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Abstract: Usually, dentin and enamel shades are layered in dental restorations with the purpose of
mimicking the natural appearance of teeth. The main objective of this study was to develop and assess
accuracy of a color-prediction method for both monolithic and layered dental resin-based composites
with varying shades and under different illuminants. A total of 15 different shades of VITAPAN
Excell, VITAPAN Dentine and VITA Physiodens as well as VITA Enamel of five different thicknesses
(0.5–2.5 mm range) were used to manufacture monolithic and layered samples. A non-contact
spectroradiometer with CIE 45◦/0◦ geometry was used to measure the color of all samples over a
standard ceramic black background. Second-degree polynomial regression was used as predictive
method for CIE-L*a*b* color coordinates. Performance of predictive models was tested using the
CIEDE2000 total color difference formula (∆E00), while accuracy was evaluated by comparative
assessment of ∆E00 with corresponding 50:50% acceptability (AT00) and perceptibly (PT00) thresholds
for dentistry. A mean color difference between measured (real) and predicted color of ∆E00 = 1.71,
with 62.86% of the color differences below AT00 and 28.57% below PT00, was registered for monolithic
samples. For bi-layered samples, the mean color difference was roughly ∆E00 = 0.50, with generally
100% and more than 85% of the estimations below AT00 and PT00, respectively. The predictive
method allowed highly accurate color estimations for both monolithic and layered dental resin-based
composites with varying thicknesses and under different illuminations. These results could be useful
to maximize the clinical success of dental restorations.

Keywords: color prediction; linear regression; color thresholds; dental resin composites

1. Introduction

The goal of any dental restoration is to create a natural appearance that is highly
aesthetic while remaining functional [1]. Among all available current dental restorative
materials, resin composites have been widely used for anterior restorations because of their
exceptional aesthetics and durability [2–5]. Since natural teeth consist of different layers
(i.e., enamel, dentine and pulp), dental restorations must also replicate this pattern in order
to achieve an optimal result, and this is normally achieved through layering techniques
of different materials [6]. Often, the natural appearance of a dental structure cannot be
mimicked with a single shade; therefore, it is difficult to achieve an optimal aesthetic
outcome. In this sense, in the case of direct restorations, to obtain a proper color match
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with the natural tooth structures that surround the cavity, the use of two different types
of resin composites (one for replacing dentin and one for replacing enamel) was reported
to provide satisfactory results [7]. Moreover, the thicknesses of the different layers within
the natural teeth are not constant across the entire dental structure, and vary depending
on the tooth area. Therefore, the final color of a direct dental restoration is the result of
the interaction of several layers of different restorative materials with varying shades and
thicknesses [8–10].

Finding the best dentine and enamel shades combination is not an easy task. In most
clinical settings, visual comparisons with the tabs from available commercial dental shade
guides is the main approach when performing a shade match between a dental restora-
tion and natural tooth color. However, when performing this type of visual assessment,
the variability among different shade guides, the background or the lighting conditions are
all parameters that have the potential to influence the final shade selection [11–13].

In dentistry, the CIELAB color space (CIE—International Comission on Illumina-
tion) and its associated color coordinates—CIE-L*, CIE-a* and CIE-b*—are extensively
used [14–17]. The values of these coordinates are strongly affected by the illuminant being
used for their computation, and changes in lighting alter the perceived color of most ma-
terials, as has also been proved for dental materials [16]. For this reason, the reflectance
spectrum of an object is known as the best way to describe its color. Nonetheless, devices
that are able to properly measure reflectance spectrum are usually very expensive and thus
they are mostly used for research purposes only [18–23]. In order to introduce objective
color measurements to the dental field and make the shade-matching process more accurate
and not so highly subjective, simpler measuring devices, such as spectrophotometers or
colorimeters [24–26], have been introduced within the clinical practice. These commer-
cial devices usually provide measurements of the CIE-L*a*b* color coordinates [25,27,28].
Therefore, if these parameters can be predicted with a certain accuracy, the trial-and-error
in the shade-matching process and the aesthetic outcome of dental restorations will be
considerably improved.

Color prediction is among the fastest growing research areas in dentistry [17]. In recent
years, experimental dental resin-based composites (DRC) reflectance data was succesfully
predicted using multiple nonlinear regression models [29]. Also, the Kubelka–Munk model
has proven to be valid for color prediction of single [30,31] and layered DRC materials [30].
Furthermore, recent studies have used Principal Components Analysis (PCA)-based pre-
dictive algorithms for reflectance reconstruction and color estimation of monolithic [32]
layered [33] DRC samples of different shades and varying thicknesses. However, the funda-
mentals of these studies are based on spectral measurements, that, as mentioned before, are
barely available in clinical practice. Linear regression models have been widely used for
color prediction in dentistry. Few studies [34,35] proposed color estimations of CIE-L*a*b*
color coordinates of natural dental structures using data measured with clinical devices.
These studies used both linear and non-linear regression methods, but the performance
of the proposed predictive algorithms was prone to improvement. This technique has
also been used to evaluate the role of enamel thickness and predict refractive index on
human tooth color [36], while other authors implemented a Multiple Linear Regression
(MLR) method to predict the CIE-L*a*b* values of dental ceramics with different pigment
concentrations [37], and evaluated its performance versus the Kubelka–Munk theory ap-
proach [38]. To the best of our knowledge, there are no studies that aimed for predictions
of CIE-L*a*b* values of dental materials.

Therefore, the main objective of this study is to develop and assess the accuracy of a pre-
diction method for the CIE-L*a*b* chromaticity coordinates of both monolithic and layered
dental resin-based composites (DRC) with varying shade and under different illuminants.

In the present study, the following research hypotheses were tested: (1) linear regression-
based L*a*b* prediction algorithms can be used to estimate the CIE-L*a*b* color coordinates
of monolithic and layered dental samples under different illuminants with precise results,
(2) there are differences in estimation accuracy for monolithic and layered samples and



Materials 2023, 16, 761 3 of 13

(3) the performance of the proposed method will be affected by the use of different types or
shades of DRC.

2. Materials and Methods
2.1. Specimen Preparation

Monolithic DRC samples of different materials, shades and thicknesses were ana-
lyzed in the present study (Table 1). Three different dentine types—VITAPAN Excell
(VE), VITAPAN Dentine (VD) and VITA Physiodens (VP) (Vita Zahnfabrik, Bad Säckin-
gen, Germany)—and one enamel—VITA Enamel (EN) (Vita Zahnfabrik, Bad Säckingen,
Germany)—were prepared.

According to manufacturer’s specifications, the samples were prepared by polymeriza-
tion of dental masses under combined heat-and-pressure treatment. Steel molds, with de-
fined nests of 15 mm diameter, were filled with the different masses and subjected to a
temperature of 180 °C for 3 mins under defined pressure, heating and cooling rates in a
conventional transfer press. Then, the samples were ground on a JUNG surface grinder
(United Grinding, Miamisburg, OH, USA) to specific clinically relevant thicknesses of
0.7 mm, 1.0 mm, 1.5 mm, 2.0 mm and 2.5 mm with a tolerance of ±0.1 mm [39]. All sample
thicknesses were measured with a digital caliper (Mitutoyo, Europe GmbH, Mainz-Kastel,
Germany) at three different specimen spots. Next, they were polished with a conventional
grinding machine and 9 µm diamond paste by the same trained operator. Finally, they
were cleaned from debris in an ultrasonic bath with distilled water (Elmasonic S30H, Elma
Schmidbauer, Singen, Germany) for 10 min and dried with gauze and compressed air. For
each shade and thickness one sample was fabricated.

The performance of the proposed method was tested for both monolithic and layered
samples. For the single layers, shades A1, A2, A3, A3.5, B2, C2 and D2 of VD, were
used. The layered samples were obtained by pressure bonding a dentine single layer with
an enamel single layer. The highly accurate manufacturing process resulted in excellent
quality samples with completely flat surfaces, which allowed for a perfect coupling between
the two layers. To be able to evaluate the performance of the predictive method both as
a function of DRC type and shade, samples of A2 shade of VD, VE and VP composite
materials, as well as samples of different dentine shades—S1, S2, S3, S4 and S5—with
different lightness, were fabricated. According to manufacturer recommendations, each
dentine composite has to be associated with a specific enamel shade. In this sense, samples
corresponding to three enamel (EN) shades were also manufactured—EN1, EN2 and EN3
(Table 1). This resulted in a total of 8 different DRC systems (dentine–enamel combination)
used in this study, as follows:

- Testing according to DRC type: VE-A2+EN1, VD-A2+EN3, VP-A2+EN3;
- Testing according to DRC shade: VE-S1+EN1, VE-S2+EN1, VE-S3+EN2, VE-S4+EN2

and VE-S5+EN2, being S1 and S2 light shades; S3 and S4 intermediate shades and S5 a
dark shade.

Table 1. Specifications of the dental resin-based composites used in this study.

Composite Shades Chemical
Composition Thickness (mm)

VITAPAN Excell (VE) A2, S1, S2, S3, S4, S5 PMMA (84–86%) ,
SiO2 (14–15%)

and Pigments (<1%)

0.7 ± 0.1; 1.0 ± 0.1;
1.5 ± 0.1; 2.0 ± 0.1
and 2.5 ± 0.1

VITAPAN Dentine
(VD)

A1, A2, A3, A3.5, B2,
C2, D2

VITA Physiodens
(VP) A2

VITA Enamel (EN) EN1, EN2, EN3
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2.2. Color Measurements

The device used for measuring the spectral reflectance spectrum (380–780 nm) of
both monolithic and layered samples consisted of a spectroradiometer (SpectraScan PR
670, Photo Research, Syracuse, NY, USA), a research grade light source (Fiber-coupled
Xe-Arc; 66485-300, Newport Corporation, Irvine, CA, USA) and a spectrally calibrated
reflectance standard (SRS-3, Photo Research, Syracuse, NY, USA). All samples were po-
sitioned against a standard ceramic black background (Ceramic color standards CCSII,
Lucideon, Staffordshire, UK; L* = 23.3; a* = −0.3; b* = −1.0) and measured in a completely
dark room to simulate the darkness in the oral cavity. The PR 670 was placed 40 cm away
from the samples and a 45◦/0◦ illuminating/measuring geometry, as recommended by the
CIE [40], was used. For each specimen, three repeated reflectance measurements—without
replacement—were performed and the results were averaged into a single mean value.

As mentioned before, color is strongly dependant on the illumination being used
for its computation. In order to also test the performance of our method under different
illuminants, the spectral reflectance measurements were converted into CIELAB color
coordinates using the CIE 2◦ Standard Observer and three different illuminants: CIE D65
Standard Illuminant, as the illuminant recommended by the CIE [40]; CIE D55 Standard
Illuminant, because it is the most used among the clinical devices [41]; and LED-B1,
because among the new LED standard illuminants proposed by the CIE it is the closest in
terms of CCT and xy-chromaticity coordinates to D65 and D55 [40,42].

2.3. Computational Method

In order to develop and evaluate a predictive method, the samples were divided
into training and testing groups. Computed CIE-L*a*b* coordinates that corresponded
to samples included in the training set were used to build the regression models, while
those that corresponded to samples included in the testing set were used exclusively for
testing appropriate functioning and accuracy of the predictive model. The approach used
for training and testing sets selection was different for monolithic and layered samples.

For single layer samples, given a total of 5 different samples (i.e., 5 different thicknesses)
for each VP dentine shade, the samples were divided so that the CIE-L*a*b* coordinates of
one of the dental samples were predicted using exclusively the samples corresponding to
the same shade but with different thickness as training set. This separation into training
and testing groups is repeated for all thicknesses of each shade, so that all samples are part
of each set but never belong to both at the same time. A diagram of this division is shown
in Figure 1.

In the case of the layered samples, a total of 25 enamel–dentin layered combinations for
each DRC system were obtained (5 different samples of dentine layer ×5 different samples
of enamel layer). The 25 layered specimens were thereafter distributed into training and
testing sets. Other studies [33] have shown that, for a similar configuration, a training set of
9 samples is optimal to achieve very good color estimations. Therefore, in the present study,
9 samples heuristically selected were also included in the training set, while the other 16
were used for testing the predictive method. The training and testing sets arrangements
are shown in Figure 1.

Linear regression models [43–45] were used to predict each CIE-L*, CIE-a* and CIE-b*
coordinates of monolithic and layered samples of different thicknesses. Since the coor-
dinates were predicted individually, three different models were computed for each test
sample. Preliminary tests revealed that best performance was achieved when using 2nd
degree polynomial to find the best-fit-curve and best-fit-surface for monolithic and layered
samples, respectively.
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Figure 1. Samples included in the training set (blue) and testing set (black). (a) For monolithic
samples, each thickness is used as a test sample while the other four thicknesses are included in the
training set. (b) For bi-layered samples, 25 dentine + enamel combinations are obtained and divided
into 9-samples training set and 16-samples testing set.

For single layer samples, the equation describing the models is:

f (x) = p1x2 + p2x + p3 (1)

where, f is the predicted CIE-L*, CIE-a* or CIE-b* values, x corresponds to the sample
thickness, and p1 to p3 are the parameters of the model.

For layered samples, the surface is defined as:

s(x, y) = p1x2 + p2y2 + p3xy + p4x + p5y + p6 (2)

where, s is the predicted CIE-L*, CIE-a* or CIE-b* coordinate value, x and y correspond
to the dentine and enamel thicknesses respectively and p1 to p6 are the parameters of
the models.

In order to solve both problems, specific functions were implemented in MATLAB
(MathWorks, Natick, MA, USA) to compute the linear least squares for monolithic and lay-
ered test samples, respectively. Once these curves and surfaces are determined, the CIE-L*,
CIE-a* or CIE-b* values corresponding to any given thickness can be easily extracted.
An example of this procedure is shown in Figure 2.

2.4. Color Difference Evaluation

Total color differences between measured and predicted values for each sample in
the testing group were computed using the CIEDE2000 (∆E00) [40] total color difference
formula [46], as shown in Equation (3):

∆E00 =

[(
∆L′

KLSL

)2

+

(
∆C′

KCSC

)2

+

(
∆H′

KHSH

)2

+ RT

(
∆C′

KCSC

)(
∆H′

KHSH

)] 1
2

(3)

∆E00 values were comparatively evaluated with their corresponding 50:50% percep-
tibility (PT00) and acceptability (AT00) color difference thresholds for dentistry, as recom-
mended by the ISO/TR 28642:2016 [47]. For dentistry, these thresholds were established
as 50:50% PT00 = 0.8 and 50:50% AT00 = 1.8 [48,49], and have been largely used in dental
research as a standard for color evaluation [50–54].
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Figure 2. Examples of best-fit-curve (top) and best-fit-surface (bottom) for the CIE-L*, CIE-a* and CIE-b*
color coordinates for monolithic and layered samples. Blue dots represent the values corresponding
to the training set samples and red dots the values predicted by the model for a specific thickness.

3. Results

In this study, linear regression models were used to predict the CIE-L*, CIE-a* and
CIE-b* color coordinates for different sets of monolithic and layered samples of different
thicknesses, shades and materials.

As previously described, the CIE-L*a*b* chromaticity coordinates were computed
under different illuminants (D65, D55 and LED-B5). According to our results, the perfor-
mance of the predictive methods was almost identical for all three illuminations tested,
with total mean color differences between measured and predicted CIE-L*a*b* values for
the whole data set (including monolithic and layered) of ∆E00 = 0.74, ∆E00 = 0.75 and
∆E00 = 0.74, for D65, D55 and LED-B5, respectively. When analyzing the percentage
of color estimations that returned a color difference below the acceptability threshold of
AT00(%), it was found that, for the three illuminants tested, in 91.4% of the cases, color
differences between real and predicted values were lower than AT00. In the case of PT00(%)
the percentage of color differences between real and predicted values that are imperceptible
to an average observer varied slightly between the different illuminants tested, being 72.4%,
73.0% and 71.8%, for D65, D55 and LED-B5, respectively. In this regard, for presentation
purposes and simplicity, only the results corresponding to the CIE-L*a*b* values computed
for the Standard D65 Illuminant are further presented for a deeper analysis, as it is also the
recommended illuminant by the CIE [40].

Tables 2 and 3 show the ∆E00 color differences between measured and predicted
CIE-L*a*b* values for monolithic and layered samples, respectively. For the single layers,
the values presented in Table 2 correspond to those of a certain test thickness when the
other four samples of the same shade are being used to build the model. For the layered
samples, the presented values (Table 3) correspond to the samples included in the testing
set, as previously described in Section 2.3.
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Table 2. ∆E00 color differences between measured and predicted CIE-L*a*b* values for all monolithic
samples tested in our study.

Text Thickness Shade

Dentine (mm) A1 A2 A3 A3.5 B2 C2 D2

2.5 3.83 1.57 2.80 3.31 2.21 3.62 3.66
2.0 1.31 0.48 0.80 1.01 0.73 1.13 1.23
1.5 0.39 0.57 0.68 0.15 0.12 0.09 0.26
1.0 1.49 0.98 1.65 1.41 0.83 1.36 1.45
0.7 3.91 1.99 3.38 3.01 1.91 3.11 3.49

Table 3. ∆E00 color differences between measured and predicted CIE-L*a*b* values for all layered
samples tested in our study.

Test
Thickness DRC Dentine (D)—Enamel (E) Systems

D (mm) +
E (mm) VE S1-EN1 VE S2-EN1 VE S3-EN2 VE S4-EN2 VE S5-EN2 VE

A2-EN1
VD

A2-EN3
VP

A2-EN3

2.5 + 2.5 1.09 0.80 0.55 0.51 0.54 0.89 0.67 1.58
2.5 + 2.0 0.65 0.77 0.44 0.48 0.59 0.90 0.49 0.89
2.5 + 1.0 0.26 0.19 0.31 0.30 0.27 0.42 0.25 0.61
2.5 + 0.7 0.67 0.30 0.36 0.33 0.31 0.20 0.12 1.06
2.0 + 2.5 0.42 0.10 0.10 0.14 0.25 0.26 0.46 0.17
2.0 + 1.5 0.22 0.31 0.35 0.29 0.32 0.38 0.13 0.41
2.0 + 0.7 0.36 0.17 0.41 0.27 0.29 0.35 0.42 1.16
1.5 + 2.0 0.26 0.56 0.15 0.11 0.21 0.49 0.27 0.60
1.5 + 1.0 0.15 0.12 0.60 0.29 0.28 0.22 0.36 0.75
1.0 + 2.5 0.20 0.54 0.30 0.30 0.13 0.43 0.15 0.87
1.0 + 1.5 0.75 0.09 0.16 0.16 0.33 0.19 0.18 0.58
1.0 + 0.7 0.35 0.27 0.54 0.40 0.34 0.19 0.59 1.86
0.7 + 2.5 0.38 0.73 0.34 0.35 0.11 0.40 0.14 0.26
0.7 + 2.0 0.60 0.29 0.21 0.40 0.18 0.79 0.26 0.69
0.7 + 1.0 0.14 0.33 0.27 0.62 1.17 0.51 1.02 0.50
0.7 + 0.7 0.89 0.77 1.10 1.21 1.36 0.99 1.71 1.74

When dealing with predicted data, different modelling behaviours can be expected
for the estimation of the CIE-L*a*b* values of a test sample whose thickness falls outside
(extrapolation) or within the range of available training samples (interpolation). Thus,
in order to assess the prediction capability of our method when out-of-the-range predictions
are avoided, two different methods of analysis have been performed for the monolithic
samples. For the extrapolation approach, all samples presented in the testing set are used
in the evaluation; while for the interpolation approach, the analysis is limited only to
those samples that fall within the cloud of available data (samples of 2.0 mm, 1.5 mm and
1.0 mm). The means and standard deviations of the performance metrics (∆L*, ∆a*, ∆b* and
∆E00), as well as the percentage of samples lower than AT00 and PT00 for all shades and
thicknesses, are presented in Table 4, for both extrapolation and interpolation approaches.

For layered samples, the performance of the method has been assessed both as a
function of DRC type and shade lightness. As for the monolithic samples, the measured
and predicted CIE-L*a*b* values were compared using different color metrics (∆L*, ∆a*,
∆b* and ∆E00). The means and standard deviations, as well as the percentage of samples
with color differences between measured and predicted values lower than AT00 and PT00,
are presented in Tables 5 and 6, respectively.
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Table 4. Statistics of error metrics for the extrapolation (35 specimens considered for prediction) and
interpolation approach (21 specimens considered for prediction).

Method of
Analysis Variable Mean SD <AT00 (%) <PT00 (%)

Extrapolation
(n = 35)

∆L* 2.00 1.50
∆a* 0.14 0.13
∆b* 0.62 0.58
∆E00 1.71 1.22 62.86 28.57

Interpolation
(n = 21)

∆L* 0.99 0.67
∆a* 0.09 0.07
∆b* 0.39 0.26
∆E00 0.86 0.49 100 47.62

Table 5. Statistics of error metrics for different dental resin-based composites of A2 shade.

Layers Variable Mean SD <AT00 (%) <PT00 (%)

∆L* 0.39 0.33
∆a* 0.05 0.04
∆b* 0.34 0.25VE A2-EN1

∆E00 0.48 0.27 100 81.25

∆L* 0.38 0.51
∆a* 0.06 0.04
∆b* 0.29 0.21VD A2-EN3

∆E00 0.45 0.41 100 87.5

∆L* 0.78 0.60
∆a* 0.09 0.05
∆b* 0.60 0.34VP A2-EN3

∆E00 0.86 0.51 93.75 56.25

Table 6. Statistics of error metrics for different shades of VITA Excell.

Layers Variable Mean SD <AT00 (%) <PT00 (%)

∆L* 0.51 0.41
∆a* 0.04 0.03
∆b* 0.24 0.20VE S1-EN1

∆E00 0.46 0.28 100 87.50

∆L* 0.40 0.37
∆a* 0.03 0.02
∆b* 0.23 0.14VE S2-EN1

∆E00 0.40 0.26 100 100

∆L* 0.36 0.35
∆a* 0.04 0.02
∆b* 0.23 0.15VE S3-EN2

∆E00 0.39 0.24 100 93.75

∆L* 0.29 0.32
∆a* 0.05 0.03
∆b* 0.27 0.20VE S4-EN2

∆E00 0.39 0.26 100 93.75

∆L* 0.20 0.16
∆a* 0.10 0.13
∆b* 0.36 0.35VE S5-EN2

∆E00 0.42 0.35 100 87.5
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4. Discussion

In this study, linear regression predictive models were proposed for color estimation
of monolithic and layered samples of different DRC materials and shades. The CIE-L*a*b*
chromaticity coordinates of monolithic samples of five different thicknesses ranging from
0.7– 2.5 mm corresponding to the different materials and shades used in this study were
computed according to the CIE 2◦ Standard Observer and three different illuminants [40].
Color differences between real measured values and estimated values were calculated
using the CIEDE2000 color difference formula, as it is already largely implemented in
dental color research [16,18–23] and it has been proven to more accurately fit human visual
perception [46]. The results have been evaluated according to the 50:50% perceptibility and
acceptability thresholds established for dentistry and dental applications (PT00 = 0.8 and
AT00 = 1.8) [48,49].

Some studies have estimated CIE-L*a*b* values of dental natural structures based on
data obtained with clinical color measurements devices [34,35]. However, their predictive
models focused on color of natural teeth with respect to age and gender but not on dental
materials, which is the main interest in dental restorations. Many existing studies confirmed
that the color of different dental materials can be estimated using different predictive
approaches [29–33]. Notably, all the proposed predictive models are based on acquired
spectral data, which is not provided by most of the clinically available color measurement
devices [24–26]. In this sense, an advantage of the predictive method proposed in this study
is that it is based exclusively on CIE-L*a*b* coordinates, making it easier to implement and
deploy in a real clinical scenario. Additionally, a wide variety of shades (including light,
intermediate and dark colors) and clinically relevant thicknesses were used in the present
study, which enabled a more comprehensive analysis of the performance of the proposed
predictive algorithms with respect to different parameters.

Based on the results of this study, when both monolithic and layered samples corre-
sponding to all shades and thicknesses were considered, the total mean color difference
between the predicted and measured (real) data was roughly ∆E00 = 0.74, with 91.4% of
the estimations exhibiting color differences lower than AT00 (and approximately 72% lower
than PT00).

In a recent study [16], it was stated that color gamuts of a set of teeth, tested under
several illuminants (including D65 and LED-B5, among others), exhibited similar shape and
volume in CIELAB color space, but their centers of gravity shifted in different directions.
Considering that the sensitivity of the human visual system also changes with illumina-
tion [55] and that the CIEDE2000 has been designed to fit more accurately with visual
perception [46], a change of illumination could lead to higher ∆E00 between measured
and estimated CIE-L*a*b* values. However, in the present study, very similar results were
obtained independently of the illuminant considered (CIE D65, D55 ord LED-B5), which
proves the robustness of the proposed predictive method and ensures satisfactory outcomes
for its implementation in different settings. Therefore, the first research hypothesis was
accepted since precise color coordinates estimations can be achieved for monolithic and
layered samples using the proposed method, as shown by the low ∆E00 values, as exhibited
in Tables 2 and 3.

When comparing estimations for monolithic and layered samples, it was found that
slightly better values were obtained for the later ones. At first sight, this might seem
surprising, as predicting color data of monolithic samples should be an easier task and
therefore lead to better results (in terms of predictive accuracy), since these samples are
easier to fabricate and the predictive method is designed for two-dimensional data versus
the three dimensions needed for the layered samples. However, the differences in perfor-
mance between the monolithic and layered samples might be explained by the size of the
training sets. In a study [33] where reflectance data and color of a set of DRC materials was
estimated with predictive algorithms, it was proved that the sample size of the training set
strongly affected the performance of the proposed predictive models. In this regard, in the
present study, the training set consisted of only four samples for each monolithic shade
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group, while for the layered specimens the training set was composed of nine samples
(Figure 1). In terms of color differences between predicted and real measured data, in the
present study, 62.86% and 28.57% of the estimations showed color differences lower than
AT00 and PT00, respectively, for training sets of four samples, as the ones used for the
monolithic samples (Table 4). These results are in accordance with previous studies that
predicted reflectance data and color of a set of DRC materials for training sets of five sam-
ples [33], where they reported between 75–100% of the color differences between predicted
and real measured data below AT00, and 5–75% below PT00.

When a predicted data point falls outside the cloud defined by the set of data (training)
points (i.e., extrapolation), the accuracy of the predictive models is expected to drop. This
is the case for monolithic samples of 0.7 mm and 2.5 mm (Table 2), which are the extreme
thicknesses of our sample data sets. For this reason, an analysis leaving these samples out
was also performed, as suggested in previous studies [32], where significant differences were
found for extrapolation and interpolation approaches (Table 4). As expected, more accurate
estimations were found when only samples that fall within the cloud defined by the training
set of data points were included in the analysis, with 100% and 47.42% of the color differences
between predicted and real measured data lower than AT00 and PT00, respectively.

However, in the case of the layered specimens (dentine–enamel system), there are also
test samples outside the cloud of data points (Table 3), (for example, dentine of 2.5 mm–
enamel of 0.7 mm systems, among others) and color values predictions tend to be considerably
better than extrapolations of the monolithic samples.

For this reason, the second research hypothesis was partially accepted, since, in some
cases, differences in estimation accuracy were found between monolithic and layered samples,
probably due to the size of the training sets and the geometry of the predictive models used—
two dimensions versus three dimensions—for monolithic and layered samples, respectively.

Lastly, when comparing the performance of the predictive methods for different
materials and shades (Tables 4–6), a clear difference in performance when different shades
of the same material were considered was not found. However, an important difference in
predictive performance was registered when different materials were considered. For both
monolithic and layered samples, the estimations performed for VD and VE materials were
considerably better than those obtained for VP material (Tables 6). Previous studies [32]
also highlighted that the performance of a predictive method for color estimation of dental
materials varied between dental ceramics and DRC materials, being better for the later ones.
Authors suggested that the differences in performance might come from different sample
preparation procedures. However, this is not the case in this study, as all the specimens
were prepared under the exact same conditions and by the same trained operator, which
ensured the repeatability of the samples quality. In this sense, the type of DRC affects,
to some extent, the performance of the predictive algorithms. Therefore, the third research
hypothesis of this study was also partially accepted, as the performance of the proposed
predictive methods is affected by the use of different types of DRC but not by the use of
different shades of the same DRC.

Bearing the limitations in mind, the present study exclusively used composite materi-
als, it is therefore necessary to include a wider range of monolithic and multi-layer materials
and shades in future research. Another limitation of the present study is that only two
layers (dentin composite and enamel composite) have been combined to prepare layered
samples. Although using two composite layers for direct restorations has been proved to
be enough to obtain a proper color match with the surrounding natural teeth [7], this might
not always be valid in a clinical scenario, as dental practitioners might be confronted with
the need to prepare restorations with more than two layers. The accuracy of the proposed
predictive methods might be further improved (in the case of the extrapolation method) by
using a different strategy when selecting the samples included in the training sets (using
different sample arrangements (Figure 1) such as, diamond shape, box shape, etc.). Further
studies are required in order to fully understand the behaviour of the proposed predictive
models for DRC samples.
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Nevertheless, the high accuracy obtained with the tested shades and materials together
with the the low variability in the obtained results confirms that the proposed method for
predicting the CIE-L*a*b* chromaticity coordinates of single and bi-layered samples can
be successfully applied to reach an optimal color match for the studied dental materials.
The predictive methods presented in this study have the potential to provide essential
information of the final appearance of both monolithic and layered dental restorations
and the results presented in this study could help to custom design both monolithic and
layered materials with multiple industrial applications. Moreover, since it is exclusively
based on CIEL*a*b* values, it is a step forward for color estimation in clinical scenarios,
and therefore, leads to an improvement of chromatic accuracy of dental restorations.

5. Conclusions

Within the limitations of this study, it can be concluded that:
(1) Linear Regression Models can be precisely used for CIE-L*a*b* color coordinates

estimation of monolithic and layered dental resin-based composites under different illu-
minations, that (2) there are slight differences in estimation accuracy for monolithic and
layered samples and that (3) the performance of the proposed algorithm is dependent on
the DRC materials but, within a group of samples manufactured using the same material,
it is independent of sample shade.
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