
O
p

R
J
a

S
b

c

1

a

K

P

C

T

O

I

h
0

d e n t a l m a t e r i a l s 3 5 ( 2 0 1 9 ) e131–e139

Available  online  at  www.sciencedirect.com

ScienceDirect

jo ur nal home p ag e: www.int l .e lsev ierhea l th .com/ journa ls /dema

ptical  and  colorimetric  evaluation  of a multi-color
olymer-infiltrated ceramic-network  material

osa Pulgara,∗, Cristina Lucenaa, Cristina Espinara, Oscar E. Pechob,
avier  Ruiz-Lópezc, Alvaro Della Bonab, María M. Pérezc

Department of Stomatology, Faculty of Dentistry, University of Granada, Campus de Cartuja s/n, 18071, Granada,
pain
Post-graduate Program in Dentistry, Dental School, University of Passo Fundo, Brazil
Department of Optics, Faculty of Science, University of Granada, Campus Fuentenueva, Edificio Mecenas, s/n,
8071, Granada, Spain

 r  t  i  c  l  e  i  n  f  o

eywords:

INC materials

olor

ranslucency parameter

ptical properties

ndirect restoration

a  b  s  t  r  a  c  t

Objective. To evaluate color, translucency parameter and optical properties (scattering (S),

absorption (K) and transmittance (T)) of a multi-color polymer-infiltrated ceramic-network

(PICN) material.

Methods. Samples of shades 1M1-HT, 1M2-HT, 2M2-HT, 3M2-HT, and 4M2-HT from VITA

ENAMIC
®

multiColor (E-MC) High Translucent were fabricated (n = 3). CAD-CAM blocks were

cut  and polished to 1.00 ± 0.01 mm of thickness. Diffuse reflectance and color coordinates

were  measured against white and black backgrounds, using a calibrated spectroradiome-

ter,  CIE D65 illuminant and the CIE 45◦/0◦ geometry. Color and translucency differences

were  evaluated using 50:50% perceptibility (PT and TPT) and 50:50% acceptability (AT and

TAT)  thresholds. S and K coefficients and T were calculated using Kubelka–Munk’s equa-

tions. Data was statistically analyzed using Kruskal–Wallis, Mann–Whitney tests, and VAF

coefficient.

Result. Mean C* and b* values increased from incisal to cervical layers with statistically sig-

nificant differences (p < 0.05). In general, �E00 between sequential layers were above PT for

all  shades. In addition, translucency parameter (TP) increased from cervical to incisal and

�TP00 values were greater than TPT00 and lower than TAT00 between all sequential layers.

Layers from all shades showed similar spectral behavior for S (97.4% ≤ VAF), K (85.0% ≤ VAF)

coefficients and T (95.3% ≤ VAF). However, these values presented significant differences

(p  < 0.05) from cervical to incisal layers.
Significance. The gradient in color and translucency of this novel CAD-CAM multi-color PICN

material can assist dental technicians and dentists to reach greater esthetics than the pre-

existing CAD-CAM monolithicmaterials.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
∗ Corresponding author.
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1.  Introduction
Ceramics and resin-based composites are the most popular
esthetic dental materials. Traditionally, clinical performance
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of direct composite restorations has been inferior compared to
ceramic restorations, considering marginal adaptation, color
matching, and anatomical shape [1]. Concerning CAD-CAM
restorations, ceramics showed superior esthetic and wear
resistance compared to indirect composite [2]. However, indi-
rect resin composites may produce less wear to antagonist
teeth compared to ceramics [3–5]. Despite of such differences,
survival rates of direct [1] and indirect resin-based composite
restorations [6,7] were similar to ceramic restorations.

Hybrid materials were introduced as an attempt to com-
bine good material properties of polymers and ceramics [8].
Among them, are included the polymer-infiltrated ceramic-
network (PICN) materials (e.g. VITA ENAMIC

®
) and the

nano-ceramic resins (NCR) (e.g. 3M-Espe Lava Ultimate) mate-
rials [9]. PICN materials offer similar flexural resiliency and
improved fractured resistance compared to composite resin
[10], and lower hardness than ceramics [11].

Physical-mechanical properties of the restorative materi-
als play a fundamental role in long-term clinical success of a
restoration. But esthetic success depends mainly on their opti-
cal properties, which must also imitate those of the natural
tooth. The color of natural teeth results from the combination
of optical properties of enamel and dentine [12]. The thickness,
structure and composition of these tissues change through
different areas of the tooth, which explain an overall grada-
tion in color from cervical, which is the most saturated, to
incisal region [13].

A previous publication [14] compared chromatic proper-
ties of PICN specimens (ENAMIC, Vita) to dentine extracted
from anterior and posterior teeth. Results showed that none of
the best matches were below the color acceptability threshold
(AT), concluding that improvements to the optical properties
of this material were needed.

With the intention to simulate the color gradient of natural
tooth, a new generation of ENAMIC was recently introduced:
the VITA ENAMIC

®
multicolor (E-MC). The manufacturer states

that E-MC presents a natural chromatic transition integrated
in six layers from the cervical to incisal layer. However, to the
best of our knowledge, no information is available on color and
optical properties of such material.

The purpose of this study was to evaluate the color, translu-
cency parameter (TP) and optical properties of a multi-color
PICN material. The study hypotheses were that (1) the E-MC
material presents a perceptible difference in color and TP from
cervical to incisal layer, and (2) there is a significant difference
in optical properties among layers from cervical to incisal for
all evaluated shades.

2.  Materials  and  methods

2.1.  Preparation  of  samples

This study used VITA ENAMIC
®

multiColor (E-MC) High
Translucent (HT) (Vita Zahnfabrik, Bad Sackingen, Germany)
in the following shades: 1M1-HT, 1M2-HT, 2M2-HT, 3M2-HT,

and 4M2-HT. According to the manufacturer, E-MC is a porous
pre-sintered fine structure feldspathic ceramic block (86 wt%)
with the following composition: SiO2 (58 wt%), Al2O3 (20 wt%),
Na2O (9 wt%), K2O (4 wt%), B2O3 (0.5 wt%), ZrO2 (<1%) and CaO
 ( 2 0 1 9 ) e131–e139

(<1%). This ceramic phase is infiltrated with a polymer (14 wt%)
composed by UDMA and TEGDMA monomers. An integrated
natural color gradient in six finely nuanced layers from cervi-
cal (E-MC1) to incisal (E-MC6) is present in each block [15].

Three slices (12 mm × 14 mm)  were obtained from cutting
each CAD-CAM block with a diamond disk in an Accutom-
50 (Struers, Ballerup, Denmark). Specimens were polished on
a wet polishing wheel with silicon carbide paper discs (500,
800, 1000, 2000, and 2500 grits). The final specimen thick-
ness (1.00 mm ± 0.01 mm)  was measured using a digital caliper
(Mitutoyo, Europe GmbH, Germany). After polishing, speci-
mens were sonically cleaned in distilled water for 3 min  and
stored in distilled water for 24 h. Specimens were dried with
oil-free air for 10 s before optical measurements.

2.2.  Spectral  reflectance  and  color  coordinates

A non-contact measuring system consisting of a calibrated
spectroradiometer (SpectraScan

®
PR-670, Photo Research Inc.,

Chatsworth, CA, USA) and two fiber optic light cables (Model
70050; Newport Stratford Inc., Franklin, MA,  USA), with a
xenon arc lamp (300 W,  Newport Stratford Inc., Franklin, MA,
USA) on a custom-made optical table was used to measure
spectral reflectance. A manual XYZ axis translation stage
(MAXYZR-60L-P-H, Optics Focus Instruments Co., Ltd., Bei-
jing, China) was used to obtain precise manual translations
between layers. The spectroradiometer was placed away from
the samples (40 cm)  and the illuminating/measuring geome-
try corresponded to CIE 45◦/0◦. Values of spectral reflectance
for wavelengths at 2 nm were obtained from 380 to 780 nm
with a focus measuring aperture 1/8◦ at the center of each
layer. The spectral reflectance of all specimens was mea-
sured against both white and black 50 mm × 50 mm ceramic
tile backgrounds (Ceram, Staffordshire, United Kingdom). Sat-
urated sucrose solution having an index of refraction of
approximately 1.5 was placed as the optical contact between
specimen and background [16,17].

Spectral reflectance values were converted into CIE L*a*b*
color coordinates using the CIE 2◦ Standard Observer and the
CIE D65 Standard Illuminant [18]. Three short-term repeated
reflectance measurements without replacement were per-
formed, and the results were averaged.

Computations for CIEDE2000 color difference (�E00) metric
was used according to the following equation [18,19]:

�E00 =
[

(
�L’

KLSL
)
2

+(
�C’

KCSC
)
2

+(
�H’

KHSH
)
2

+RT

(
�C’

KCSC

)  (
�H’

KHSH

)]1/2

(1)

where �L
′
, �C

′
, and �H

′
are the differences in lightness,

chroma, and hue, respectively, for a pair of layers.The weight-
ing functions (SL, SC and SH) adjust the total color difference
for variation in the location of the color difference pair in
L

′
, a

′
, b

′
coordinates. The parametric factors (KL, KC and KH)
are correction terms for experimental conditions. Finally, a
rotation function (RT) accounts for the interaction between
chroma and hue differences in the blue region [18,19]. Color
differences were finally evaluated in accordance to recent data

https://doi.org/10.1016/j.dental.2019.03.010
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bout 50:50% perceptibility (PT = 0.81 �E00 units) and 50:50%
cceptability (AT = 1.77 �E00 units) color thresholds [20].

.3.  Translucency  parameter  (TP)

P values were determined by calculating the color difference
etween readings over the black and white backgrounds for
he same layer, according to the following CIELAB color differ-
nce formula [21].

P = [(L∗B − L∗W)2 + (a∗B − a∗W)2 + (b∗B − b∗W)2]1/2 (2)

here the subscripts “B” and “W”  refer to color coordinates
ver the black and the white backgrounds, respectively.

In addition, CIEDE2000 (1:1:1) color difference formula was
lso used to calculate the translucency parameter (TP00) [22]:

P00 =
[(

L′
B − L′

W

KLSL

)2

+
(

C′
B − C′

W

KCSC

)2

+
(

H′
B − H′

W

KHSH

)2

+RT

(
C′

B − C′
W

KCSC

)  (
H′

B − H′
W

KHSH

)  ]1⁄2
(3)

here the subscripts “B” and “W”  for L’, C’ and H’ refer to light-
ess, chroma and hue of each layer over the black and the
hite backgrounds, respectively.

Translucency differences between two adjacent layers from
he same block were finally evaluated using published data
bout 50:50% translucency perceptibility (TPT00 = 0.62) and
cceptability (TAT00 = 2.62) thresholds [22].

.4.  Kubelka–Munk  coefficients

he Kubelka–Munk transmittance (T), scattering (S) and
bsorption (K) coefficients were calculated algebraically as
reviously described [23]. These optical parameters are wave-

ength dependent, hence, their values vary across the visible
pectrum.

.5.  Microstructural  characterization

pecimens were sonically cleaned in acetone for 5 min, gold
oated and examined under a scanning electron microscope
SEM- VEGA3 LM,  TESCAN, Brno, Czech Republic). Quali-
ative analyses using SEI (secondary electron image) and
SI (backscattered electron image), and semi-quantitative
nalysis using EDS (energy-dispersive X-ray spectroscopy,
DS-X-Max, Oxford Instruments, Oxford, UK) were performed.
aterial composition and elements concentration (wt%) from

hree different locations in each layer of all specimens were
ecorded using EDS. Average values were calculated and
eported.

.6.  Statistical  analysis

ince the normality and variance homogeneity assumptions

ere satisfied (Levene test), one-way ANOVA and Tukey’s mul-

iple comparison tests with Bonferroni correction were used
o compare mean values of L*, a*, b*, C* and ho, of the six layers
f each E-MC specimen. The level of significance was setting
 0 1 9 ) e131–e139 e133

as p < 0.05.The statistical software package used was IBM SPSS
22.0 (IBM Corp. Armonk, NY, USA).

To study the variations in scattering, absorption, and trans-
mittance, two statistical tests were used: the Kruskal–Wallis
one-way analysis of variance by ranks and the Mann–Whitney
U test for pair-wise comparisons. In addition, to deter-
mine the level of similarity regarding spectral behavior of
Kubelka–Munk coefficients, the VAF (Variance Accounting For)
coefficient with Cauchy–Schwarz inequality was used as fol-
lows:

VAF =

(∑780
k=380ak.bk

)2

(∑780
k=380a2

k

)  (∑780
k=380b2

k

) (4)

Where ak is the spectral value of each layer for K, S, and T
coefficients (from 380 to 780 nm)  and bk is the equivalent for
another measurement. The closer this coefficient gets to unity
(100%), the more  similar the two curves become.

3.  Results

Mean and standard deviation values of colorimetric param-
eters L*, a*, b*, C* and ho for all layers from all E-MC shades
are presented in Table 1. For all shades, mean C* and b* values
increased from incisal to cervical layers with statistically sig-
nificant differences (p < 0.05). Mean a* and ho values showed no
significant differences between layers for all shades (p ≥ 0.05).
Differences in lightness lower than lightness acceptability
thresholds (�L’ = 2.92) [25] were found for sequential layers
for all shades. In addition, there was a significant difference
(p < 0.05) in lightness only between E-MC1 and E-MC6 layers
from all shades.

The range of color differences (�E00) among all layers
within the same shade can be calculated from data in Table 1,
which are as follows: 0.76–7.52 (1M1-HT), 0.97–6.93 (1M2-HT),
1.24–8.84 (2M2-HT), 1.06–8.29 (3M3-HT), and 0.80–7.87 (4M2-
HT). �E00 values were below PT (Table 1) between layers E-MC1
and E-MC2 for 1M1-HT (0.76 �E00 units) and 4M2-HT (0.80 �E00

units). In general, �E00 between some sequential layers (E-MC1
and E-MC2, E-MC2 and E-MC3, and E-MC5 and E-MC6) for all
shades were below AT and above PT values (Table 1).

Fig. 1 shows mean and standard deviation values of TP00

and TP for all layers from different shades of E-MC. For all
shades, translucency increased from cervical to incisal lay-
ers. The range of translucency differences (�TP00) among
all layers within the same shade were 0.49–5.80 (1M1-HT),
0.05–4.20 (1M2-HT), 0.77–6.77 (2M2-HT), 0.19–6.33 (3M2-HT),
and 1.01–8.45 (4M2-HT). �TP00 values were below TPT00

between layers E-MC1 and E-MC2 for 1M1-HT (0.49 �TP00

units) and 3M2-HT (0.19 �TP00 units) and between layers E-
MC2  and E-MC3 (0.62 �TP00 units) and E-MC5 and E-MC6 (0.05
�TP00 units) for 1M2-HT. �TP00 values above TPT00 and below
TAT00 were found between all sequential layers for all shades
(Fig. 2).
Fig. 3 shows the spectral distribution of K–M scattering (S)
and absorption (K) coefficients (Fig. 3a and b, respectively),
and transmittance (T) (Fig. 3c) as a function of wavelength
for all layers (from E-MC1 to E-MC6) from shade 2M2-HT. All

https://doi.org/10.1016/j.dental.2019.03.010
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Table 1 – Mean and standard deviation values of color coordinates for the E-MC shades evaluated.

E-MC shades Layers L* a* b* C*ab h◦ (degree) �E00
1

1M1-HT E-MC1 76.40 ± 0.04 −0.49 ± 0.02 7.59 ± 0.03 7,60 ± 0.07 −1.51 ± 0.03 A
E-MC2 75.40 ± 0.05 −0.57 ± 0.02 7.51 ± 0.07 7.54 ± 0.06 −1.49 ± 0.03 A,a
E-MC3 73.70 ± 0.03 −0.83 ± 0.04 6.32 ± 0.05 6.38 ± 0.08 −1.44 ± 0.02 a
E-MC4 71.90 ± 0.09 −0.57 ± 0.09 4.72 ± 0.02 4.75 ± 0.04 −1.45 ± 0.05
E-MC5 70.00 ± 0.04 −0.48 ± 0.01 3.22 ± 0.05 3.26 ± 0.08 −1.42 ± 0.01 b
E-MC6 68.50 ± 0.07 −0.03 ± 0.01 1.98 ± 0.03 1.98 ± 0.02 −1.55 ± 0.07 b

1M2-HT E-MC1 72.70 ± 0.08 −0.72 ± 0.04 10.93 ± 0.07 10.96 ± 0.06 −1.50 ± 0.01 a
E-MC2 71.50 ± 0.06 −0.89 ± 0.05 10.47 ± 0.02 10.52 ± 0.02 −1.48 ± 0.01 a,b
E-MC3 70.70 ± 0.03 −1.09 ± 0.07 9.19 ± 0.04 9.25 ± 0.02 −1.45 ± 0.05 b
E-MC4 68.50 ± 0.09 −0.97 ± 0.05 6.56 ± 0.04 6.63 ± 0.04 −1.42 ± 0.02
E-MC5 67.40 ± 0.04 −0.87 ± 0.05 4.58 ± 0.01 4.67 ± 0.06 −1.38 ± 0.03 c
E-MC6 67.40 ± 0.07 −0.77 ± 0.02 3.57 ± 0.06 3.64 ± 0.01 −1.54 ± 0.04 c

2M2-HT E-MC1 71.10 ± 0.07 0.55 ± 0.03 13.95 ± 0.07 13,97 ± 0.09 1.53 ± 0.06 a
E-MC2 69.40 ± 0.04 0.46 ± 0.02 12.83 ± 0.06 12.84 ± 0.04 1.54 ± 0.04 a,b
E-MC3 69.00 ± 0.07 0.14 ± 0.04 11.08 ± 0.07 11.09 ± 0.02 1.56 ± 0.05 b
E-MC4 67.00 ± 0.05 0.01 ± 0.01 8.02 ± 0.05 8.02 ± 0.07 1.57 ± 0.01
E-MC5 65.30 ± 0.07 −0.21 ± 0.07 5.72 ± 0.02 5.72 ± 0.02 −1.53 ± 0.07 c
E-MC6 64.10 ± 0.03 0.22 ± 0.05 4.30 ± 0.06 4.31 ± 0.01 1.52 ± 0.06 c

3M2-HT E-MC1 65.40 ± 0.04 0.32 ± 0.08 16.13 ± 0.03 16.14 ± 0.07 1.55 ± 0.04 a,b
E-MC2 64.90 ± 0.07 0.59 ± 0.03 17.88 ± 0.07 17,89 ± 0.09 1.54 ± 0.07 a,c
E-MC3 64.10 ± 0.08 0.35 ± 0.04 15.90 ± 0.08 15.91 ± 0.02 1.55 ± 0.05 b,c,d
E-MC4 63.40 ± 0.04 0.06 ± 0.01 13.42 ± 0.05 13.42 ± 0.05 1.57 ± 0.01 d
E-MC5 61.30 ± 0.06 −0.09 ± 0.02 9.63 ± 0.02 9.63 ± 0.08 −1.56 ± 0.04
E-MC6 60.80 ± 0.03 0.68 ± 0.02 6.32 ± 0.07 6.35 ± 0.02 1.46 ± 0.02

4M2-HT E-MC1 63.70 ± 0.09 2.25 ± 0.02 17.09 ± 0.07 17.23 ± 0.08 1.44 ± 0.04 A,a
E-MC2 63.00 ± 0.03 2.55 ± 0.08 17.79 ± 0.06 17.97 ± 0.05 1.43 ± 0.02 A,b
E-MC3 62.50 ± 0.06 1.72 ± 0.02 15.49 ± 0.09 15.58 ± 0.09 1.46 ± 0.02 a,b
E-MC4 61.70 ± 0.04 0.73 ± 0.04 11.92 ± 0.02 11.94 ± 0.04 1.51 ± 0.05 c
E-MC5 60.70 ± 0.07 0.59 ± 0.02 9.95 ± 0.04 9.97 ± 0.06 1.51 ± 0.01 c
E-MC6 58.50 ± 0.05 2.73 ± 0.02 7.54 ± 0.04 8.02 ± 0.02 1.22 ± 0.01

1 For layers of same E-MC shade (column), same capital letter shows �E00 lower than PT (0.81) [20], meaning, they are not perceptible different.
ws �E
For layers of same E-MC shade (column), same lowercase letter sho

are perceptible but acceptable differences.

layers from all shades showed similar spectral behavior for S
(97.4% ≤ VAF ≤ 99.9%) and K (85.0% ≤ VAF ≤ 99.9%) coefficients
and T (95.3% ≤ VAF ≤ 99.9%). E-MC1 (cervical layer) showed the
highest mean S and K values, decreasing from cervical to
incisal with sequential order (p < 0.05), and the lowest mean T
values, increasing from cervical to incisal region with sequen-
tially order (p < 0.05) (Fig. 3c).

Representative microstructural images of the six layers of
E-MC shows a two-phased material: a ceramic-based and a
polymer-based. The average composition (element range in
wt%) of the ceramic-based phase was estimated using EDS:
O (37.4–50.2), Si (26.7–35.3), Al (11.4–13.8), Na (6.6–7.5) and K
(4.0–6.3). Other elements were found showing less than 1 wt%,
such as: Ca (0.2–0.4), Zr (0.1–1), Fe (0.1) and Ti (0.1). Fe, Zr and
Ti were only found in more  chromatic layers (Fig. 4).

4.  Discussion

As most biological structures, enamel and dentin are het-
erogeneous tissues [25]. Their thickness, structure and

composition show regional variations, resulting in progressive
and significant differences in optical properties throughout
the tooth crown. Therefore, monolithic restorations cannot be
able to replicate the complex appearance of natural teeth [26].
00 greater than PT (0.81) and lower than AT (1.77) [20], meaning, they

This study characterized the optical properties, including
color, and the microstructure of a novel multi-color polymer-
infiltrated ceramic-network (PICN) material (VITA ENAMIC
multiColor), composed by six optically different layers. Indi-
cations of PICN materials include not only restorations such
as crowns, inlays and onlays for posterior teeth, but also lam-
inate veneer restorations for anterior teeth [9], justifying the
relevance of the present research.

The present study confirmed the first hypothesis, since
all layers (from cervical to incisal) from all shades of E-MC
groups showed perceptible differences in color coordinates
and translucency parameter. Nevertheless, these properties
should be evaluated considering the same characteristics of
the natural teeth.

There is not much information about the optical properties
of human teeth. Moreover, published data are often contradic-
tory, due to the biological variability between different persons
or between different teeth from the same person, or even as a
result of diversity of measuring instruments used. Dozić et al.
[27] found perceptible color differences (ranging from 4.8 to 10
�E∗

ab units) between the cervical-middle, middle-incisal and

cervical-incisal regions from different teeth. In the present
study, color differences (�E00) between E-MC2 and E-MC3 as
well as E-MC4 and E-MC5 (i.e. layers of transition between

https://doi.org/10.1016/j.dental.2019.03.010
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Fig. 1 – Mean and standard deviation

ental thirds) were higher than PT, and, therefore, visually
erceptible for all E-MC shades evaluated.

With respect to a* and b* color coordinates, their values in
atural teeth tend to increase from incisal to cervical regions

13,28]. This gradation of color in human teeth seems to be

elated with the pattern of thickness distribution of dentin
nd enamel [27]. Thus, the color of the cervical third, with

 thinner enamel layer, might be dominated by dentin col-
ues of TP and TP00 for E-MC shades.

orimetric properties [28,29]. Data from Table 1 show that b*
values decreased from cervical to incisal layers for all shades
evaluated, however, this trend was no found for a*.

In addition, L* and C* values decreased towards the incisal
layer for all shades (Table 1). Values of L* coordinate found at

different layers of E-CM partially agree with previous reports
on luminosity of natural teeth. Yet, there is no consensus on
the variation of such parameter across tooth crown. A study

https://doi.org/10.1016/j.dental.2019.03.010
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Fig. 2 – Translucency parameter differences (�TP00) between sequential layers for EMC  shades. TPT00 (dotted line) and
TAT00 (solid line) values are indicated.

Fig. 3 – Mean values of scattering (S) and absorption (K) coefficients, and Transmittance (T) from E-MC1 to E-MC6 layers of

E-MC shade 2M2-HT.

found no significant differences between cervical and middle
thirds, which presented more  luminosity than the incisal third
[30]. While in others studies the cervical [27] or the middle

third [28,31,32] shown the highest value.

Considering color, E-MC layers show a gradient in luminos-
ity and saturation, and to a lesser extent, present differences
in the blue–yellow axis, while no perceptible variations in a*
and ho were found, according published thresholds [24].

Translucency is one of the primary factors in maintain-

ing esthetics and, therefore, it is crucial during the selection
of materials [33–35]. Usually, translucency is quantified with
the translucency parameter using CIELAB color difference

https://doi.org/10.1016/j.dental.2019.03.010
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Fig. 4 – Representative microstructural images (SEM-BSI) from E-MC1 (A) to E-MC6 (F) layers of E-MC shade 1M1-HT(x4000).
It is a two-phased material: a ceramic-based phase (lighter color) and a polymer-based phase (darker color). The very small
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right dots, with decreasing amount from E-MC1 (A) to E-MC

ormula (TP). Recently, the recommended CIEDE2000 color
ifference formula [18,36] has been used to calculate this
arameter (TP00). In this study, both TP and TP00 formu-

as have been used to provide immediate application as
uture interpretations of new research data on translucency
ifferences [37].

TP and TP00 values from different shades of E-MC tend to
ecrease from incisal to cervical layers (Fig.1), as described for
atural teeth [29]. Translucency differences (�TP00) between
-MC layers (Fig. 2) were, in general, higher than TPT00, and, in
ll cases, lower than TAT00. This finding is congruent with the
ranslucent appearance of natural teeth by visual observation
28].

Previous studies compared the translucency of several
onolithic CAD-CAM restorative materials. Sen and Us [38],

eported that translucency of VITA ENAMIC was significantly
ower compared to zirconia-reinforced glass ceramic (Vita
uprinity), feldespatic ceramic (Vitablocks Mark II) and lithium
isilicate ceramic (IPS e.max CAD). In addition, in several
tudies Vita Enamic exhibited significantly lower translucency
hen compared with nanoceramic-resins as Lava Ultimate

nd GC Cerasmart [39–41]. The present study showed TP val-
es for 1 mm thick specimens of E-MC1 (cervical layer) ranged
rom 14.05 to 19.50 (Fig. 1). Previous studies showed simi-
ar TP values (TP = 14.15) for 1 mm thick specimens [41] and
or 1.2 mm thick specimens (TP = 16) [39] of VITA ENAMIC.
owever, in the present study, incisal layers showed higher
P values (22.49–24.81, Fig. 1). Moreover, the variation of the

ranslucency is gradual throughout the six layers (Fig. 1). These

ndings indicate an improvement in the esthetic properties
or VITA ENAMIC multiColor regarding to VITA ENAMIC regular

aterial.
), are TiO2 particles.

Translucent materials are needed to obtain dental restora-
tions with natural-like appearance [41]. However, the shade
of remaining tooth structure should be also considered when
choosing the esthetic restorative material [42]. Although
highly translucent materials should be used for thin restora-
tions to replace non-discolored enamel tissue [41], opaque
restorative material is recommended to mask the remaining
underlying discolored tissue [43,44].

The present study evaluated optical properties (scat-
tering and absorption coefficients and transmittance) of
different layers from different shades of E-MC. The S coef-
ficient of E-MC varies across the visible spectrum (Fig. 3a).
The smallest values for S were found for short wave-
lengths, independently of the layer and shade evaluated. For
medium wavelengths, higher values of S were found, espe-
cially for cervical and middle E-MC layers, while S values
remained constant or slightly decreases in larger wavelengths
(600–700 nm). The spectral design of K distribution (Fig. 3b)
showed the highest values for shorter wavelength (with
maximum K mean values recorded for wavelengths near to
400 nm)  and decreased considerably with longer wavelength.
In general, the scattering prevails over the absorption at
wavelenghts longer than 420 nm;  therefore, this is the most
determining parameter in the transmittance of the mate-
rial.

Regarding the distribution of T, all shades exhibited similar
spectral behavior. The smallest values of transmittance were
registered for shorter wavelengths and an increasing trend
of T values was found independently of the layer and shade

evaluated (Fig. 3c).

Overall, the spectral behavior of E-MC has been similar to
those described for human dentine [17,45], ceramic materi-

https://doi.org/10.1016/j.dental.2019.03.010


 s 3 5

r

e138  d e n t a l m a t e r i a l

als [46], zirconia ceramics [45] and resin-based composites
[47–49].

Although similar spectral behavior of S, K and T has
been found for all layers of the five shades evaluated
(VAF, near to 100%), their values presented significant dif-
ferences from one layer to another. The highest S and K
values were found for the most cervical layer, while the
highest T values were recorded for the incisal layer of all
shades. Therefore, optical properties were significantly differ-
ent between E-MC layers, which confirms the second study
hypothesis.

On the spectral transmittance, the most clinically rele-
vant data is their value at 480 nm,  because this wavelength
match with maximum absorption peak of camphorquinone,
the photo-initiator used in most of the resin-based cements
[50]. For each shade, the lowest T value at 480 nm was recorded
in the cervical layer. In addition, the more  chromatic the
shade, the lower the value of T, which was expected consider-
ing the important role played by pigments in light absorption
[14]. Therefore, to achieve adequate polymerization of resin-
based cements, a longer light curing time could be needed,
especially for the most chromatic E-MC shades.

The differences of S, K and T values found between differ-
ent layers from the same shade could be related to variations
in the structure and composition of these layers [51]. The
microstructure of a dental material dictates both the mechan-
ical and the optical properties of the material [46]. Significant
changes on color and translucency can be achieved by adding
small amounts of inorganic oxides. Iron oxide (Fe2O3) and
Iron hydroxide (FeO(OH)), which provide red and yellow pig-
ments, respectively, are used to obtain shades similar to dental
structures [52,53]. Metal oxides such as zirconium dioxide
(ZrO2), titanium dioxide (TiO2) and aluminum dioxide (Al2O3)
are commonly added to obtain opaque composite materials
[53,54]. Although in small amounts (≤1%), the present study
showed Fe, Ti and Zr in more  chromatic and more  opaque
layers for different shades from E-MC material.

One potential limitation of E-MC is that the gradient of
the optical properties is unidimensional, from cervical to
incisal, while in natural teeth the color variability is three-
dimensional (cervical to incisal, mesial to distal and from deep
dentine to superficial enamel), which could jeopardize the
appearance of the restorations.

A functionally graded biomimetic material (FG-PICN) for
CAD-CAM has been recently manufactured as an attempt
to achieve a gradient of mechanical and optical properties
throughout the entire thickness of the block. The FG-PICN
material has experimentally demonstrated a favorable gradi-
ent of mechanical properties [25]. However, as far as we know,
optical properties of the material are yet to be determined.

Finally, as VITA ENAMIC multi-color has been recently
introduced, additional studies evaluating the influence of rel-
evant factors, such as the thickness, on optical properties of
the material are encouraged.
5.  Conclusions

This is the first study to report on the new multi-color graded
(E-MC) PICN material for CAD-CAM restorations. The E-MC
 ( 2 0 1 9 ) e131–e139

PICN material showed a gradient of color, translucency and
optical properties (absorption, scattering and transmittance)
from cervical to incisal, resembling the color grading of natu-
ral tooth. Such optical behavior can assist dental technicians
and dentists to reach greater esthetics than the pre-existing
CAD-CAM monolithic materials.
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