamond
saw (Isomet, Buehler, Lake Bluff, IL, USA). Flat 14 mm × 12 mm specimens of 1.2 mm
thickness were cut. The block was maintained perpendicular to the saw during cutting, to
ensure a consistent thickness of specimen. After sectioning, all samples were polished and
crystallized according to the manufacturer instructions.

I total of 60 Flat 14 mm × 12 mm specimens of 1.2 mm thickness were designed and
milled from CAD-CAM tetragonal zirconia discs (ZrO2) (Katana, Kuraray Noritake Dental,
Tokyo, Japan). After milling specimens were sintered, finished, and glazed according to the
manufacturer instructions.

Specimens were then randomly divided into three subgroups (n = 20 each, 10 per
ceramic material) according to the luting cement shade: Translucent (TR) (RelyX veneer,
3M ESPE, St. Paul, MN, USA); Milky Bright (MB) (Choice 2, Bisco Dental, Schaumburg,
IL, USA); and glycerine transparent gel (negative control).

After sandblasting of composite and ceramic specimen (50 µm, 2 atm, 2 cm, 20 s),
ceramic disks were then luted on composite disks with simplified adhesive procedures,
which were conducted as follows: on the composite, silane was applied (Bis-Silane, Bisco
Dental, Schaumburg, IL, USA) and, after evaporation with air, a universal adhesive system
was used following the manufacturer instructions (All Bond Universal, Bisco Dental,
Schaumburg, IL, USA). On lithium disilicate, 4% hydrofluoric acid (Bisco Porcelain Etchant
Gel, Bisco Dental, Schaumburg, IL, USA) was applied for 20 s and then rinsed for 10 s. Disks
were immersed in an ultrasonic bath with 90% ethanol for 5 min; after drying in air, silane,
and universal adhesive were applied to the specimens following manufacturer instructions.

On ZrO2 specimen, 10-MDP primer was applied (Z-Prime, Bisco Porcelain Etchant Gel)
and, after evaporation with air, the universal adhesive system was applied as previously
described. To standardize the luting cement thickness, a metal plate 0.1 mm thick with
9 mm diameter holes was employed. Composite disks, previously treated with adhesion
techniques described above, were placed below the metal plate, in correspondence of the
holes. A drop of cement was applied on the composite surface inside the hole of the metal
plate, and on the other side of the metal mold the ceramic disk was placed. A standardized
seating force of 40 g/mm2 (equivalent to a force of about 70 N, which can be considered a
medium seating force [12,13] was applied on the ceramic specimens.

After performing the pressure to remove the excess of cement, curing was carried
out on both sides for 60 s with the above-mentioned LED curing light unit. A schematic
representation of a sample preparation is represented in Figure 1.
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Figure 1. Sample preparation sketch.

2.3. Constant Ratio (CR), Translucency Parameter (TP), and Color Difference Measurements

After 24 h storage in distilled water, color coordinates were assessed using a spec-
trophotometer (Spectroshade, MHT, Niederhasli, Switzerland) applied on the ceramic side.
Measurements were taken using the CIELAB color coordinate system (L*a*b*) against black
(CIELAB 0,0,0–3% reflectivity) and white (CIELAB 100,0,0–90% reflectivity) backgrounds
(Kodak Gray Scale Q-14, Rochester, NY, USA).

The spectrophotometer displayed an image on the screen: an operator delimited three
separate internal reading areas (3 mm diameter each) near the center of the specimen, in
order not to be influenced by the metal plate. The mean value of the three measurements
was obtained.

L*a*b* values were statistically analyzed for the variables Substrate, Ceramic, and Cement
by applying a Three-Way ANOVA followed by the Tukey Test for post-hoc comparison (p < 0.05).

The TP was calculated using the following CIELAB color difference equation:

TP =

√(
L∗B − L∗w

)2
+
(
a∗B − a∗w

)2
+
(
b∗B − b∗w

)2

where the subscripts “b” and “w” refer to color coordinates over the above-mentioned black
and white backgrounds.

CR is the ratio between the reflectance of a specimen on a black background to that on
a white background of a known reflectance [14]. The CR values are calculated according to
the equation:

CR =
yB
yW

where yB represents the spectral reflectance of the light of the specimen on a black back-
ground and yW on a white background.

y is calculated with the equation:

y = [
(L + 16)

116
]
3
× 100

The CR is a direct measure of opacity, and it decreases as translucency increases. The
value of a perfectly transparent material is 0, while the value of a completely opaque
material is 1 [15]. To calculate differences in color between ZrO2/Li2Si2O5 and control
group, the CIEDE2000 formula was applied.

∆E00 =
2

√(
∆L′

KLSL

)2
+

(
∆C′

KCSC

)2
+

(
∆H′

KHSH

)2
+ RT

(
∆C′

KCSC

)(
∆H′

KHSH

)
where ∆L′, ∆C′, and ∆H′ are the differences in lightness, chroma, and hue, respectively,
and RT is a function that accounts for the interaction between chroma and hue differences
in the blue region. Weighting functions, SL, SC, and SH adjust the total color difference for
variation in the location of the color difference pair in L′, a′, and b′ coordinates and the



Polymers 2022, 14, 1778 5 of 10

parametric factors, KL, KC, and KH, are correction terms for experimental conditions. In the
present study, the parametric factors of the CIEDE2000 color difference formula were set
to 1 [16–18].

The acceptability (AT) and perceptibility (PT) thresholds were set, respectively, at ∆E00
1.8 and 0.8 [17–19].

2.4. Statistical Analysis

Normal distribution of color coordinates was verified with Shapiro–Wilk test. To
evaluate the effect of the factors “ceramic material” (Li2Si2O5 or ZrO2), “luting cement”
(TR, MB), and “background shade” (A2D, A4D) on color coordinates and translucency, a
three-way ANOVA test was performed for CR, TP, and L*a*b* variables. Post hoc pairwise
comparison was performed using Tukey test. The significance level was set at 95% (p < 0.05).
All statistical analyses were performed using the Stata 14.1 software package (StataCorp,
4905 Lakeway Drive, College Station, TX 77845, USA).

3. Results

The mean values and standard deviation for CR and TP obtained in the different
groups were reported in Tables 2 and 3, respectively. A three-way ANOVA test showed
that CR was significantly influenced by “background shade”, “ceramic material”, and
“luting cement”. Considering CR, a post hoc Tukey test showed that among cements, the
opacity was significantly higher when MB cement shade was employed. No differences
were reported between TR and control group (glycerin). Regarding the ceramic material,
ZrO2 significantly affected the CR more than Li2Si2O5, while among background shade,
the CR was higher when A2 was employed as background.

Table 2. Means and standard deviation for CR. Different superscript capital letters indicate significant
difference within column (p < 0.05). Different superscript lower-case letters indicate significant
difference within rows (p < 0.05).

Background A2 Background A4

Cement Shade Control MB TR Control MB TR

Li2Si2O5 0.12 ± 0.01 B,bc 0.17 ± 0.02 B,a 0.17 ± 0.01 B,a 0.10 ± 0.01 B,c 0.14 ± 0.02 B,ab 0.12 ± 0.01 B,bc

ZrO2 0.45 ± 0.04 A,ab 0.45 ± 0.02 A,a 0.40 ± 0.03 A,b 0.42 ± 0.04 A,ab 0.41 ± 0.02 A,b 0.42 ± 0.03 A,ab

Table 3. Means and standard deviation for TP. Different superscript capital letters indicate significant
difference within column (p < 0.05). Different superscript lower-case letters indicate significant
difference within rows (p < 0.05).

Background A2 A4

Cement Shade Control MB TR Control MB TR

Li2Si2O5 2.86 ± 1.33 A,a 1.18 ± 0.47 A,b 3.61 ± 0.60 A,a 1.90 ± 0.55 A,b 1.75 ± 0.98 A,b 1.58 ± 0.58 A,b

ZrO2 0.69 ± 0.29 B,a 0.71 ± 0.23 A,a 0.84 ± 0.37 B,a 0.51 ± 0.23 B,a 0.63 ± 0.28 B,a 0.56 ± 0.31 B,a

TP was significantly affected by “background shade” and “ceramic material”, but
no significant differences were observed for the factor “luting cement”. Higher TP was
observed when A2 background was used. ZrO2 provided significantly less TP values in
respect to Li2Si2O5.

Regarding L*a*b* values, means and standard deviation obtained in different groups
were displayed in Tables 4 and 5. The L* coordinate, that represents value/luminosity, was
significantly affected by background shade, ceramic material, and luting cement. A post-
hoc Tukey test showed among cement significant differences were reported between both
cements and control group. Coordinate a*, that is relative to the green-red opponent colors,
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was affected by ceramic material and luting cement, but not by the background shade. No
significant differences were observed between TR cement and control group. Coordinate b*,
that is relative to the blue-yellow axis, was significantly influenced by ceramic and cement,
but not by background.

Table 4. Means and standard deviation for L*a*b* values. Similar superscript letters indicate no
statistically significant difference (p > 0.05). Different superscript capital letters indicate significant
difference within column (p < 0.05).

Background Ceramic Cement L* a* b*

A2

Li2Si2O5

Control 65.4 ± 1.19 D −0.46 ± 0.27 BC 20 ± 1.37 AB

MB 69.84 ± 1.82 C −0.58 ± 0.39 BC 13.3 ± 2.05 C

TR 70.6 ± 1.07 C −0.74 ± 0.62 B 13.52 ± 1.92 C

ZrO2

Control 85.4 ± 1.41 A −0.64 ± 1.18 C 1.34 ± 0.39 D

MB 85.7 ± 0.83 A −0.9 ± 0.18 A 0.98 ± 0.57 D

TR 83.38 ± 1.36 B −1.02 ± 0.1 A 0.64 ± 0.44 D

A4

Li2Si2O5

Control 62.9 ± 0.56 E −0.46 ± 0.17 BC 18.58 ± 1.11 B

MB 67.94 ± 1.76 C −0.68 ± 0.43 C 20.68 ± 1.25 A

TR 65.88 ± 0.7 D −0.3 ± 0.27 BC 11.96 ± 1.01 C

ZrO2

Control 84.3 ± 1.73 AB −0.56 ± 0.17 C 1.32 ± 0.26 D

MB 84.08 ± 0.81 AB −0.72 ± 0.28 C 0.82 ± 0.36 D

TR 84.4 ± 1.09 AB −0.78 ± 0.23 A 0.68 ± 0.51 D

Table 5. ⊗E00 values of MB and TR vs. control group. Values above acceptability (1.8) and percepti-
bility (0.8) threshold are outlined (* #).

Background A2 A4

Cement Shade MB TR MB TR

Li2Si2O5 5.22 * 5.55 * 4.28 * 4.66 *

ZrO2 0.55 1.60 # 0.5 0.70

4. Discussion

The present study evaluated the influence of background substrate and luting cement
shades on the translucency and color of lithium disilicate and cubic zirconia manufactured
using CAD/CAM technology. Based on the obtained results, the background substrate and
the luting cement shades significantly affected the translucency and final color of evaluated
ceramic materials. Therefore, both study hypotheses were rejected.

Through a spectrophotometer, CIELab color coordinates were obtained and used to cal-
culate TP and CR for translucency analysis. In previous studies, CIEDE2000 formula, which
was also employed in the present study to determine color differences, showed better results
related to color differences perceived by human eye than the CIELab formula [17,18,20,21]
Color differences values were compared with the visual threshold Li2Si2O5 (PT and AT)
reported for the used metric [17,22–24]. The present study findings suggested that the color
differences observed were clinically acceptable for ZrO2 and completely unacceptable for
Li2Si2O5. The reason of these difference can be advocated to the relationships between
microstructure, composition, manufacturing process, and properties of dental ceramics [25].
Previous studies showed how optical and mechanical properties of ceramics essentially
depend on type, shape, size of particles, refractive index (RI), and on the distribution of the
crystalline phase [26–29].

Ceramic materials can be composed of particles bigger or smaller than visible light
wavelength (that ranges from 0.4–0.7 µm) [29]. Refraction and reflection occur on the
surfaces of particles larger than the wavelength of light. The greater the RI difference
between particle size and matrix, the greater the refraction and reflection of light, which
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leads to higher opacity [30]. The differences in color and translucency of the investigated
CAD/CAM ceramics may be due to the crystal structure, in particular the crystal size
and the relationship between glass phase and crystals, which could strongly affect the
light refraction and transmission [31]. Translucency of cubic zirconia has been investi-
gated extensively in the recent literature and it is strictly related to the proportion of the
crystalline phases, being lower with the tetragonal and higher with the cubic one [32–34].
Wang et al. [7] reported lower translucency for monolithic zirconia (ranging from 5.5–13.5)
in respect to human dentin (16.4) and enamel (18.1). Comparing the two tested materials,
higher translucency was reported for Li2Si2O5. This difference can be advocated to the
combination of a glass matrix and crystalline phase, which could reduce internal scattering
of the light as it passes through the lithium disilicate material [35,36]. Moreover, the main
crystalline phase is characterized by elongated lithium disilicate (Li2Si2O5) crystals that
represent a randomly oriented scaffold with a length ranging from 3–6 µm. The second
phase is composed by a lower volume of lithium orthophosphate (Li3PO4), which is re-
sponsible for the translucency of the material [37]. Li2Si2O5 restorations may, therefore, be
influenced by ceramic thickness, translucency, substrate color, and cement color as reported
by several authors [36,38–42]. The difference between ZrO2 and Li2Si2O5 highlighted in
the present study are consistent with a recent study by Church et al., which reported that
even the most translucent zirconia is not as translucent as lithium disilicate [3].

When considering translucency and color, the thickness is another important fac-
tor with materials such as resin composite and ceramic. Increasing thickness will help
the masking capability, thus improving the overall shade. As the ceramic thickness in-
creases, the diffused reflection mainly occurs in the ceramic itself than from the underlying
substrate. [39,40,43,44]. This effect is implemented by the intrinsic translucency of the
material [8]. In addition to the translucency variation, the material’s thickness may have
consequences on light irradiation intensity through the material, which could, therefore,
affect the conversion degree of the underlining luting cement [8,34,36]. A recent study by
Tafur Zelada et al. [45] pointed out that the decrease of light irradiation intensity through
thick zirconia frameworks could lead to color instability and poor mechanical properties.

Translucency is not only influenced by ceramic thickness or chromaticity, but also
by other factors, such as the luting cement shade [3,38,46–48]. In the present study, two
cement colors were evaluated, with the white opaque one (MB) showing significantly more
influence on translucency and color over the translucent (TR) one. These findings were in
accordance with Chaiyabutr et al. [38] who reported lower ∆E values in the group with
opaque cement color. On the other hand, Guazzato et al. [49] reported that cement color
has no influence on final color, but these inconsistencies can be related to the different
thicknesses of the cement layer that were simulated in different studies.

The opaque cement resulted in lower color change, thus providing better substrate
masking ability [2,50–52], and it could, therefore, provide color correction in clinical situa-
tion depending on ceramic material translucency [53]. The capability of opaque cements to
influence color on all-ceramic restorations may be advocated to cement composition [54].
The inorganic fillers that provide opacity are characterized by different refractive index,
with subsequent scattering of light and different degrees of translucency [55]. It also must
be considered that cement tint saturation influences the translucency level, therefore influ-
encing final color as well: lower chroma shades are in fact more translucent than saturated
ones [56].

Another important aspect to consider in color and translucency studies is whether the
underlying substructure can affect the final color of an esthetic restoration. The obtained
results showed that background shade significantly influenced translucency and color of
tested ceramic materials. Moreover, the masking ability of white opaque cements is limited,
and, consequently, it can be stated that the final color of high-translucency Li2Si2O5 and
ZrO2 restorations is mainly affected by the core material shade. This finding is in accordance
with previous studies, which generally highlighted how a dark background, such as a
dyschromic tooth or a metallic post-and-core build-up, could be difficult to mask with
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metal-free restorations [38–40,42,43,48]. An interesting study by Dotto et al. [57] reported
that changing substrate color by layering lighter opaque composites on the abutment was
able to provide lower ∆E values, thus influencing positively color match.

Among the limitation of present study, the variables associated with aging-induced
color changes could be mentioned. Zirconia may in fact show a change in translucency after
aging, which could be attributed to tetragonal-to-monoclinic phase transformation [58].
Aging could also affect cement color stability, eventually shifting to yellow due to water ab-
sorption by components such as triethyleneglycol dimethacrylate and 2,2-bis (4-[2-hydroxy-
3-methacryloyloxy] phenyl) propane. Color may also be influenced in time from uncured
camphorquinone depending on the polymerization rate that, as previously mentioned, can
be affected by thickness and opacity of the ceramic material [42].

5. Conclusions

Based on the results and within the limitation of the present study, it can be concluded
that the final shade and translucency of ceramic restorations can be significantly influenced
by the type of material, cement, and substrate.

Opaque cements could be useful in influencing the color of the restoration in cases of
a color mismatch within the desired shade due to the restoration’s shade or substrate color.
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luting cement on the final color of lithium disilicate ceramic systems. J. Prosthet. Dent. 2017, 117, 138–143. [CrossRef]
10. Sonza, Q.N.; Della Bona, A.; Pecho, O.E.; Borba, M. Effect of substrate and cement on the final color of zirconia-based all-ceramic

crowns. J. Esthet. Restor. Dent. 2021, 33, 891–898. [CrossRef]
11. Dai, S.; Chen, C.; Tang, M.; Chen, Y.; Yang, L.; He, F.; Chen, B.; Xie, H. Choice of resin cement shades for a high-translucency

zirconia product to mask dark, discolored or metal substrates. J. Adv. Prosthodont. 2019, 11, 286–296. [CrossRef] [PubMed]
12. Wilson, P.R. The effect of oscillation, low seating force and dentine surface treatment on pulpward pressure transmission during

crown cementation: A laboratory study. J. Oral Rehabil. 2003, 30, 957–963.
13. Tortopidis, D.; Lyons, M.F.; Baxendale, R.H.; Gilmour, W.H. The variability of biting force measurement between sessions, in

different position within the dental arch. J. Oral Rehabil. 1998, 25, 681–686. [CrossRef] [PubMed]
14. Miyagawa, Y.; Powers, J.M.; O’Brien, W.J. Optical properties of direct restorative materials. J. Dent. Res. 1981, 60, 890–894.

[CrossRef]

http://doi.org/10.1002/14651858.CD009606.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29261853
http://doi.org/10.1016/j.jdent.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19660518
http://doi.org/10.1016/S0022-3913(00)70035-7
http://doi.org/10.1016/S0022-3913(07)60120-6
http://doi.org/10.1046/j.1365-2842.2002.00919.x
http://www.ncbi.nlm.nih.gov/pubmed/12366532
http://doi.org/10.1111/j.1708-8240.2003.tb00308.x
http://doi.org/10.1016/S0022-3913(13)60333-9
http://doi.org/10.1111/jerd.12470
http://doi.org/10.1016/j.prosdent.2016.05.016
http://doi.org/10.1111/jerd.12632
http://doi.org/10.4047/jap.2019.11.5.286
http://www.ncbi.nlm.nih.gov/pubmed/31754419
http://doi.org/10.1046/j.1365-2842.1998.00293.x
http://www.ncbi.nlm.nih.gov/pubmed/9758398
http://doi.org/10.1177/00220345810600050601


Polymers 2022, 14, 1778 9 of 10

15. Liu, M.-C.; Aquilino, S.A.; Lund, P.S.; Vargas, M.A.; Diaz-Arnold, A.M.; Gratton, D.G.; Qian, F. Human Perception of Dental
Porcelain Translucency Correlated to Spectrophotometric Measurements. J. Prosthodont. 2010, 19, 187–193. [CrossRef]

16. Luo, M.R.; Cui, G.; Rigg, B. The development of the CIE2000 colour difference formula: CIEDE2000. Color Res. Appl. 2001, 26,
340–350. [CrossRef]

17. Ghinea, R.; Pérez, M.M.; Herrera, L.J.; Rivas, M.J.; Yebra, A.; Paravina, R.D. Color difference thresholds in dental ceramics. J. Dent.
2010, 38 (Suppl. 2), e57–e64. [CrossRef]

18. del Mar Perez, M.; Ghinea, R.; Herrera, L.J.; Ionescu, A.M.; Pomares, H.; Pulgar, R.; Paravina, R.D. Dental ceramics: A CIEDE2000
acceptability thresholds for lightness, chroma and hue differences. J. Dent. 2011, 39 (Suppl. 3), e37–e44. [CrossRef]

19. Paravina, R.D.; Pérez, M.M.; Ghinea, R. Acceptability and perceptibility thresholds in dentistry: A comprehensive review of
clinical and research applications. J. Esthet. Restor. Dent. 2019, 31, 103–112. [CrossRef]

20. Chu, S.J.; Trushkowsky, R.D.; Paravina, R.D. Dental color matching instruments and systems. Review of clinical and research
aspects. J. Dent. 2010, 38, e2–e16. [CrossRef]

21. Wee, A.G.; Lindsey, D.T.; Shroyer, K.M.; Johnston, W.M. Use of a porcelain color discrimination test to evaluate color difference
formulas. J. Prosthet. Dent. 2007, 98, 101–109. [CrossRef]

22. Paravina, R.D.; Ghinea, R.; Herrera, L.J.; Bona, A.D.; Igiel, C.; Linninger, M.; Sakai, M.; Takahashi, H.; Takahashi, E.; del Mar
Perez, M. Color difference thresholds in dentistry. J. Esthet. Restor. Dent. 2015, 27, S1–S9. [CrossRef] [PubMed]

23. Douglas, R.D.; Brewer, J.D. Acceptability of shade differences in metal ceramic crowns. J. Prosthet. Dent. 1998, 79, 254–260.
[CrossRef]

24. Lindsey, D.T.; Wee, A.G. Perceptibility and acceptability of CIELAB color differences in computer-simulated teeth. J. Dent. 2007,
35, 593–599. [CrossRef]

25. Della Bona, A. Bonding to Ceramics: Scientific Evidences for Clinical Dentistry, 1st ed.; Artes Médicas: Sao Paulo, Brazil, 2009.
26. Della Bona, A.; Nogueira, A.D.; Pecho, O.E. Optical properties of CAD- CAM ceramic systems. J. Dent. 2014, 42, 1202–1209.

[CrossRef]
27. Della Bona, A.; Donassollo, T.A.; Demarco, F.F.; Barrett, A.A.; Mecholsky, J.J., Jr. Characterization and surface treatment effects on

topography of a glass-infiltrated alumina/zirconia-reinforced ceramic. Dent. Mater. 2007, 23, 769–775. [CrossRef]
28. Heffernan, M.J.; Aquilino, S.A.; Diaz-Arnold, A.M.; Haselton, D.R.; Stanford, C.M.; Vargas, M.A. Relative translucency of six

all-ceramic systems. Part I: Core materials. J. Prosthet. Dent. 2002, 88, 4–9. [CrossRef]
29. Heffernan, M.J.; Aquilino, S.A.; Diaz-Arnold, A.M.; Haselton, D.R.; Stanford, C.M.; Vargas, M.A. Relative translucency of six

all-ceramic systems. Part II: Core and veneer materials. J. Prosthet. Dent. 2002, 88, 10–15. [CrossRef]
30. Shimada, K.; Nakazawa, M.; Kakehashi, Y.; Matsumura, H. Influence of abutment materials on the resultant color of heat-pressed

lithium disilicate ceramics. Dent. Mater. J. 2006, 25, 20–25. [CrossRef]
31. Lee, Y.K. Translucency of human teeth and dental restorative materials and its clinical relevance. J. Biomed. Opt. 2015, 20, 045002.

[CrossRef]
32. Zhang, Y. Making yttria-stabilized tetragonal zirconia translucent. Dent. Mater. 2014, 30, 1195–1203. [CrossRef] [PubMed]
33. Kim, H.K. Optical and Mechanical Properties of Highly Translucent Dental Zirconia. Materials 2020, 13, 3395. [CrossRef] [PubMed]
34. Alovisi, M.; Scotti, N.; Comba, A.; Manzon, E.; Farina, E.; Pasqualini, D.; Michelotto Tempesta, R.; Breschi, L.; Cadenaro, M.

Influence of polymerization time on properties of dual-curing cements in combination with high translucency monolithic zirconia.
J. Prosthodont. Res. 2018, 62, 468–472. [CrossRef] [PubMed]

35. Van Noort, R. Introduction to Dental Materials, 2nd ed.; Elsevier: St. Louis, MO, USA, 2007; pp. 247–250.
36. Scotti, N.; Comba, A.; Cadenaro, M.; Fontanive, L.; Breschi, L.; Monaco, C.; Scotti, R. Effect of Lithium Disilicate Veneers of

Different Thickness on the Degree of Conversion and Microhardness of a Light-Curing and a Dual-Curing Cement. Int. J.
Prosthodont. 2016, 29, 384–388. [CrossRef] [PubMed]

37. Davis, B.K.; Aquilino, S.A.; Lund, P.S.; Diaz-Arnold, A.M.; Denehy, G.E. Colorimetric evaluation of the effect of porcelain opacity
on the resultant color of porcelain veneers. Int. J. Prosthodont. 1992, 5, 130–136.

38. Chaiyabutr, Y.; Kois, J.C.; Lebeau, D.; Nunokawa, G. Effect of abutment tooth color, cement color, and ceramic thickness onthe
resulting optical color of a CAD/CAM glass-ceramic lithium disilicate reinforced crown. J. Prosthet. Dent. 2011, 105, 83–90.
[CrossRef]

39. Niu, E.; Agustin, M.; Douglas, R.D. Color match of machinable lithium disilicate ceramics: Effects of foundation restoration.
J. Prosthet. Dent. 2013, 110, 501–509. [CrossRef]

40. Al Ben Ali, A.; Kang, K.; Finkelman, M.D.; Zandparsa, R.; Hirayama, H. The effect of variations in translucency and background
on color differences in CAD/CAM lithium disilicate glass ceramics. J. Prosthodont. 2014, 23, 213–220. [CrossRef]

41. Vasiliu, R.D.; Porojan, S.D.; Bîrdeanu, M.I.; Porojan, L. Effect of Thermocycling, Surface Treatments and Microstructure on the
Optical Properties and Roughness of CAD-CAM and Heat-Pressed Glass Ceramics. Materials 2020, 13, 381. [CrossRef]

42. Jung, J.; Roh, B.D.; Kim, J.H.; Shin, Y. Masking of High-Translucency Zirconia for Various Cores. Oper. Dent. 2021, 46, 54–62.
[CrossRef]

43. Pires, L.A.; Novais, P.M.; Araújo, V.D.; Pegoraro, L.F. Effects of the type and thickness of ceramic, substrate, and cement on the
optical color of a lithium disilicate ceramic. J. Prosthet. Dent. 2017, 117, 144–149. [CrossRef] [PubMed]

44. Tabatabaian, F.; Karimi, M.; Namdari, M. Color match of high translucency monolithic zirconia restorations with different
thicknesses and backgrounds. J. Esthet. Restor. Dent. 2020, 32, 615–621. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1532-849X.2009.00542.x
http://doi.org/10.1002/col.1049
http://doi.org/10.1016/j.jdent.2010.07.008
http://doi.org/10.1016/j.jdent.2011.09.007
http://doi.org/10.1111/jerd.12465
http://doi.org/10.1016/j.jdent.2010.07.001
http://doi.org/10.1016/S0022-3913(07)60043-2
http://doi.org/10.1111/jerd.12149
http://www.ncbi.nlm.nih.gov/pubmed/25886208
http://doi.org/10.1016/S0022-3913(98)70233-1
http://doi.org/10.1016/j.jdent.2007.03.006
http://doi.org/10.1016/j.jdent.2014.07.005
http://doi.org/10.1016/j.dental.2006.06.043
http://doi.org/10.1067/mpr.2002.126794
http://doi.org/10.1067/mpr.2002.126795
http://doi.org/10.4012/dmj.25.20
http://doi.org/10.1117/1.JBO.20.4.045002
http://doi.org/10.1016/j.dental.2014.08.375
http://www.ncbi.nlm.nih.gov/pubmed/25193781
http://doi.org/10.3390/ma13153395
http://www.ncbi.nlm.nih.gov/pubmed/32751942
http://doi.org/10.1016/j.jpor.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29983378
http://doi.org/10.11607/ijp.4811
http://www.ncbi.nlm.nih.gov/pubmed/27479348
http://doi.org/10.1016/S0022-3913(11)60004-8
http://doi.org/10.1016/j.prosdent.2013.09.004
http://doi.org/10.1111/jopr.12080
http://doi.org/10.3390/ma13020381
http://doi.org/10.2341/19-238-L
http://doi.org/10.1016/j.prosdent.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27460330
http://doi.org/10.1111/jerd.12596
http://www.ncbi.nlm.nih.gov/pubmed/32529720


Polymers 2022, 14, 1778 10 of 10

45. Supornpun, N.; Oster, M.; Phasuk, K.; Chu, T.G. Effects of shade and thickness on the translucency parameter of anatomic-contour
zirconia, transmitted light intensity, and degree of conversion of the resin cement. J. Prosthet. Dent. 2021, 8. [CrossRef]

46. Tafur-Zelada, C.M.; Carvalho, O.; Silva, F.S.; Henriques, B.; Özcan, M.; Souza, J.C.M. The influence of zirconia veneer thickness
on the degree of conversion of resin-matrix cements: An integrative review. Clin. Oral Investig. 2021, 25, 3395–3408. [CrossRef]
[PubMed]

47. Bayindir, F.; Koseoglu, M. The effect of restoration thickness and resin cement shade on the color and translucency of a high-
translucency monolithic zirconia. J. Prosthet. Dent. 2020, 123, 149–154. [CrossRef] [PubMed]

48. Dozic, A.; Tsagkari, M.; Khashayar, G.; Aboushelib, M. Color management of porcelain veneers: Influence of dentin and resin
cement colors. Quintessence Int. 2010, 41, 567–573.

49. Guazzato, M.; Albakry, M.; Ringer, S.P.; Swain, M.V. Strength, fracture toughness and microstructure of a selection of all-ceramic
materials. Part, I. Pressable and alumina glass-infiltrated ceramics. Dent. Mater. 2004, 20, 441–448. [CrossRef]

50. Niu, E.; Agustin, M.; Douglas, R.D. Color match of machinable lithium disilicate ceramics: Effects of cement color and thickness.
J. Prosthet. Dent. 2014, 11, 42–50. [CrossRef]

51. Alqahtani, M.Q.; Aljurais, R.M.; Alshaafi, M.M. The effects of different shades of resin luting cement on the color of ceramic
veneers. Dent. Mater. J. 2012, 31, 354–361. [CrossRef]

52. Xing, W.; Jiang, T.; Ma, X.; Liang, S.; Wang, Z.; Sa, Y.; Wang, Y. Evaluation of the esthetic effect of resin cements and try-in pastes
on ceromer veneers. J. Dent. 2010, 38 (Suppl. 2), e87–e94. [CrossRef]

53. Tabatabaian, F.; Khaledi, Z.; Namdari, M. Effect of Ceramic Thickness and Cement Type on the Color Match of High-Translucency
Monolithic Zirconia Restorations. Int. J. Prosthodont. 2021, 34, 334–340. [CrossRef] [PubMed]

54. Kilinc, E.; Antonson, S.A.; Hardigan, P.C.; Kesercioglu, A. Resin cement color stability and its influence on the final shade of
all-ceramics. J. Dent. 2011, 39 (Suppl. 1), e30–e36. [CrossRef] [PubMed]

55. Ghavam, M.; Amani-Tehran, M.; Saffarpour, M. Effect of accelerated aging on the color and opacity of resin cements. Oper. Dent.
2010, 35, 605–609. [CrossRef] [PubMed]

56. Terzioglu, H.; Yilmaz, B.; Yurdukoru, B. The effect of different shades of specific luting agents and IPS empress ceramic thickness
on overall color. Int. J. Periodont. Restor. Dent. 2009, 29, 499–505.

57. Dotto, L.; Soares Machado, P.; Slongo, S.; Rocha Pereira, G.K.; Bacchi, A. Layering of discolored substrates with high-value
opaque composites for CAD-CAM monolithic ceramics. J. Prosthet. Dent. 2021, 26, 128.e1–128.e6. [CrossRef] [PubMed]

58. Kilinc, H.; Sanal, F.A. Effect of sintering and aging processes on the mechanical and optical properties of translucent zirconia.
J. Prosthet. Dent. 2021, 5, 129.e1–129.e7. [CrossRef]

http://doi.org/10.1016/j.prosdent.2021.04.019
http://doi.org/10.1007/s00784-021-03904-w
http://www.ncbi.nlm.nih.gov/pubmed/33783593
http://doi.org/10.1016/j.prosdent.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31027961
http://doi.org/10.1016/j.dental.2003.05.003
http://doi.org/10.1016/j.prosdent.2013.09.005
http://doi.org/10.4012/dmj.2011-268
http://doi.org/10.1016/j.jdent.2010.05.007
http://doi.org/10.11607/ijp.6457
http://www.ncbi.nlm.nih.gov/pubmed/31995038
http://doi.org/10.1016/j.jdent.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21241766
http://doi.org/10.2341/09-161-L
http://www.ncbi.nlm.nih.gov/pubmed/21179998
http://doi.org/10.1016/j.prosdent.2021.03.034
http://www.ncbi.nlm.nih.gov/pubmed/34052029
http://doi.org/10.1016/j.prosdent.2021.03.024

	Introduction 
	Materials and Methods 
	Study Design 
	Sample Preparation 
	Constant Ratio (CR), Translucency Parameter (TP), and Color Difference Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

