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This Critical Appraisal focuses on defining color match in dentistry through determination of percep-
tibility and acceptability visual thresholds. Differences between in vitro and clinical conditions,

monochromatic and polychromatic materials, and old and new Commission Internationale de l’Eclairage
(International Commission on Illumination; CIE) formulas will be considered. Color difference thresh-
olds can serve as a quality control tool and as guidelines for selection of dental materials and evaluation
of their clinical performance.
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A B S T R A C T

Statement of the Problem: There is
little agreement in the dental litera-
ture as to how much color differ-
ence constitutes an acceptable
shade mismatch or how much
color difference is perceptible to
observers. Most studies attempting
to determine perceptibility and
acceptability of tolerances for
shade mismatches have been
conducted under in vitro condi-
tions that are not applicable
to clinical scenarios.

Purpose: The goal of this
study was to determine valid
acceptability and perceptibility tol-
erances for shade mismatch in an
actual clinical scenario using spec-
troradiometric instrumentation.

Materials and Methods: A test
denture was fabricated that
allowed 10 maxillary left central
incisors of varying shade mismatch
with the right central incisor to be
interchanged within the denture
base. A spectroradiometer was

used to determine the CIELAB
coordinates and color differences
(DE) between the right central
incisor and the interchangeable left
central incisor denture teeth. The
interchangeable denture teeth
ranged uniformly from 1 DE unit
(visually undetectable) to >10 DE
units (an obvious shade mismatch).
The test denture with each of the
interchangeable teeth was modeled
by a subject to 28 dentists in a
clinical setting. For each of the
interchangeable teeth, dentist
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observers were asked if they could
see a difference between the central
incisors and, if so, whether the dif-
ference was acceptable. A Probit
regression analysis was used to
predict acceptability and per-
ceptibility tolerances with 95%
confidence limits.

Results: The predicted color differ-
ence at which 50% of the dentist
observers could perceive a color
difference (50/50 perceptibility)
was 2.6 DE units. The predicted
color difference at which 50% of
these observers would remake the
restoration because of color mis-
match (clinically unacceptable
color match) was 5.5 DE. Accept-
ability and perceptibility color
tolerances at the 50/50 level were
significantly different.

Conclusions: Tolerances for per-
ceptibility were significantly lower
than tolerances for acceptability
for shade mismatch between two
adjacent denture teeth in a
clinical setting.

C O M M E N TA RY

Study design is critical when visual
judgments are involved. Many
design aspects of this study were

well planned, and the article is
a nice contribution to our under-
standing of perceptibility and
acceptability thresholds.

However, there are several con-
cerns. The first is related to differ-
ences in areas compared visually
(whole teeth) and instrumentally
(1 mm in diameter, at the middle
of labial surface). Averaging the
color of the small measured area in
the latter method obviously did not
take the overall tooth color transi-
tions into account. Even if we
assume that the color of the middle
third is an adequate representation
of the tooth color as reported in
some publications, this approach is
probably more appropriate for
instrumental color measurements
than for the psychophysical process
of color perception and interpreta-
tion. Second, overhead light with
possible shadowing by the patient’s
nose, uncontrolled illuminance,
and a “freestyle” shade matching
method (which likely resulted in
variability of viewing geometries
and shade matching distances) did
not enhance the control and
repeatability of the experiment.
Together with the differences in
evaluated tooth areas, these factors

likely contributed to the higher
values of perceptibility and accept-
ability thresholds as compared
with some other dentistry and
nondentistry studies.

Although routine clinical shade
matching is rarely controlled, clini-
cal research, especially when
dealing with color difference
thresholds and aiming to set stan-
dards for the profession, must be
carefully controlled. It would be
helpful to perform the identical
experiment under controlled
in vitro and in vivo conditions
and determine whether there
are discrepancies in color
difference judgments.
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A B S T R A C T

Statement of the Problem: Limited
studies have indicated that an alter-
native small color difference
formula would be more appropri-
ate for use in dentistry.

Purpose: The purposes of this
study were to determine which
color difference formula provides a
superior degree of fit for judgments
of perceptibility and acceptability
and to determine whether
different groups of evaluators have
different levels of perceptibility and
acceptability for each color
difference formula.

Materials and Methods: Each
observer from four groups (four
dentists, four dental assistants, four
technicians, and four patients)
made independent observations of
perceptibility and acceptability on
pairs of opaque porcelain disks
(14-mm diameter ¥ 3-mm thick-
ness). Color differences of the pairs
were calculated using DE*(ab), DE
(CMC)(l : c), and DE (2000) color
difference formulas. The observer
judgments were regressed to each
color difference independently for
perceptibility and acceptability. The
area under the receiver operator
curves was calculated and ranked,

and the optimal factor for the
Color Measurement Committee
(CMC; Society of Dyers and
Colorists, Great Britain) color
difference formula was chosen.
A repeated measures maximum
likelihood analysis of variance
(ANOVA) was applied to deter-
mine the statistical significance of
fit between the observer groups
and the various color difference
formulas for both perceptibility
and acceptability.

Results: A difference in the degree
of fit of the judgments of color
differences was found for the three
formulas and the two judgment
types studied, with no significant
interaction. There was a lower
degree of fit for the DE*(ab)
formula than for DE (CMC)(2 : 3)

and DE (2000) formulas. No sig-
nificant difference was found in the
mean judgment levels between the
observer groups studied, nor with
any interaction.

Conclusions: The DE (2000) and
DE (CMC)(2 : 3) color difference for-
mulas provide a better fit to the
calculated color differences, there-
fore providing better indicators of
human perceptibility and accept-
ability of color differences between
tooth colors.

C O M M E N TA RY

Luo and colleagues tested four reli-
able color discrimination data sets
and found that the CIEDE2000
formula outperformed CMC and
CIE94 by a large margin. The
superior performance of
CIEDE2000 as compared with
CIELAB was also reported in
several dentistry-related studies.
However, we are not aware of
another publication that reported
on the performance of three color
difference formulas (CIELAB,
CIEDE2000, and CMC[2 : 3])† in
quantifying perceptibility and
acceptability thresholds in den-
tistry. The study was performed
under in vitro conditions, using
pairs of monochromatic (opaque
ceramics), tooth-shaped specimens
(visible part), and a background
that mimicked the color of
gingival tissue.

It appears that the narrow color
range of natural teeth justifies the
absence of multiple centers
(anchors) in this study. Instead,

†CIELAB (CIE76), CIE94, and CIEDE2000
are color difference formulas of the CIE
system; CMC(l : c) is a modification of CIE76
formula developed by the CMC of the Society
of Dyers and Colorists. Its two parameters,
lightness (l) and chroma (c), allow the users to
weight the difference based on the ratio of l
to c (such as CMC[2 : 3], see earlier discussion).
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there was one anchor pair (stan-
dard color difference pair) with a
negligible color difference. The
maximum CIELAB color difference
as compared with the anchor speci-
men was 5.2, which is less than the
50 : 50% acceptability threshold
reported by Douglas and col-
leagues. (See previous structured
abstract in this Critical Appraisal.)

According to studies on visual judg-
ments, the repeatability of a single
observer and the reproducibility
between observers are alarmingly
poor, and it has been recommended
to include at least 20 observers in
order to achieve reasonable agree-
ment (Berns). Therefore, results
from a total of 16 observers in this
study can be considered sufficient,
whereas the results by group (only
four observers in each) are prob-
ably less relevant.

The finding that the CIEDE2000
and CMC(2 : 3) formulas provided
better fit to the calculated color
differences and were better

indicators of perceptibility and
acceptability thresholds as com-
pared with CIELAB is very rel-
evant. It is also nice that the
dentistry-related findings in this
study were in accordance with the
color science literature.

Although this study was designed
and executed well, the authors
failed to report the color difference
thresholds obtained using the
various formulas. The good news,
however, is that some threshold
values can be extrapolated from
the article. Based on one of the
figures in this article, CIEDE2000
perceptibility and acceptability
thresholds were approximately 1.2
and 1.6, respectively. Based on
another of the figures and the lit-
erature, this might correspond to
CIELAB values of approximately
1.5 to 1.8 and 4.0, respectively.

The finding by Barrett and col-
leagues that there was no differ-
ence in the matching of flat disks
compared with the matching of

shade tabs brings certain clinical
relevance to the above-mentioned
thresholds (with caution related to
approximation on CIELAB thresh-
olds). In addition to the in vitro/in
vivo comparison suggested at the
end of the first commentary, it
appears that a monochromatic/
polychromatic comparison in clini-
cal settings might shed more light
on this area.
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A B S T R A C T

Statement of the Problem: Restora-
tion of esthetics is an important
need for patients who wear facial
prostheses, which emphasizes the
rationale for the evaluation of
properties and mechanisms that

might contribute to the fulfillment
of this need.

Purpose: The purpose of this
study was to determine the per-
ceptibility and acceptability thresh-
olds for color differences of light

and dark skin-colored
maxillofacial elastomers.

Materials and Methods: A total
of 15 pairs of light specimens
(mimicking white, Asian, and
Hispanic skin), and 15 pairs of
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dark specimens (mimicking
African-American skin) were made
using skin-colored maxillofacial
silicon elastomers, combined with
opacifiers and pigments. Color
match/mismatch and acceptable/
unacceptable mismatch of each
pair of specimens were visually
evaluated by 45 evaluators under
controlled conditions of a viewing
booth. Color differences were
calculated using CIELAB and
CIEDE2000 formulas. After calcu-
lating the model parameters,
receiver operating characteristics
(ROC) curves and area under the
ROC curve (AUC) were analyzed.
Repeated measures ANOVA and
Tukey’s HSD test were used in
statistical analysis.

Results: CIELAB/CIEDE2000 per-
ceptibility and acceptability thresh-
olds for light specimens were
1.1/0.7 and 3.0/2.1, respectively.
Corresponding values for dark
specimens were 1.6/1.2 and 4.4/
3.1. Differences in primary speci-
men color and type of threshold
were found to be significant.
Only the primary specimen color
effect was found significant in
AUC comparisons.

Conclusions: Within the limita-
tions of this study, both main
effects of threshold type (percepti-
bility and acceptability) and
primary color (light and dark) on
50: 50% color difference thresh-
olds of colored maxillofacial

elastomers were found significant
for both color difference formulas
used (CIELAB and CIEDE2000).
In addition, significant interaction
between the two main effects was
found, indicating a stronger effect
of skin type on acceptability than
on perceptibility thresholds.
Primary specimen color (light
versus dark) was found to be the
only significant main effect on the
AUC of ROC curves constructed
from logistic regression.

Clinical Implications: Color differ-
ence thresholds of maxillofacial
skin replications can serve as
guidelines and as a quality control
tool for maxillofacial prostheses,
thus contributing to patients’
need for improved esthetics of
these prostheses.

C O M M E N TA RY

The skin is the body’s largest
organ, so it is not surprising that
the restoration of skin esthetics is
reported to be the highest priority
for patients who wear facial pros-
theses. Although facial prostheses
are by far less frequent than direct
and indirect dental restorations,
the severity of clinical indications
(patients who lose parts of their
face because of cancer, trauma, or
birth defects) require full attention
of the dental community.

Ethnicity-wise, people of African,
Asian, and Hispanic origin are less
affected than Caucasians, but

investigation of color and other
properties of their skin deserves the
same attention. This is why visual
judgments in this study were per-
formed on light and dark speci-
mens, made using the typical
formulations for fabrication of
facial prostheses for patients of
different ethnicities in the clinical
setting. There were two “calibra-
tion pairs” with negligible color
difference, one for each light and
dark specimens. Color differences
between specimen pairs in both
groups were balanced. Mean color
differences (ranges) between light
specimens were 2.8 (0.1–5.7) and
1.9 (0.1–3.9) for CIELAB and
CIEDE2000, respectively.
Corresponding values for dark
specimens were 2.8 (0.7–5.9) and
2.0 (0.4–4.0), respectively.

The number of observers was
adequate and color matching con-
ditions were carefully controlled.
Visual comparisons were per-
formed in the viewing booth using
a local D50 illuminant (overhead
lights were turned off), with an
illuminance (light intensity) of
approximately 1,000 lux. Speci-
mens were observed in edge-
contact along their length, using
0/45° optical geometry. Larger
sizes increase visual precision:
25-mm ¥ 50-mm ¥ 3-mm speci-
mens combined with the observa-
tion distance of 30 cm enabled a
visual angle of subtense of 10°.
This also corresponded to the CIE
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1964 standard observer used for
the instrumental assessment.

According to literature, color dif-
ference thresholds of human skin
were evaluated only on silicone
hand and digit prostheses (Leow
and colleagues). For light skin,
they reported perceptibility and
acceptability thresholds of DE* =
0.8 and DE* = 1.8, respectively.
Corresponding values for dark skin
were DE* = 1.3 and DE* = 2.6.

It is true that color stability of
facial prostheses is presently a huge
concern. However, this does not
diminish the need for a scientific
evaluation of skin color that is
unaffected by the choice of materi-
als. Future research should address
the limitations of this study, such
as the influence of the experiment
setting (in vitro or clinical) and the
influence of differences in hue,
value, and chroma on color
difference thresholds.
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T H E B O T T O M L I N E

The color appearance of dental restorations should match corresponding tissues to achieve acceptable
esthetics. One of the shortest yet most accurate explanations on the importance of color in dentistry was
given by Bergen: “Color is unimportant to the physiologic success of a dental restoration, yet it could be
the controlling factor in the overall acceptance by the patient.” Indeed, color and appearance are the
alpha and omega of esthetic dentistry: if a huge color mismatch exists, there is no esthetics, regardless of
everything else.

The most important questions we have to address are “What is a color match in dentistry?” and “How
good a match is good enough?” This Critical Appraisal aims to provide some elements relevant to
addressing these questions. The answers are probably applicable to all esthetic restorations in dentistry.
Three major groups of issues should be considered:

1. Color compatibility—between dental material and human tissues, and among various dental
materials; this category includes color compatibility of shade guides

2. Color stability—during reproduction/clinical placement, after placement (aging and staining), and
effects of tooth whitening on teeth and dental materials

3. Color interactions—color shifting of esthetic restorative materials: changes in perceived color because
of blending, physical translucency, and/or masking potential (layering)

Studies on perceptibility and acceptability visual judgments and thresholds in dentistry have been mostly
focused on tooth-colored materials. The variability of reported thresholds suggests that a systematic
approach and standardization of methods are needed.
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The 50 : 50% perceptibility threshold is the color difference between compared objects that can be
detected by 50% of observers, whereas the other 50% of observers will notice no difference. A color
match in dentistry therefore can be defined as a color difference at or below the 50 : 50% perceptibility
threshold. According to literature, when color differences are slightly above the perceptibility threshold
(suprathreshold), perceptibility and acceptability judgments are frequently identical. As the difference in
color increases, they become different. The so-called “just-perceptible difference” is usually too small as
compared with what would be considered an acceptable color difference in dentistry, and the same is true
for other industries. Color difference tolerance can therefore be defined as the just-perceptible difference
increased by a commercial factor (Berns). The 50 : 50% acceptability threshold is the color difference that
is considered acceptable by 50% of observers, whereas the remaining 50% of observers would replace or
correct the restoration because of color mismatch. Analogously, an acceptable color match in dentistry is a
color difference at or below the 50 : 50% acceptability threshold.

After defining the questions on color match, 50 : 50% perceptibility and acceptability thresholds, and
three groups of color-related topics, it is relatively simple to implement the thresholds to answer our ques-
tions related to color compatibility, color stability, and color interactions. Color difference below the
50 : 50% perceptibility/acceptability threshold is outstanding and acceptable, respectively. The exceptions
are tooth whitening and blending, where color difference above the 50 : 50% perceptibility/acceptability
threshold is acceptable and outstanding, respectively.

The 50 : 50% perceptibility and acceptability visual thresholds are very convenient for the interpretation
of color differences in dentistry. Combined visual and instrumental methods are necessary to quantify
these thresholds. Although beyond the scope of this Critical Appraisal, it should be mentioned that other
elements of appearance, including gloss and translucency, affect the color appearance and overall esthetics
of dental restorations.
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