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Abstract: The aim of this study was to evaluate color inconstancy of dental ceramics under the white
light-emitting diode illuminants recently proposed by the CIE. From spectral reflectance factors of
18 dental ceramics (VST, NSP, and IEC; shades A1, A2, A3, A3.5, B2, and C2), the corresponding
colors under illuminant D65 and CIE 1931 Standard Colorimetric Observer were computed for all
samples, using the chromatic adaptation transform CIECAT16. CIEDE2000 color differences between
dental ceramics illuminated by CIE D65 standard illuminant and different white LED illuminants
were calculated. Perceptibility and acceptability thresholds (PT00 and AP00) in dental ceramics were
used to analyze color changes. Color gamut size was within the same range for all illuminants and for
all ceramics, since MCDM computed values were 4.1–4.4 for VST, 4.0–4.2 for NSP, and 4.3–4.6 for IEC.
For all ceramics and shades, the color inconstancies were higher than 50:50% PT00 and, in general,
lower than 50:50% AT00. The effect of CIE-proposed LED illuminants on dental ceramic is perceptible
and slightly lower than on natural teeth. Dental clinicians should consider these lighting effects on
the visual appearance of dental ceramics.

Keywords: dental ceramics; white light-emitting diode; color; CIEDE2000

1. Introduction

The color appearance of teeth needs to be matched and reproduced by restora-
tive dental materials to achieve acceptable aesthetic conditions. The ISO/TR 2864:2016
Dentistry—Guidance on Colour Measurement [1] describes visual and instrumental meth-
ods for assessment of subjects related to color shade and interconvertibility of monochro-
matic and polychromatic dental tissues and/or dental materials. Bearing this in mind, the
characteristic of the light source (or illuminant) used to illuminate a given sample for a
color measurement must be specified. The official illuminants used in colorimetry have
been published by the Commission Internationale de l’Éclairage (CIE) (see Abbreviations list
in supplementary materials) [2]. This published set of illuminants includes spectral data
approaching daylights and various incandescent, fluorescent, discharge, and LED lamps.
Among all the descriptors of an illuminant, in particular, the spectral power distribution
(SPD) and correlated color temperature (CCT) [2] are of utter importance for the experimen-
tal setup when evaluating color appearance of teeth and dental materials. A light source
which represents noon daylight (CCT of 6500K) with a color rendering index (CRI) of 90 or
greater is recommended when visual color assessments are made in dentistry [1]. In this

Appl. Sci. 2023, 13, 1518. https://doi.org/10.3390/app13031518 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13031518
https://doi.org/10.3390/app13031518
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5583-8180
https://orcid.org/0000-0002-7226-4190
https://orcid.org/0000-0001-8865-2430
https://doi.org/10.3390/app13031518
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13031518?type=check_update&version=1


Appl. Sci. 2023, 13, 1518 2 of 14

context, it is important to point out that the color difference exhibited by a specimen across
different viewing conditions is known as color inconstancy [3].

The CIE has been responsible for introducing the main color systems, illumina-
tion/detection geometries and color difference (∆E), and color appearance concepts used
in color science [4]. When considering CIELAB color space, the CIELAB color difference
∆E∗ab has been the standard parameter employed by many users to measure total color
difference. However, the CIE [2] recommend the use of the CIEDE2000 color difference
formula (∆E00) [5] because it provides a better fit than the CIELAB formula for visual color
differences managed in many different industrial applications, including dentistry [6–9].

In dentistry, visual judgments are the most frequently used method for evaluating
color. Thus, adequate knowledge of the limits of the perception of colors in dentistry is
crucial for understanding color differences in clinical dentistry [10]. Just perceptible refers
to the lowest color difference that can be detected by an average human observer with
normal color vision. A color difference noticeable by 50% of the observers corresponds to a
50:50% perceptibility threshold (PT). Similarly, the difference in color that is considered as
acceptable for 50% of observers corresponds to a 50:50% acceptability threshold (AT) [11].
The visual color thresholds are of extreme importance in interpreting color differences in
clinical dentistry and dental research [12,13]. Several studies have established the value of
color discrimination thresholds in dentistry [13] and, in particular, Ghinea et al. [14] deter-
mined the values of CIEDE2000 color difference thresholds in dental ceramics (PT00 = 1.25
and AT00 = 2.23).

General lighting is currently undergoing a revolutionary shift towards solid state
devices, in particular light emitting diode (LED)-based technologies, as a replacement for
classic fluorescent lamps. LEDs save energy and provide the same or better quality of
illumination and visual comfort than classic fluorescent lamps. Researchers [15] investi-
gated the perceived quality of LED sources in psychophysical experiments, considering
color difference assessment and color appearance estimation. The results show that LEDs
outperformed conventional fluorescent lamp-based simulators for the CIE illuminant D50.
Furthermore, colorimetric measures revealed that LED simulators can achieve the desired
quality according to the relevant ISO and CIE standards [16]. Another study [17] showed
that an optimized LED spectrum illumination based on human perception of color differ-
ences significantly improved the visibility of tissue texture compared to illuminants such
as CIE D65.

In order to provide an approximate representation of the available range of white LED
sources, the CIE proposed a series of 9 specific LED illuminants [2]: LEDS B1 to B5 illumi-
nants (typical phosphor-converted blue LEDs with different CCTs); LED BH1 illuminant
(of mixing phosphor-converted blue and red LEDs); LED RGB1 illuminant (mixture of red,
green, and blue LEDs); and LEDs V1 and V2 (traditional phosphor-converted violet LEDs
with modified CCTs) [2]. Currently, B1 to B5 LEDs are the most frequently used. The SPDs
of the 9 LED illuminants proposed were obtained from experimental measurements of a
total of 1298 commercial white LED conventional sources [18,19].

The effect that these nine CIE white illuminants have on visual appearance has been
evaluated for cosmetic applications [20] and museum lighting [21]. In dentistry, a recent
study [22] evaluated the color inconstancy of natural teeth measured under white light-
emitting diode illuminants. The authors concluded that the CIE-proposed LED illuminants
produced perceptible and no acceptable color and whiteness differences on the evaluated
teeth when compared with CIE standard illuminants D65 and A. Nevertheless, to the best
of our knowledge, there are no studies that have evaluated color inconstancy for dental
ceramics when illuminated with the newly proposed CIE LED illuminants relative to their
color as illuminated with the CIE-recommended standard illuminant. Therefore, the main
purpose of this study was to evaluate the color changes of dental ceramics based on CIE
LED illuminants relative to the CIE D65 standard illuminant recommended for dentistry,
considering color difference thresholds in dental ceramics.
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2. Materials and Methods
2.1. Samples and Illuminants

The spectral reflectance factors of 3 ceramic restorative materials of different classifi-
cations (Table 1) were measured using a non-contact measuring system. The device was
composed of a spectroradiometer (PR 670-Photo Research, Chatsworth, CA, USA) and a
double-fiber optic light cable (Oriol Research, Newport Corporation, CA, USA) coupled
to a Xe-Arc light source (Oriol Research, Newport Corporation, CA, USA). Measurements
(380–780 nm in steps of 2 nm) were performed using the CIE illuminating/measuring
geometry 45◦:0◦ and a spectrally calibrated reflectance standard (SRS-3, PhotoResearch,
CA, USA) in a dark room, where the specimens were placed 40 cm away from the spec-
troradiometer over a black 50 × 50 mm ceramic tile background (L* = 3.1, a* = 0.7 and
b* = 2.4) (Ceram, Stafford, UK) (Figure 1). For each specimen, 3 samples (2.0 mm-thick)
were prepared and 3 repeated measurements without replacement were performed for
each sample, and the results were averaged into a single value. Figure 2 shows the mean
measured spectral reflectance factors of the 18 ceramic specimens evaluated in this study.
An experienced investigator performed all spectral reflectance factor measurements of
dental ceramics.

Table 1. Characteristics and information on the ceramic materials included in this study. All resin-
based composite data were provided by manufacturers.

Material Manufacturer Classification Shades

Vita Suprinity
Translucent

(VST)

Vita Zahnfabrik
(Bad Säckingen, Germany) ZrO2 lithium silicate glass ceramic

A1
A2
A3

A3.5
B2
C2

Noritake Super
Porcelain EX-3

(NSP)

Kuraray Noritake Dental
(Tokyo, Japan) Conventional feldspathic ceramic

IPS-Empress CAD
Low Translucency

(IEC)

Ivoclar Vivadent
(Schaan, Liechtenstein) Leucite-reinforced glass-ceramic
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Figure 1. Experimental device configuration used for color measurements.

Measured spectral reflectance factors (Figure 2) were converted into CIE tristimulus
values (Xi, Yi, Zi (i = 1 . . . 18)) using the CIE 1931 2◦ Standard Colorimetric Observer and
D65 standard illuminant as well as the 9 CIE white LED illuminants (Figure 3). According to
a previous study [22], corresponding colors were computed using a chromatic adaptation
transform (CAT) [3], that is, different tristimulus values are obtained from colors with
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the same visual appearance as the initial ones. This was undertaken in order to make
meaningful comparisons, since a common viewing condition was achieved. Then, from
these corresponding colors, a conventional color difference formula could be used to obtain
the ‘color inconstancy’ index [3].
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The CAT known as CIECAT16 [23–25] was used to calculate the corresponding colors
for the CIE 1931 Standard Colorimetric Observer as illuminated with D65 standard illu-
minant. This was achieved using the CIE tristimulus values (Xi, Yi, Zi) of the 18 dental
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ceramics calculated using D65 standard illuminant and the 9 CIE LEDs illuminants (in
all cases using the CIE 1931 2◦ Standard Colorimetric Observer), assuming an adapta-
tion luminance LA = 64 cd/m2 (equal to a photopic illuminance of 1000 lx), a degree of
adaptation D = 1, and an average surround (F = 1). Since the corresponding colors were
computed under the aforementioned conditions, an adequate comparison of the CIE L*,
a*, b* chromaticity coordinates of each sample computed under different illuminants was
possible, since a common reference viewing condition was achieved while maintaining the
different visual color appearances of all dental ceramics studied under each illuminant.

2.2. Data Processing

The CIELAB color gamut of the dental ceramics studied can be described by using the
average values of the CIELAB chromaticity coordinates

(
L∗, a∗, b∗

)
of all samples with

their standard deviations (SD) using the range of each CIELAB chromaticity coordinates or
by using the mean color difference from the mean (MCDM) [26]. In this study, the MCDM
was used:

MCDM =
∑N

i=1

[(
L∗i − L∗

)
−
(
a∗i − a∗

)
−
(

b∗i − b∗
)]1/2

N
CIEDE2000 (∆E00) color-difference formula [27] was used to assess color inconstancy:

∆E00 =

[(
∆L′

kLSL

)2

+

(
∆C′

kCSC

)2

+

(
∆H′

kHSH

)2

+ RT

(
∆C′

kCSC

)(
∆H′

kHSH

)]1/2

where kLSL, kCSC, and kHSH are correction terms used for weighting the metric differences
to the CIEDE2000 components. Parametric factors (kL, kC and kH) were set to 1 in this study
(i.e., we used CIEDE2000(1:1:1)).

The 50:50% perceptibility (PT) and acceptability (AT) color thresholds for dental
ceramics described in previous literature [14] (PT00 = 1.25 [95%CI 0.69–2.22] and
AT00 = 2.23 [95%CI 1.55–3.00] were used to interpret the findings of the study.

In addition, total color differences in CIEDE2000 units (∆E00) can also be described in
terms of corresponding differences of the 3 main perceptual attributes of color: lightness,
chroma, and hue (∆L00, ∆C00 and ∆H00, respectively) [28]. These 3 attributes can be
presented in percentage and calculated as: %∆attribute = 100(∆attribute/∆E00)

2 and
therefore, from this definition, it follows that:

%∆L00 + %∆C00 + %∆H00 = 100

3. Results

Tables 2–4 show, for each shade and each illuminant, the average CIELAB coordinates
for the three measured samples with their corresponding standard deviations (in brackets).
The three ceramics studied showed similar color gamut sizes for all illuminants, as reflected
by the narrow range of the MCDM: 4.1–4.4 for VST (Table 2), 4.0–4.2 for NSP (Table 3), and
4.3–4.6 for IEC (Table 4).

Figure 4 shows, as an example, the average color shifts (or color inconstancies) in terms
of the relative displacements of the centers of gravity of the color gamuts with respect to
the D65 illuminant, differentiating the a∗ b∗, a∗ L∗, and b∗ L∗ planes for shade A1 (similar
results can be found for the remaining shades). In terms of the D65 illuminant color shifts,
it can be observed that (1) all LED illuminants studied produced a* b* shifts in several
different directions of the CIELAB diagram; (2) in general, shifts in b* were larger than
those in a*; and (3) the L* coordinate showed the lowest shifts for the nine LED illuminants,
producing in all cases increases below 0.8 units.
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Table 2. Mean CIELAB color coordinate values and standard deviations (in parentheses) for the VST ceramic shades under D65 and nine LED illuminants
(corresponding colors under D65 illuminant and CIE 1931 standard colorimetric observer).

VST D65 LED B1 LED B2 LED B3 LED B4 LED B5 LED BH1 LED RGB1 LED V1 LED V2

A1
L∗ 73.5 (0.2) 74.1 (0.2) 74.1 (0.2) 73.8 (0.2) 73.8 (0.2) 73.6 (0.2) 74.1 (0.2) 73.8 (0.2) 74.0 (0.2) 73.7 (0.2)
a∗ −0.7 (0.0) 1.4 (0.0) 1.0 (0.0) −0.2 (0.0) −1.1 (0.0) −1.3 (0.0) 1.1 (0.0) 3.4 (0.1) 1.8 (0.0) 0.4 (0.0)
b∗ 9.8 (0.2) 12.4 (0.2) 12.2 (0.2) 11.6 (0.2) 10.9 (0.2) 9.6 (0.2) 13.0 (0.2) 11.3 (0.2) 13.2 (0.2) 11.8 (0.2)

A2
L∗ 74.8 (0.7) 75.8 (0.7) 75.7 (0.7) 75.3 (0.7) 75.2 (0.7) 74.9 (0.7) 75.7 (0.7) 75.5 (0.7) 75.7 (0.7) 75.2 (0.7)
a∗ 0.6 (0.1) 2.6 (0.1) 2.2 (0.1) 0.7 (0.1) −0.7 (0.2) −0.9 (0.2) 2.6 (0.1) 6.6 (0.0) 3.8 (0.1) 2.2 (0.1)
b∗ 14.9 (0.7) 17.4 (0.6) 17.4 (0.6) 17.0 (0.7) 16.3 (0.7) 14.9 (0.7) 18.3 (0.7) 15.8 (0.5) 18.0 (0.7) 16.7 (0.7)

A3
L∗ 71.3 (0.2) 72.3 (0.2) 72.2 (0.2) 71.8 (0.2) 71.6 (0.2) 71.4 (0.2) 72.2 (0.2) 72.0 (0.2) 72.2 (0.2) 71.7 (0.2)
a∗ 0.7 (0.2) 3.0 (0.1) 2.5 (0.1) 0.9 (0.1) −0.5 (0.1) −0.7 (0.1) 3.0 (0.2) 7.1 (0.3) 4.1 (0.2) 2.4 (0.2)
b∗ 15.1 (0.5) 17.4 (0.5) 17.4 (0.5) 17.1 (0.5) 16.4 (0.5) 15.1 (0.5) 18.4 (0.5) 15.8 (0.4) 18.2 (0.5) 16.9 (0.5)

A3.5
L∗ 68.0 (0.3) 69.0 (0.3) 68.8 (0.3) 68.4 (0.3) 68.2 (0.3) 68.0 (0.3) 68.9 (0.3) 68.9 (0.3) 69.0 (0.3) 68.4 (0.3)
a∗ 2.0 (0.0) 4.3 (0.0) 3.8 (0.0) 2.1 (0.0) 0.7 (0.0) 0.4 (0.0) 4.4 (0.0) 8.7 (0.0) 5.7 (0.0) 3.8 (0.0)
b∗ 13.4 (0.2) 15.8 (0.1) 15.7 (0.2) 15.2 (0.2) 14.5 (0.2) 13.2 (0.2) 16.7 (0.2) 14.7 (0.1) 16.6 (0.2) 15.2 (0.2)

B2
L∗ 68.2 (0.7) 68.9 (0.7) 68.8 (0.7) 68.6 (0.7) 68.5 (0.7) 68.4 (0.7) 68.8 (0.7) 68.5 (0.7) 68.8 (0.7) 68.5 (0.7)
a∗ −1.1 (0.1) 1.0 (0.1) 0.6 (0.1) −0.6 (0.1) −1.5 (0.1) −1.7 (0.1) 0.7 (0.1) 3.1 (0.0) 1.3 (0.1) 0.0 (0.1)
b∗ 11.0 (0.5) 13.1 (0.4) 13.0 (0.4) 12.6 (0.5) 11.9 (0.5) 10.7 (0.5) 13.9 (0.4) 11.8 (0.3) 14.1 (0.5) 12.8 (0.5)

C2
L∗ 63.8 (0.2) 64.7 (0.2) 64.6 (0.2) 64.2 (0.2) 64.0 (0.2) 63.8 (0.2) 64.6 (0.2) 64.6 (0.2) 64.7 (0.2) 64.2 (0.2)
a∗ 0.5 (0.2) 3.1 (0.2) 2.6 (0.2) 0.9 (0.2) −0.4 (0.2) −0.8 (0.2) 3.0 (0.2) 6.9 (0.3) 4.0 (0.3) 2.2 (0.2)
b∗ 14.1 (0.1) 15.8 (0.1) 15.8 (0.1) 15.7 (0.1) 15.0 (0.1) 13.8 (0.1) 17.1 (0.1) 14.6 (0.1) 17.1 (0.1) 15.7 (0.1)
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Table 3. Mean CIELAB color coordinate values and standard deviations (in parentheses) for the NSP ceramic shades under D65 and nine LED illuminants
(corresponding colors under D65 illuminant and CIE 1931 standard colorimetric observer).

NSP D65 LED B1 LED B2 LED B3 LED B4 LED B5 LED BH1 LED RGB1 LED V1 LED V2

A1
L∗ 76.7 (0.6) 77.3 (0.6) 77.2 (0.6) 77.0 (0.6) 76.9 (0.6) 76.8 (0.6) 77.2 (0.6) 77.0 (0.6) 77.2 (0.6) 77.0 (0.6)
a∗ −1.1 (0.1) 1.1 (0.0) 0.7 (0.0) −0.7 (0.1) −1.5 (0.1) −1.7 (0.1) 0.9 (0.1) 2.7 (0.1) 1.7 (0.0) 0.1 (0.1)
b∗ 9.9 (0.5) 12.8 (0.5) 12.7 (0.5) 12.1 (0.5) 11.4 (0.5) 10.1 (0.5) 13.4 (0.5) 11.5 (0.4) 12.7 (0.5) 11.5 (0.5)

A2
L∗ 75.2 (0.2) 76.2 (0.1) 76.1 (0.1) 75.7 (0.1) 75.6 (0.1) 75.3 (0.2) 76.1 (0.1) 75.7 (0.1) 76.1 (0.1) 75.6 (0.1)
a∗ 0.1 (0.0) 2.1 (0.0) 1.7 (0.0) 0.3 (0.0) −0.9 (0.0) −1.2 (0.0) 2.2 (0.0) 5.5 (0.1) 3.2 (0.0) 1.7 (0.0)
b∗ 14.7 (0.2) 17.5 (0.2) 17.5 (0.2) 17.2 (0.2) 16.5 (0.2) 15.2 (0.2) 18.3 (0.2) 15.5 (0.2) 17.4 (0.2) 16.3 (0.2)

A3
L∗ 72.2 (0.1) 73.5 (0.1) 73.3 (0.1) 72.9 (0.1) 72.7 (0.1) 72.4 (0.1) 73.3 (0.1) 72.9 (0.1) 73.3 (0.1) 72.7 (0.1)
a∗ 0.6 (0.0) 2.5 (0.0) 2.1 (0.0) 0.6 (0.0) −0.8 (0.0) −1.0 (0.0) 2.7 (0.0) 6.9 (0.1) 4.0 (0.0) 2.4 (0.0)
b∗ 18.2 (0.3) 20.7 (0.3) 20.8 (0.3) 20.7 (0.3) 20.2 (0.4) 18.9 (0.4) 21.6 (0.3) 18.2 (0.3) 20.6 (0.3) 19.6 (0.3)

A3.5
L∗ 69.3 (0.3) 70.7 (0.3) 70.6 (0.3) 70.1 (0.3) 69.9 (0.3) 69.6 (0.3) 70.6 (0.3) 70.1 (0.3) 70.5 (0.3) 69.9 (0.3)
a∗ 1.0 (0.1) 2.3 (0.1) 1.9 (0.1) 0.6 (0.1) −1.0 (0.1) −1.1 (0.1) 2.5 (0.1) 7.3 (0.2) 4.0 (0.1) 2.7 (0.1)
b∗ 20.2 (0.2) 22.6 (0.2) 22.7 (0.2) 22.4 (0.2) 22.0 (0.2) 20.8 (0.2) 23.1 (0.2) 19.9 (0.2) 22.5 (0.2) 21.7 (0.2)

B2
L∗ 74.0 (0.1) 74.9 (0.1) 74.8 (0.1) 74.5 (0.1) 74.4 (0.1) 74.2 (0.1) 74.8 (0.1) 74.4 (0.1) 74.7 (0.1) 74.3 (0.1)
a∗ −1.0 (0.0) 0.8 (0.0) 0.3 (0.0) −0.9 (0.0) −2.1 (0.0) −2.2 (0.0) 0.6 (0.0) 3.5 (0.1) 1.7 (0.0) 0.4 (0.0)
b∗ 14.2 (0.3) 16.8 (0.3) 16.8 (0.3) 16.3 (0.3) 15.8 (0.3) 14.5 (0.3) 17.3 (0.3) 14.9 (0.2) 16.8 (0.3) 15.8 (0.3)

C2
L∗ 68.1 (0.5) 69.2 (0.5) 69.1 (0.5) 68.7 (0.5) 68.6 (0.5) 68.3 (0.5) 69.1 (0.5) 68.7 (0.5) 69.0 (0.5) 68.5 (0.5)
a∗ 0.2 (0.0) 1.8 (0.0) 1.4 (0.0) 0.1 (0.0) −1.2 (0.1) −1.3 (0.1) 1.8 (0.0) 5.5 (0.0) 3.1 (0.0) 1.7 (0.0)
b∗ 15.8 (0.3) 18.3 (0.2) 18.3 (0.2) 17.9 (0.2) 17.4 (0.3) 16.2 (0.3) 18.8 (0.2) 16.2 (0.2) 18.2 (0.2) 17.3 (0.2)



Appl. Sci. 2023, 13, 1518 8 of 14

Table 4. Mean CIELAB color coordinate values and standard deviations (in parentheses) for the IEC ceramic shades under D65 and nine LED illuminants
(corresponding colors under D65 illuminant and CIE 1931 standard colorimetric observer).

IEC D65 LED B1 LED B2 LED B3 LED B4 LED B5 LED BH1 LED RGB1 LED V1 LED V2

A1
L∗ 76.4 (0.1) 77.1 (0.1) 77.1 (0.1) 76.8 (0.1) 76.8 (0.1) 76.6 (0.1) 77.1 (0.1) 76.8 (0.1) 77.0 (0.1) 76.7 (0.1)
a∗ −0.8 (0.0) 1.1 (0.0) 0.7 (0.0) −0.5 (0.0) −1.5 (0.0) −1.6 (0.0) 1.0 (0.0) 3.1 (0.1) 1.8 (0.0) 0.4 (0.0)
b∗ 11.1 (0.1) 14.1 (0.1) 14.0 (0.1) 13.1 (0.1) 12.5 (0.1) 11.3 (0.1) 14.2 (0.1) 12.6 (0.1) 14.1 (0.1) 13.0 (0.1)

A2
L∗ 72.3 (0.8) 73.4 (0.8) 73.3 (0.8) 72.9 (0.8) 72.8 (0.8) 72.5 (0.8) 73.3 (0.8) 72.9 (0.8) 73.2 (0.8) 72.7 (0.8)
a∗ −0.7 (0.0) 1.0 (0.0) 0.6 (0.0) −0.6 (0.0) −1.9 (0.0) −2.1 (0.0) 1.0 (0.0) 4.3 (0.1) 2.1 (0.0) 0.7 (0.0)
b∗ 16.2 (0.3) 18.7 (0.2) 18.8 (0.2) 18.2 (0.3) 17.8 (0.3) 16.6 (0.3) 19.0 (0.2) 16.5 (0.2) 18.7 (0.2) 17.8 (0.3)

A3
L∗ 69.1(0.4) 70.5 (0.4) 70.3 (0.4) 69.9 (0.4) 69.7 (0.4) 69.4 (0.4) 70.3 (0.4) 69.9 (0.4) 70.3 (0.4) 69.7 (0.4)
a∗ 0.5 (0.0) 1.8 (0.0) 1.4 (0.0) 0.2 (0.0) −1.3 (0.0) −1.5 (0.0) 2.1 (0.0) 6.3 (0.1) 3.4 (0.0) 2.1 (0.0)
b∗ 19.7 (0.3) 22.1 (0.3) 22.2 (0.3) 21.7 (0.3) 21.4 (0.4) 20.3 (0.4) 22.3 (0.3) 19.4 (0.2) 21.9 (0.3) 21.2 (0.3)

A3.5
L∗ 67.2 (0.6) 68.7 (0.6) 68.6 (0.6) 68.0 (0.6) 67.8 (0.6) 67.5 (0.6) 68.6 (0.6) 68.0 (0.6) 68.5 (0.6) 67.8 (0.6)
a∗ 1.0 (0.1) 2.2 (0.1) 1.8 (0.1) 0.6 (0.1) −1.1 (0.1) −1.3 (0.1) 2.6 (0.1) 7.5 (0.2) 4.0 (0.1) 2.7 (0.1)
b∗ 22.6 (0.6) 24.7 (0.5) 24.9 (0.5) 24.6 (0.6) 24.4 (0.6) 23.2 (0.6) 25.0 (0.5) 21.6 (0.4) 24.5 (0.5) 24.0 (0.5)

B2
L∗ 72.4 (0.4) 73.2 (0.4) 73.1 (0.4) 72.8 (0.4) 72.7 (0.4) 72.5 (0.4) 73.1 (0.4) 72.8 (0.4) 73.0 (0.4) 72.7 (0.4)
a∗ −1.6 (0.0) 0.4 (0.0) −0.1 (0.0) −1.4 (0.0) −2.6 (0.0) −2.7(0.0) 0.1 (0.0) 2.9 (0.1) 1.2 (0.0) −0.2 (0.0)
b∗ 14.7 (0.4) 17.0 (0.4) 17.0 (0.4) 16.6 (0.4) 16.2 (0.4) 15.0 (0.4) 17.6 (0.4) 15.1 (0.3) 17.1 (0.4) 16.2 (0.4)

C2
L∗ 66.3 (0.4) 67.3 (0.4) 67.2 (0.4) 66.8 (0.4) 66.7 (0.4) 66.5(0.4) 67.2 (0.4) 66.9 (0.4) 67.1 (0.4) 66.7 (0.4)
a∗ −0.5 (0.0) 1.2 (0.0) 0.8 (0.0) −0.5 (0.0) −1.7 (0.0) −1.9 (0.0) 1.2 (0.0) 4.6 (0.0) 2.4 (0.0) 1.0 (0.0)
b∗ 15.8 (0.2) 18.1 (0.1) 18.1 (0.2) 17.8 (0.2) 17.4 (0.2) 16.2 (0.2) 18.6 (0.2) 16.0 (0.1) 18.1 (0.2) 17.3 (0.2)
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than 50:50% AT00, only for LEDs B2, B3, B4, and V2. 

Figure 4. Projections of the color shifts produced by each one of the nine LED illuminants on the
a∗ b∗, a∗ L∗, and b∗ L∗ planes, using as common origin the coordinates under illuminant D65 for
shade A1. Results for the three dental ceramics analyzed are distinguished (left: VST; center: NSP;
right: IEC).

Figure 5 shows total color differences (color inconstancies) between chromaticity
coordinates obtained with each LED illuminant and chromaticity coordinates obtained
with the D65 illuminant. Differences in lightness, chroma, and hue components of the total
CIEDE2000 color difference are shown. It can be noted that in general for all illuminants,
differences in hue made the greatest contribution to the total color difference with respect
to illuminant D65 (Figure 5), in particular for LED B5 and LED RGB1, independently
of the dental ceramic analyzed. However, in the case of LED B3 for all ceramics and
LED B2 for IEC ceramic, chroma differences for all shades analyzed were mainly found.
Lightness differences were almost negligible with respect to D65, due to the fact that all the
illuminants tested had Y = 100 [22].

Most interesting, for all tested ceramics and shades, the CIEDE2000 color differences
representative of color inconstancies were higher than 50:50% PT00 and, in general, lower
than 50:50% AT00, only for LEDs B2, B3, B4, and V2.
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Figure 5. Color inconstancy for each shade and ceramic material when the illuminant changes
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third: IEC). Perceptibility (PT00)–(dashed line) and acceptability (AT00)–(solid line) color threshold
values are indicated.
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4. Discussion

The goal of any dental restoration is to create a natural appearance that is highly
aesthetic while remaining functional [29]. Among all available current dental restorative
materials, dental ceramics have been widely used for dental restorations due to their
exceptional aesthetics, durability, and mechanical properties [30].

Perceived color of objects depends initially on three main factors [3]: the physical
characteristics of the objects, the spectral properties of the illuminant, and the sensitivity of
the photoreceptors in the human eye. Thus, color inconstancy generated by a change in
the light that illuminates a dental tissue or a dental material can be found. It is therefore of
great interest to understand the visual effects caused by an illuminant change on dental
materials, and, in particular, dental ceramics.

A key issue in restorative dentistry is the improvement of the relationship between
what it is observed and what it is computed with instrumental color measurements. In fact,
whenever possible, instrumental and visual color matching methods should be used jointly
for dental color assessment, as they complement each other and can lead towards better
aesthetic outcomes. However, different studies [7,31] have reported that the differences
between visual and instrumental shade matching are still substantial and not homogeneous
for shade distribution found in instrumental examination. The color appearance models
(CAMs), which make use of CATs as their main components [3], are primarily aimed at
providing viewing-condition-specific methods for the transformation of tristimulus values
X, Y, Z to or from perceptual attribute correlates. It should be noted that the CIELAB color
space is considered as the first color appearance model. CIELAB provides equations to
obtain the three main attributes of color perceived by the human eye (L*, C* and H*) from
instrumentally measured X, Y, Z values, using only the X, Y, Z values of the ‘reference
white’ (X0, Y0 , Z0 ) to perform the CAT. In dentistry, CIELAB color space and its associated
color coordinates L∗, a∗, b∗ are widely used [4,32–34]. The values of these coordinates are
strongly affected by the illuminant used in their computations, and changes in lighting
alter the perceived color of most materials, as has been proven in natural teeth [22].

Color differences in dentistry are usually evaluated using the CIEDE2000 total color-
difference formula (∆E00) [2,27] based on the CIELAB color space. ∆E00 incorporates
specific corrections for the non-uniformity of the CIELAB color space and is currently
recommended by CIE and ISO/TR 28642:2016 [1,2]. The actual aesthetic success of dental
restorations depends on the visual perception by the observers rather than the numerical
data obtained from instrumental measurements of specimens. Specific visual thresholds
for color discrimination in dentistry have already been proposed in literature [13], and
are useful for industrial quality control. According to the latest guidance on color mea-
surements in dentistry published by the International Organization for Standardization
ISO/TR 28642:2016 [1], color variation should be assessed based on comparisons with
50:50 % thresholds.

From Figure 5, the size of color changes registered for each LED illuminant when
referred to the CIE standard illuminant D65 fall within the following ranges: 0.8 (shade A1,
LED B5) to 7.7 (shade C2, LED RGB1) CIEDE2000 units for VTS ceramic; 0.8 (shade A1, LED
B5) to 7.0 (shade A3, LED RGB1) CIEDE2000 units for NSP ceramic; and 1.1 (shade A1 LED
B5) to 6.7 (shade A3.5, LED RGB1) CIEDE2000 units for IEC ceramic. It should be noted
that LED B5 is, among the new LED standard illuminants proposed by the CIE, the closest
one to D65 standard illuminant in terms of CCT and xy-chromaticity coordinates [3,18],
which could justify the low values of color inconstancy found for this LED illuminant. The
ranges found are similar to those reported in a previous work [22] for color inconstancy
in human teeth (1.4–8.2 CIEDE2000 units). In addition, CIEDE2000 color inconstancy in
teeth [22] under the LED RGB1 showed the highest values, and B3, B4, and B5 the lowest,
similar to what was found for dental ceramics in this study. Furthermore, as reported in
CIEDE2000 regarding color inconstancy in teeth [22], color changes were mainly due to
hue changes in LEDs RGB1, B4, and B5, and chroma changes in LED B3. Thus, our results
showed similar trends of color inconstancy (when changing from D65 to CIE white LED
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illuminants) in human teeth and dental ceramics. Nevertheless, it should be noted that
in the case of the studied dental ceramics, the size of color inconstancy produced by the
CIE white LEDs is lower than in human teeth (0.8–7.0 versus 1.4–8.2 CIEDE2000 units).
Therefore, the effect of LED illuminants on dental ceramic has a lower magnitude than on
natural teeth.

According to the literature, the 50:50% perceptibility/acceptability color difference
thresholds for dental ceramics can be considered as 1.25/2.23 CIEDE2000 units, respec-
tively [14]. Therefore, it can be stated that, in general, for all shades and dental ceramics
studied, the color produced perceptible color change from D65 to a white LED illuminant
in most cases and unacceptable color change in some cases (e.g., LED RGB1). Consequently,
it can be considered that the evaluated shade may have a high color inconstancy in compar-
ison with the perceptible threshold value of a shade under two different illuminants. In
particular, RGB1, V1, and BH1 LED illuminants produced the highest color inconstancy
with respect to the recommended illuminant in dentistry (CIE D65). This result was also
reported in natural teeth, although in this study [22] other values of 50:50% visual thresh-
olds (0.8/1.8) [9] were used to evaluate the effect of the white LED illuminants on color of
teeth. On the other hand, the results found in the present study (Figure 5) also show that
if a proper selection of the LED illuminants is made (e.g., LED B3, B4 and B5), a visually
acceptable color inconstancy (with respect to the recommend illuminant CIE D65) can be
achieved. In summary, these findings imply that when a change in illumination from D65
to white LEDs is produced, the color shift of the materials analyzed will be perceptible to an
average human observer with normal color vision. In some cases (e.g., change from D65 to
LED RGB1), such color changes will be clearly unacceptable to an average human observer.

Lastly, our results show that, by using LED illuminants in dental ceramics, different
color shifts, mainly for C* and h (Figure 5), may be achieved. These results prove that the
use of the CIE-proposed white LEDs [2] have the potential to affect the color appearance of
a dental ceramic material in various ways. Given that different LED sources are generally
available on the market, our presented results using different prototypes of white LEDs
are consistent with what is currently available [18]. With respect to aesthetic dentistry,
choosing LEDs that generate maximum or minimum color shifts in relation to outdoor
equivalent illumination (D65) is plausible.

5. Conclusions

Within the limitations of the present study, it can be stated that the visual overall
appearance of the studied dental ceramics is affected by the LED illuminants proposed
by the CIE. Specifically, the color shift of the materials analyzed will be perceptible and in
some cases even unacceptable to an average human observer with normal color vision.

Dental ceramics showed similar trends of color inconstancy to those found for in vivo
human teeth. Nevertheless, it should be noted that the effect of these LED illuminants on
dental ceramics has a lower magnitude than that found in natural teeth.

The visual color appearance of a dental ceramic changes according to the selected
white LEDs used, which is interesting in the context of aesthetic dentistry. Knowledge of
these effects may enable dental clinicians to select white LEDs that generate minimum color
shifts relative to the CIE D65 standard illuminant. Therefore, it is important that dentists be
aware of the influence of lighting on the visual appearance of dental ceramics in aesthetic
dental restorations. Future studies with real subjects and in clinical conditions should be
performed, where natural teeth and adjacent dental ceramics can be evaluated together.
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