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tal porcelain, combining wear resistance, strength, toughness
and excellent aesthetics is considered to be the reference
material for prosthetic rehabilitation. However porcelain is
not easy to handle and aesthetic excellence is quite difficult
to obtain. In order to achieve a natural looking restoration it
is necessary to perform two different steps: (i) to select the
best possible shade, using a shade guide and/or an electronic
shade taking instrument and (ii) to reproduce this shade with
an appropriate dental material.

1. Introduction

Due to the complex optical characteristics of tooth color,
achieving a close shade match with an artificial restoration of
the natural dentition is a difficult process. Successful aesthetic
restorations require the integration of several critical factors,
including an individual’s perception of color, the light source
used for color evaluation, the surface and structural charac-
teristics of both the tooth and of the restorative materials used
and a knowledge of some basic principles of color percep-

tion. To be successful, clinicians require the understanding of 2, Color measurement

color, light and related characteristics of porcelain and resin,

as well as the ability to clearly communicate instructions with Since Newton’s experiments during the 18th century, it has
technicians when an indirect procedure is performed. Den- been difficult to explain the scientific basis of color. The con-
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cept of color is difficult to understand, not easy to define, and
is often related more to art than science. Within dentistry,
color matching between natural teeth and restorative mate-
rials, is often a misunderstood and unpredictable procedure.
Many authors have tried in the past to address this issue. The
paper from Clark of 1933 [1], based mainly on the Munsell
color scale of 1905, was the first attempt to organize dental
colors. In the same period, the Commission International de
I’Eclairage published the first standards for color matching,
establishing some scientific parameters for color evaluation
[2]. However the absence of valid scientific instruments for
color measurement did not allow significant improvements at
that time. In the 1950s, the first dental shade guides based on
a rational arrangement of shade tabs were introduced to the
dental profession and, even if still based on individual percep-
tion rather than on strict scientific criteria, they were rapidly
adopted by clinicians. Sproullin the early 1970s [3-5] published
a series of articles in which the three dimensional nature of
color and its relationship with dental shades was studied, and
a series of theoretical and practical indications were given in
order to improve color matching in dentistry. These articles,
that represented for a long time the “state of the art” for den-
tal color matching, pointed out how the procedure for shade
taking was negatively influenced by several factors, among
which shade guides that were regarded as poor and inade-
quate in relation to the complexity of the appearance of the
teeth. Meanwhile, the developing science of color, which was
led by the needs of industry, defined colors, measured them
and calculated differences in order to allow proper color con-
trol in industrial processes. Since the Munsell system as well
as the CIE specification of 1931 had an irregular space dis-
tribution, this resulted in differences between calculated and
perceived color differences, and for this reason it was clear
that a new system for color measurement was required. In
1976 and 1978 the CIE developed a new system, called CIELab*
[6,7], in which for the first time it was possible to express color
by numbers and calculate the differences between two col-
ors in a way that corresponded to visual perception. In this
system, which is regarded as the benchmark for scientific
purposes, color is expressed by three coordinates: L* value is
the degree of lightness of an object, a* value is the degree of
redness/greenness, and b* value is the degree of yellowness/
blueness [7].

The CIELab* system was scientifically based and useful for
calculating color differences, but not amenable to easy color
communication. For color communication, the HSB/HSV (Hue;
Saturation or Chroma; Brightness or Lightness or Value) sys-
tem is most commonly used, even in dentistry. In this system,
H (Hue) is defined as the radial component of the cylindrical
coordinates CIELab* and calculated according to the formula
hg,=arctan (b*/a*); S (Saturation or Chroma) is defined as
the radial component of the cylindrical coordinates CIELab*
and calculated according to the formula Gy, = [(a*)? + (b*)2]¥2;
L (Lightness or Brightness or Value), corresponds to the L*
of the CIELab* system and represents the lightness-darkness
of a color [7]. Color can be measured in these two sys-
tems, as well as in other systems such as CIELuv, XYZ,
Lch and RGB. All these systems differ mathematically, but
may be correlated to each other by the use of conversion
formulae.

In the CIELab* system a formula is used to calculate color
differences:

2 2 2,1/2
AEgp = [(L1 — L2)" + (a1 — a2)” + (b1 — b2)]

This “AE” value became pivotal in color science, for both
industry and dentistry [8]. Following this new fundamental
approach to dental color science, instruments like colorime-
ters and spectrophotometers were quickly developed and
improved to measure color and color differences. Unfortu-
nately, color matching in dental practice did not benefit
immediately from these developments and visual assessment
was still considered to be the best approach. This was mainly
due to the fact that the appearance of an object is not only
related to the color attributes of the CIELab* system but is also
heavily influenced by the geometric attributes of appearance
such as gloss, opacity, transparency, translucency, and optical
phenomena such as metamerism, opalescence and fluores-
cence [9] (Table 1). As the tooth is affected by all these different
aspects of color perception, the optical characteristics of a
tooth were considered too difficult and obtaining a proper aes-
thetic result was considered an art form and not a completely
standardized and predictable procedure. Dental color match-
ing then developed so that errors in visual color selection were
minimized and instructions for dental porcelain fabrication
were introduced [10-13].

In 2004 the specification for measurement of color differ-
ences was upgraded by the CIE [14] and an improvement of
the AE,, formula was proposed. This new formula is defined
as AEqo:

AEgo = {[AL/(RLSL)]* + [AC/(kcSc)]® + [AH/(RuSw)]?

+RT[AC'/(kcSc)] x [AH'/(kcSA)}?

This new formula has been developed in order to intro-
duce weighing functions (S, Sc and Sy) and parametric factors
(kr, kc and ky) to allow for differences in texture, background,
separations, etc for the lightness, chroma and hue compo-
nents, respectively. The aim was to improve the correlation
between visually perceived differences and calculated dif-
ferences. Lee [15] reported that the two color formulae can
be used interchangeably for the evaluation of color differ-
ences, even if the AEq formula should be considered for the
evaluation of changes in separate color parameters such as
Lightness, Chroma and Hue. Perez Mdel et al. [16] reported a
significant correlation between AE,;, and AEq, even if a signifi-
cantinvolvement of weighting functions for lightness, chroma
and hue components was observed, thus recommending the
use of AEgg. Wee et al. [17] reported that the AEqg color dif-
ference formula provides a better fit to the calculated color
differences, thereby providing better indicators of human per-
ceptibility and acceptability of color differences between tooth
colors. Johnston in 2009 [18] reported that it can be expected
that the revised color difference formula will be used in dental
research and other dental applications. Ghinea et al. in 2010
[19] reported that the CIEDE2000 color difference formula pro-
vided a better fit than the CIELAB formula in the evaluation of
color difference threshold of dental ceramics. Notwithstand-
ing the possible beneficial use of this improved formula, most
of the papers recently published in the dental literature still
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Table 1 - Main definitions for appearance related to tooth [9].

Color attributes
L* (Lightness, Brightness, Value)
a*

Perception by which white objects are distinguished from gray objects and light from dark colored objects
In CIELAB opponent-color scale, the degree of redness/greeness

b* In CIELAB opponent-color scale, the degree of blueness/yellowness

C (Chroma, Saturation)
lightness
H (Hue)
purple and so forth
Geometric attributes
Scattering
throughout a range of angles
Opacity
Transparency
Translucency
Optical phenomena
Opalescence

The attribute of color perception that espresse the degree of departure from the gray of the same

The attribute of color perception by means of which an object is judged to be red, yellow, green, blue,

The process by which light passing through granular, fibrous or rough surface matter is redirected
The property of a material to hide what is behind it
The property of a material by which a negligible portion of the transmitted light undergoes scattering

The property of a material by which a major portion of the transmitted light undergoes scattering

The process by which a material appears yellowish-red in transmitted light and blue in the scattered light

perpendicular to the transmitted light. The phenomenon is named after the appearance of opal stone

Fluorescence

Metamerism

The process by which electromagnetic radiation of one spectral region is absorbed and reradiated at
other, usually longer, wavelengths
The phenomenon whereby the color of specimens match when illuminated by light of one spectral

composition despite differences in spectral reflectance of the specimens, and that consequently may not
match in light of some other spectral composition

Gloss
appearance

The property of a surface which involves specular reflection and is responsible for lustrous or mirror-like

refer to AEy,. This is probably due to the relative complexity
of the AEq formula, as well as to the ease of comparison with
earlier studies, even if the transformation of L*a*b* into L'a’b’
is just a matter of arithmetics [20].

3. Threshold

Since spectrophotometers can detect small differences in
color at a level that is not appreciable by the human eye, an
important issue of color science in dentistry is to establish a
reference value for the evaluation of study results in terms
of AE. In other words, if in a study a certain difference in
terms of AE has been measured, it is important to understand
whether this difference can be perceived by the human eye
and, if so, whether this difference can be considered clinically
relevant. This value is subjective and is therefore difficult to
establish. Sim et al. [21], in a study performed by matching the
shade tabs of the Vita Lumin shade guide reported that per-
ception varies between different groups of dental personnel
and thereby established the individuality of color perception.
A quite old but frequently cited article is a study by Kuehni
et al. [22]. In this study experienced industrial color matchers
were examined and the average AE CIELab for perceiving color
difference was AE=1. Seghi et al. [23] in a study performed
with translucent color porcelain disks,and dental profession-
als reported a color difference of AE=2. Ragain et al. [24] also
evaluated color difference acceptability in translucent porce-
lain disks and reported an average acceptability threshold of
AE=2.72. Johnston et al. [25] in 1989 published in the Jour-
nal of Dental Research a study which established this limit
as AE=3.7 despite indicating the importance of other fac-
tors such as translucency and effects of the surroundings, in
appearance matching. The value reported in this study has
been referenced for many years. Later, it was focused that one
single value was probably not completely representative of

the problem, and that a differentiation between perceptibil-
ity (the difference that can be identified by the human eye)
and acceptability (the difference that is considered tolerable)
was proposed. Douglas and Brewer [26] found that the thresh-
olds for perceptibility (mean 0.4 AE units) were significantly
lower than thresholds for acceptability (1.7 AE units) for metal
ceramic crowns differing in their chroma. Vichi et al. [27] pro-
posed 3 different intervals for distinguishing color differences.
In this paper, considering that the ability of the human eye
to appreciate differences in color differs between individuals,
since it is a combination of eye characteristics and skill of the
operator [28], AE values of less than 1 unit were regarded as
not appreciable by the human eye; AE values greater than 1
and less than 3.3 units were considered appreciable by skilled
operators, but clinically acceptable; AE values greater than
3.3 were considered perceivable by untrained observers (e.g.
patients), and for that reason were regarded as not accept-
able [29-31]. Douglas et al. [32], in a study on denture teeth,
reported the 50/50 perceptibility to be AE=2.6 and acceptabil-
ity as 5.5 AE, confirming that tolerances for perceptibility were
significantly lower than tolerances for acceptability for shade
mismatch. Conversely, Lindsey et al. [33] in a study on com-
puter simulated teeth, reported that no differences between
thresholds for acceptability versus perceptibility were found.
More recently, Ishikawa-Nagai et al. in 2009 [34] reported in
a study on all-ceramic crowns that a AE=1.6 represents the
color difference that could not be detected by the human eye.
Ghinea et al. [19], using the calculation for both AE;, and the
new AEg formula, reported a significant difference between
perceptibility and acceptability thresholds for dental ceram-
ics. In their paper, different values of AE were reported with
the same data set depending on the AE formula, AE; and
AEqo, and of the fitting method, S-shaped curve and TSK Fuzzy
Approximation, used for calculation.

Despite much effort, the identification of a AE value for the
“clinically acceptable differences” is a very difficult task and
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the establishment of a widely accepted limit is still controver-
sial.

4, Color selection
4.1. Shade guides

Tooth shade matching is most frequently performed visu-
ally using dental shade guides. The first large-diffusion shade
guide was introduced onto the market in 1956 by Vita Zahn-
fabrik for the measurement of the color of ceramic systems,
and it introduced some visual parameters that with some
minor modifications are still routinely used by dental prac-
titioners. The shade guide proposed in 1956 established a
widely adopted reference and remained almost unmodified
until today. This shade guide, now called Vitapan Classical
consists of 16 tabs arranged into four groups (A-D) of different
Hue. Within each group, Lightness and Chroma are identi-
fied by a number. As number increases, Lightness decreases
and Chroma increases [35]. This worldwide diffused shade
guide has the advantage of ease of use but it lacks a logi-
cal and adequate distribution in the color space as defined
by CIELab* specifications. This is not surprising as it was
developed more than 20 years before the CIELab* specifi-
cation was introduced. Another quite popular shade guide
is the Ivoclar-Vivadent Chromascop. Similarly to the Vita-
pan Classical, the Chromascop shade guide is arranged in
groups based on 5 different color definitions mostly based
on Hue, and according to increasing Chroma and decreas-
ing Lightness within each group. It additionally shows an
irregular distribution of the shade in the CIELab* color space
[36]. In the late 1990s the CIELab* system was first incor-
porated into dental shade guides with the development of
the Vitapan 3D-Master Toothguide. This shade guide is based
on a color classification principle in which the three dimen-
sions of color, i.e. Lightness, Chroma and Hue, are considered
equally so that the determination of shade can be easily
carried out using systematic, consistent criteria [35,37-39].
The shade guide consists of 29 tooth-shaped tabs built up
with cervical, dentinal and incisal powders and made of
feldspar nepheline and high-temperature ceramic pigments
from the VITA family of ceramic porcelains. Tabs are arranged
in groups of two or three to form six sets (numbered 0-5).
The Group “0”, originally not present, was added later for
the shade matching of bleached teeth [40,41]. These “num-
bers” express the degree of Lightness, that remains constant
within each group. Chroma is expressed in different degrees
within each Lightness group and Hue is expresses as a vari-
ation of the basic one (M) to a more yellowish (L) or reddish
(R). The distance between each of the pairs of adjacent colors
is approximately 2 AE units. Each of the six Lightness lev-
els differs from the next by a AE of approximately 5. Each
Chroma level differs from the next by a AE of approximately
6 [42].

The VITA 3D-Master Shade Guide addressed the most
important deficiency of the other shade guides, i.e. a more
ordered color distribution [37,40,43], based on scientific cri-
teria, within the natural tooth color space and an objective,
numerical measure of color, according to the colorimetric

CIELab* order principle, rather than on the mere observation
of the natural tissue aspects. From a procedural viewpoint, the
sequence of shade selection involves the sequential selection
of Lightness, Chroma and Hue. From a complete set of tabs,
the tabs placed on top are used for selecting the Lightness.
Then, the selected lightness group can be extracted from the
shade guide and Chroma (up-down) and Hue (left-right) have
to be selected in sequence from a three-dimensional simu-
lated arrangement. This approach reinforces the importance
of Lightness selection, which is particularly important since
Lightness is the parameter most perceptible to the human eye,
due to a greater number of rods (photoreceptor cells involved
in the transduction of monochromatic light into nerve signals
to the brain via the optic nerve) than cones (photoreceptor
cells that detect different colors), in the human retina. Another
reported advantage of this shade guide is the ease with which
the color can be corrected. After the try-in it is now possi-
ble to communicate the need for color correction referring
to one color parameter at a time instead of two simulta-
neously as with the Vitapan Classical or Chromascop shade
guides.

Despite the fact that the Vitapan 3D-Master shade guide
was scientifically based and systematically arranged in the
color space, its adoption in dentistry was initially limited. One
of the possible reasons was that its use introduced the need
for a different approach to “3D” color selection, that required
some additional education in terms of color knowledge. In
order to facilitate routine clinical work, the manufacturer
recently introduced the Linearguide 3D-Master. This is not a
new shade guide, but a different arrangement of the same
shade tabs from the Vitapan 3D-Master shade guide. Shade
selection is now performed by selecting Lightness with a
reduced set of 6 tabs which contain only the 6 different Light-
ness levels linearly arranged. After the Lightness selection,
6 reduced sets of tabs each containing only the tabs of the
same Lightness but with different Chroma and Hue linearly
arranged are provided. This new arrangement seems to better
meet the needs of clinicians in terms of ease of use, thereby
leaving the traditional 3D color distribution in the color space
unmodified [35,44].

4.2. Shade taking devices

The traditional clinical procedure of visually matching shade
tabs with teeth might be negatively influenced by several
factors, including variations in the type and quality of light
[45,46], the presence of color blindness and/or color percep-
tion defects [47,48], differences in gender [49,50] and variations
in experience of the evaluators [51-53]. In order to minimize
color mismatch due to visual estimation and improve the color
selection procedure, shade taking devices were developed.
Two main categories of electronic instruments for general
color measurement are available: colorimeters and spec-
trophotometers [9]. The colorimeter is generally a relatively
simple and low-cost instrument that is designed to measure
color on the basis of three axes or stimuli by using a filter
that simulates the human eye. The spectrophotometer is a
more sophisticated instrument, built to measure by reflection
or transmission an observed object, giving the entire spec-
tral curve and is limited for color measurement to the visible
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Table 2 - Shade taking devices commercially available.

Shade taking devices

Instrument Company Type

Shade Eye Shofu Colorimeter

Easyshade Vita Spectrophotometer

Easy Shade Compact Vita Spectrophotometer

Shade Scan Cynovad Digital color imaging/colorimeter

Shade Vision X-Rite Digital color imaging/colorimeter
SpectroShade Micro MHT/Degussa Digital color imaging/spectrophotometer
Clear Match Clarity Dental Software (requires a digital camera)
Color Scanner 2006 Nuova Franco Suisse Software (requires a digital camera)
DVS11 DV Spectrophotometer

Crystal Eye Olympus Digital color imaging/spectrophotometer
Shade X X-Rite Spectrophotometer

ShadeStar Degussa/Dentsply Spectrophotometer

frequency range (usually 350-800 nm). Significant advantages
with spectrophotometric measurements include the ability
to analyze the principal components of a series of spectra
and the ability to convert data to various color measuring
systems. Although the first spectrophotometers were already
very accurate, they were quite complex instruments, difficult
to manage or correctly calibrate and their use in dentistry was
limited to research purposes. In the last decade, advances in
electronics, more sophisticated CCDs and better fiber optic
technology have all resulted in the development of clinical
dental shade taking devices. These devices range from soft-
ware that can be used in conjunction with images taken with
a digital camera, to colorimeters and spectrophotometers,
in some cases combined with an imaging system (Table 2).
The SpectroShade Micro (MHT, Niederhasli, Switzerland) com-
bines digital color imaging with a spectrophotometer and is
one of the most representative of the various instruments.
This device acquires images with a 45/45° geometry and a
polarized filter is used to avoid specular reflection from the
tooth surface which can influence color evaluation. The polar-
ized images are then used for color analysis and calculation,
and for comparison with a data set of several shade guides
stored in the instrument. Its software can perform several
functions including both coarse and fine color shade mapping,
it can send data via e-mail to the laboratory and it can over-
lay the clinical image with the images taken of the porcelain
manufacturer to perform a virtual try-in. Another benchmark
instrument is the Easyshade Compact (Vita Zahnfabrik, Bad
Sackingen, Germany), released in 2009 as an evolution of the
former Easyshade. In order to avoid specular reflected light,
that contains little or no color information and that can nega-
tively affect color measurement, the Easyshade is engineered
relying on large diameter fiber optics arranged in a specific
pattern in a stainless steel probe that can both illuminate
a tooth and receive light that is internally scattered by the
enamel layer and reflected from the dentin layer of the tooth.
In this way, light can penetrate a tooth reaching the dentin
layer through the enamel, and then exiting by reflection some
distance away, in order to obtain the proper degree of absorp-
tion and dispersion inside the tooth structure. Due to the array
oflight fibers, it is possible to select two different reading areas
that differ in the distance from the tip of the probe of the
instrument. The reading at a longer distance (“Tooth” mode) is

indicated for measuring the color of the tooth, as the reading
area is ideally positioned at the dentin level; while the closer
one (“Restoration” mode) is designed to measure the color of
a dental ceramic. The instrument’s software is programmed
to give absolute CIELab* color values only for natural teeth.
When assessing the color of a ceramic, the spectrophotome-
ter provides the differences (A values) from color value presets
in the instrument’s database [54]. The shade matching per-
formance of electronic instruments has been compared with
visual assessment especially from a repeatability viewpoint.
Firstly, the use of the instruments is quite simple, and possi-
ble errors due to improper use are minimal. Intra-examiner
reliability was reported as acceptable [55]. In the traditional
procedure for shade selection, where shade tabs are visu-
ally compared to the natural tissues, repeatability has always
been considered low. Okubo et al. [56] in 1998 reported that
the repeatability of selecting the same shade when evaluat-
ing the same shade tab twice at different times was about
50%. Tung et al. [57] found that clinicians agreed with each
other with 73% of the color selections, while the colorimeter
agreed with itself 82% of the time. Paul et al. [58] reported that
visual shade selections matched 26.6% of the time while spec-
trophotometric shade selection matched 83.3% of the time.
Kim-Pusateri et al. [59] reported for an intra-oral shade taking
device repeated readings occurred 95% of the time with Vita
Classical and 91.2% with Vita 3D-Master. The same author, in
another study [60], reported values for four different instru-
ments ranging between 99% (ShadeVision) and 87.4% (Shade
Scan) in reliability and between 93% (Easyshade) and 67%
(Shade Scan) for accuracy. Derdilopoulou et al. [61], evalu-
ating visual and spectrophotometric shade analysis of 3758
teeth reported that spectrophotometric shade determination
seems to be significantly more reproducible than the visual
procedure. Browning et al. [62] reported that the Easyshade
device, when compared for accuracy and consistency to three
experienced clinicians, was at least comparable if not better
than the dentist. In particular, the degree of matching was
91% for Easyshade and 69%, 85% and 79% for the three clini-
cians, respectively. It should be noted that the results seemed
to improve with time. Despite this high repeatability of read-
ings, Hugo et al. [63] reported that computer-aided color shade
determination of natural teeth seems to not reflect human
perception. Fani et al. [64] reported that visual assessment
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performed by experienced clinicians and spectrophotome-
ter shade selection provided similar results. Paul et al. [65]
reported in a study on the fabrication of PFM crowns for
incisors, that in 9 of 10 cases the crowns fabricated on the
basis of the spectrophotometric indications were preferred
over crowns fabricated on visual assessment color selection.
Da Silva et al. [66] reported in a clinical study that crowns fab-
ricated using a spectrophotometer had a significantly better
color match and a lower rate of rejection due to shade mis-
match compared to crowns fabricated with a conventional
shade-matching method. Yoshida et al. [67] reported in a
spectrophotometric analysis of tooth color reproduction on
anterior all-ceramic crowns that that the precise color mea-
surement systems lead to an accurate verification of color
reproduction and its transfer. It should be noted that the
advantages of spectrophotometers can be appreciated even
for other aspects of color reproduction, such as communi-
cation with technicians. Gerhke et al. [68] reported in 2009
that spectrophotometric shade determination is more repro-
ducible compared to conventional visual shade assessment,
enhancing shade analysis, communication and fabrication of
dental restorations. Yoshida et al. [67] reported that the use of
a dedicated dental spectrophotometer during the fabrication
of all-ceramic crowns allows the dentist and the laboratory
technician to accurately communicate important information
about the shade, thereby allowing the technician better con-
trol over the outcome of their tooth color matching efforts
and the final color match of an all-ceramic restoration. The
spectrophotometer is also of value for evaluating the effect of
tooth bleaching. Kielbassa et al. [69] in a comparison of visual
and computer aided shade determination after using various
home bleaching procedures, reported that spectrophotome-
try was reproducible and objective. Ishigawa-Nagai et al. in
2010 [70] reported that the use of a dedicated spectrophotome-
ter allows the evaluation and measurement of the color of a
bleached tooth. This may be useful for evaluating the effect of
bleaching as well as to understand when the bleached tooth
color has become stable. Recently, these instruments have
been used for research purposes. Lehmann et al. [71] reported
in a comparison between one spectrophotometric reference
system and 4 clinical spectrophotometers that the electronic
dental color-measuring devices showed excellent repeatabil-
ity, but some devices showed substantial deviation in color
coordinate values from the spectrophotometric reference sys-
tem. Notwithstanding this possible limitation, the use of these
devices for research purposes has become quite extensive.
These instruments have also shown a great potential for edu-
cational purposes as they allow an improved understanding
of color perception and its correlation with clinical aspects,
helping to achieve the Sproull aim to teach color science to
under- and post-graduate students.

Shade taking spectrophotometers are at present suffi-
ciently developed to help clinicians make shade related
decisions even if they are not yet able to entirely substitute
visual assessment. This has been recently reported also by
Chu et al. [72] in a review, that even if these instruments are
useful tools in color analysis, communication, verification of
shade, whenever possible, both instrumental and visual color
matching methods should be used, as they complement each
other and can lead towards predictable aesthetic outcome.

4.3. Shade reproduction: porcelain fused to metal
restorations

Dental porcelain, with its properties of wear resistance,
strength, toughness and aesthetics is the preferred material
to replace natural tooth tissue in prosthetic dentistry [73].
However, the reproduction of a selected shade with dental
porcelain is not an easy task because many factors may influ-
ence the outcome. Wee et al. [74] found that reliable delivery of
a properly matched restoration to existing porcelain restora-
tions cannot be ensured regardless of the shade assessment
method used (visual or computer-generated). Douglas et al.
[75] found that the ability to reproduce the color of the target
shade tab differed among laboratories and most crowns fabri-
cated by the laboratories in their study, when compared to the
prescribed shade tab, were above the clinical threshold for an
acceptable shade match. This is probably due to the long list
of factors that are relevant in influencing the final color of the
porcelain restorations. In traditional porcelain-fused-to-metal
restorations, one of the reported manipulatable variables is
the metal substrate. Many alloys are available [76] and dif-
ferent alloys may influence the final color of the restoration
[77-85]. This is due to the different color of the metal substruc-
ture but also to the fact that different metal alloys produce
slightly different metal oxides which may influence the color
observed [86]. Kourtis et al. [87] reported that Au and Co-Cr
alloys were found to be brighter (higher L* values) than the
Ni-Cr and the Pd alloys. Ceramco porcelain was found to be
the most red (higher a* values) of all tested alloys. Gold and
Pd alloys caused a yellow shift to the metal-ceramic color
compared to the Ni-Cr and the Co-Cr alloys. The authors
concluded that the final color of the metal ceramic was influ-
enced by the type of alloy substructure. Stevenson et al. in
a recent review [86] reported that high gold-backed samples
were lighter (higher L*) than samples backed by nickel chrome
and silver-palladium alloys. Gold-backed samples were found
to be more yellow (higher b*) than base metals. The effect of
silver-palladium on yellowness (b*) was reported to be con-
troversial. In general, the differences (AE) induced by the use
of different alloys were perceptible but at the limits for clini-
cal acceptability. In order to minimize the effect of the metal
substrate on the color of the restoration, an Opaque layer is
generally applied as the first ceramic layer. Even when varia-
tions of this layer, particularly of thickness, were reported to
influence the final aesthetic results [81,88,89], the color dif-
ferences measured were reported to be within the range of
clinical acceptability [84]. Opaque can be applied in different
modalities, such as paste, premixed paste mixed with a water
base liquid, airbrush spray gun and pre-packaged aerosol
spray. Jorn at al. in a recent paper [90] reported that no visible
color differences were found between the different application
methods. Another predominant manipulatable variable is the
number of firing cycles. The Opaque itself can be influenced by
repeated firings; Yilmaz et al. in 2009 [91] reported that subse-
quent firings significantly affected the color of a 0.1-mm-thick
layer of opaque porcelain but color shifts were below the lim-
its for perception and clinically acceptable. After the Opaque
layer, the porcelain layers are applied in various degrees of
opacity in order to imitate the natural effect of the tooth struc-
ture. The effect of repeated firings on the color of the various
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porcelain layers has been the subject of several investigations
and it appears that this factor is able to produce modifica-
tion in color to a clinically relevant extent [92-100]. Several
studies demonstrated that the layering ratio between the vari-
ous opaque and translucent shades greatly influences the final
results of the restoration. Omar et al. [101] reported that even if
a correct shade selection is performed, by itselfitis not enough
if not correlated with thickness and layering of the restoration.
Fazi et al. [102] analyzed whether the indications coming from
the manufacturers in terms of porcelain layering were suffi-
cient in order to achieve the intended shade. They concluded
that guidance given by the manufacturer to help the techni-
cian to obtain the color match between the selected shade
and the final restoration is very limited, and not sufficient to
avoid color mismatch, in particular because of the problems
connected with the layering patterns. Corciolani et al. [103]
evaluated the ability of one ceramic system to correctly repro-
duce the selected shade with reference to two available shade
guides. They reported that specimens layered in the Vita 3D-
Master shade guide exhibited a closer match in color than a
specimen of the same ceramic system in the Vitapan Classi-
cal shade guide, concluding that higher color correspondence
can be considered shade guide dependant. In another paper
[104] the same author reported that two different ceramic
systems, both in VITA 3D-Master Toothguide, performed dif-
ferently in terms of shade matching, thus concluding that the
scheme followed for layering the porcelain upon the metal had
a predominant role in achieving the selected color for PFM
restorations. Since the layering scheme related to thickness
is a key-factor for color match, the effect of single layers on
the final color have been reported to be critical. Jarad et al.
[105] in an in vitro study found that a change in enamel
porcelain thickness had a greater effect on higher chromatic
shades than those with lower chroma, and the reduction of the
enamel thickness produced three-dimensional color changes
(lightness, hue angle and metric chroma). Corciolani et al. in a
recent paper [106] analyzed the behavior of a specific ceramic
system with different total thicknesses of the restoration.
They reported that the individual thickness of each layer and
the ratio between the layers play an important role in achiev-
ing the best color match. In addition the authors reported
that the effect of the variation in thickness for each single
layer for the ceramic system tested might be useful for techni-
cians in porcelain layering as well as for color adjusting after
try-in. Other factors are reported to influence the final color
of the porcelain restorations such as glazing [107], mixing ratio
between powder and liquid [108], batch [98,109], temperature
of ceramic firing [92,110] and metal surface treatment [111].

As a result of this series of variables, the color match-
ing of PFM restorations to the selected shade is quite a
difficult task, and it is understandable why this proce-
dure might be at least partially unsuccessful in routine
dental practice. It should be noted that most of the pub-
lished literature referring to PFM restorations is quite old,
and despite the high degree of validity of these studies
as basic references, most of these materials tested have
been replaced by newer ones, hopefully with improved fea-
tures. It looks like there is a lack of knowledge between
the available literature and the PFM materials actually
used.

4.4. Shade reproduction: zirconia framework
restorations

Even though PFM materials still represent the majority of the
restorations made, metal-free restorations are gaining popu-
larity. In particular, the progressive introduction of zirconia
frameworks has noticeably increased the use of metal-free
restorations in dental practice, thanks to its peculiar mechan-
ical and physical properties, and optimal biocompatibility
[112-118].

From an aesthetic viewpoint, zirconia differs completely
from dental alloys. As natural zirconia is white, an immediate
advantage over PFM restorations is the absence of the metallic
collar usually placed on the margin, and identified by patients
as a “black line” as seen with gingival recession [119]. The
other optical property of zirconia that differs from traditional
alloys, is its relative translucency. Translucency is considered
one of the important factors responsible for matching color
of natural teeth with restorative materials [120-122]. Translu-
cency is defined as the property of a material by which a
major portion of the transmitted light undergoes scattering [9].
The translucency of dental porcelain is largely dependent on
light scattering [120]. If the majority of light passing through
a ceramic is intensely scattered and diffusely reflected, the
material will appear more opaque. If only part of the light
is scattered and most is diffusely transmitted, the material
will appear more translucent. The amount of light that is
absorbed, reflected, and transmitted depends on the crystal
content within the core, its chemical nature, and the size of
the particles [120]. An increased crystalline content in order
to achieve high strength cores will generally result in greater
opacity [73,123]. In metal-free restorations the translucency
is affected by the thickness of the core [124,125]. As soon as
the thickness of the core decreases, this results in an increase
of translucency even if at the same time this decreases the
strength. Few data are available on the translucency of differ-
ent zirconia core materials at the required clinical thickness.
Heffernan et al. [125] reported in 2002 an opacity (contrast
ratio) of 1.00 (completely opaque) for a 0.5 mm thick In-Ceram
Zirconia core, and these data have been confirmed by Chen
etal. [126], but In-Ceram Zirconia is structurally different from
Y-TZP zirconia as it is a glass-infiltrated material. Chen et al.
[126] reported an opacity value of 1.00 also for Cercon Base
Zirconia at 0.5 mm thickness. This brand of zirconia has been
reported to be a highly opaque one by Baldissara et al. [127]
who in a recent study reported different translucency values
for different zirconia materials with the direct transmission
method and light flow instead of the contrast ratio. In this
study, Lava Frame of 0.3 and 0.5 resulted in the most translu-
cent material among the tested ones. The authors reported
that all of the materials evaluated may be considered translu-
cent to a certain degree, although the quantity of transmitted
light is not remarkable when compared to the value of the
positive control flow. This supports the current definition of
zirconia as a “semi-translucent” core material. It should be
considered that the translucency of the core is not always con-
sidered to have a positive effect. The presence of discolored
tooth remnants, amalgam or other heavily colored restorative
materials, metallic post and cores or carbon fiber posts can all
interfere with the desired aesthetic result [128-131]. In these
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clinical situations, a highly masking material would be prefer-
able [132] and this reinforces the fact that there is no evidence
to support the use of a single ceramic material and system
for all clinical situations, as reported by Conrad et al. [133] It
should be taken into consideration that the translucency mea-
surements for zirconia cores are carried out on core material
in the absence of veneering material and are not represen-
tative of usual clinical conditions, in which the presence of
veneering porcelain can reduce the translucency, as a func-
tion of thickness, opacity and of the veneering material itself
[128,134].

The final color of the translucent cores is influenced by
the color of the cement [135] and it is possible that this could
affect the zirconia core as well. Only one paper could be found
on this subject, in which an influence of the opacity of the
cement for thin Lava Frame zirconia frames was reported
[136]. The white color of zirconia does not allow an opti-
mal aesthetic integration to be achieved per se, therefore a
veneering material must be used. In order to compensate for
the possible negative effect of the white color of the zirco-
nia on the final color of the restoration the use of liners has
been proposed [137,138]. These liners have been advocated
to reduce the zirconia-veneer bond strength and might be a
factor (or a co-factor) responsible for one of the reported prob-
lems of zirconia framed restorations that is the de-lamination
between the zirconia core and the veneering porcelain [139].
As an alternative to the use of liners, more recently stain-
ing solutions for the zirconia have been used before sintering
and/or the use of pre-colored zirconia has been proposed,
but their advantages are controversial. Aboushelib et al. [139]
reported that the application of the required veneer ceramic
over the natural zirconia framework resulted in an accurate
reproduction of the required color; while for colored zirconia
application of liner material or deep chroma dentin was nec-
essary to reproduce the required color. The author concluded
that using pre-colored zirconia frameworks did not offer any
direct advantages over the standard natural zirconia. More-
over, Hjerppe et al. [140] reported a decrease in strength of
zirconia that had been color shaded with zirconia coloring lig-
uids. Very little data are available on the shade reproduction
with veneering ceramic systems for zirconia cores [86,141].
Since the differences between veneering ceramics for zirco-
nia cores and veneering ceramics for PFM, alumina, glass
infiltrated and PFM restorations are mainly related to CTE,
it is reasonable to state that most of the factors influencing
the color of these more widely investigated ceramic systems
[138,142,143] may affect veneering ceramics for zirconia cores
as well. For example, the firing procedure has been reported
to influence the final color of zirconia restorations. Celik et al.
[144] reported that the color of the all-ceramic zirconia core
with different veneering porcelain shades is influenced by
repeated firings, and this was confirmed by Ozturk at al. [145]
who reported significant changes in Lab* color data as the
number of firings increased. With respect to layering, Lee et al.
[138] reported that the brand of core material used may influ-
ence the final color of sample equally veneered. Ho-Jung et al.
[141] in a recent paper, in which the effect of veneer ceramic
on zirconia substrate (Lava) was reported, observed that color
changes of the layered ceramics varied by brand, shade and
dentin porcelain thickness. The authors concluded that the

final appearance of zirconia core ceramic restorations can be
manipulated by varying the dentin porcelain thickness.

As a final consideration, it has to be underlined that very
few scientific papers are available at present on the color of
zirconia core restorations and that the subject requires to be
more widely investigated.

5. Conclusions

Achieving a natural looking restoration which satisfactorily
integrates with the biological tissues requires the skill of both
the clinician and technician. The desire to have a scientific
basis to a clinical procedure that has always been considered
an art form represents one of the greatest challenges in mod-
ern dentistry.

Achieving a correct color match between natural denti-
tion and restoration or prosthesis is a complex process which
consists of two specific procedures: color selection and color
reproduction.

The traditional shade guides with their irregular distribu-
tion of shades in the color space, even if still widely used, are
no longer adequate for the increasing demands of aesthetic
dentistry. The VITA 3D-Master Toothguide seems to be more
useful even if its use is still not yet widespread, perhaps due
to its complexity of use. The recent introduction of a linearly
arranged 3D master shade guide should simplify clinical use.

The clinical spectrophotometers look promising for help-
ing clinicians with shade selection. Despite the reported
positive indications from the literature, their use should still
be considered to be an adjunct to and not a replacement for,
visual assessment. These instruments have the capability to
become routinely used in clinical dentistry. They can be used
to help less experienced clinicians in color matching proce-
dures in order to avoid or at least reduce color mismatch.
Clinical studies are necessary to support laboratory data, in
order to provide evidence that instrumental color detection
may be as efficient as a human and more reliable.

The instructions given by ceramic manufacturers to help
technicians to obtain the desired color match between the
selected shade and the final restoration are very limited, and
not sufficient to avoid color mismatch.

Layering plays a determinant role in achieving the color
match with the intended shade. Depending on the final thick-
ness of the metal ceramic restoration, the individual thickness
of each layer and the ratio between the layers both play an
important role in achieving the best color match. The tech-
nician has to be able to individually adjust color parameters
in order to achieve a certain shade. Ceramic manufacturers
should provide specific schemes on how to layer their porce-
lain material relative to the final thickness of the restoration
in order to obtain the desired shade.

The use of a zirconia framework has not shown at present,
to greatly improve the aesthetic appearance of the restora-
tion. The white color of the zirconia and its low translucency
still limit the possibility of imitating the natural appearance
of a tooth and requires layering with feldspatic ceramic. Only
few data are available in the literature on the aesthetic perfor-
mance of layering over zirconia frameworks.
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