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Abstract

Several studies have attempted to define the performance of most commercially available
shade guides. The purpose of the present study was to compare the coverage errors of three
commercial shade guides for a selected Greek population and to investigate whether there
is a difference between the coverage errors of the three shade guides for different types of
anterior teeth of the selected population. Adult participants with healthy maxillary anterior
teeth were recruited for color assessment. Color coordinates were measured for central
incisors, lateral incisors, and canines of 212 individuals. Tooth shades were measured at
the middle third using the Spectroshade Micro spectrophotometer, and three shade guide
systems (Ivoclar, Vitapan Classical, and 3D Master) were evaluated under standardized
conditions for comparison. The coverage errors of Ivoclar and Vitapan classical shade
guides were not significantly different from each other for all teeth and for the three tooth
types separately. However, 3D Master shade guide exhibited significantly lower coverage
errors for all teeth and for the three tooth types separately (p < 0.001). 3D Master performed
better than the other two shade guides for shade matching with natural dentition in the
selected population.
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1. Introduction

Dental aesthetics play a crucial role in patient satisfaction, particularly in the anterior
region, where even minor discrepancies in color can compromise the perceived success of a
restoration. Color matching is therefore a critical step in restorative dentistry. Delivering a
successful single anterior tooth restoration is probably one of the most challenging tasks
a clinician has to face. Patients often report dissatisfaction with the color of their anterior
restorations, either direct [1] or indirect [2]; therefore, correct shade matching is of utmost
importance. Shade matching can be performed either visually or instrumentally. It is
widely accepted that visual shade matching is the most subjective and, therefore, less
reliable method [3,4]; however, it remains the most frequently used. Visual shade matching
is performed with the aid of shade guides, with Vita Classical being the most popular one.

Decades ago, Sproull suggested the basic requirements of a shade guide: a logical
arrangement in color space and an adequate distribution in color space [5]. Coverage error
(CE) is an index that shows the mean value of the minimum color difference between all
items of one shade system and every natural tooth in a population and is mainly used
to assess how effectively the shade guide represents the color range of human teeth [6,7].
Unlike visual evaluation, CE provides a reproducible and population-based assessment,
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making it a more relevant indicator for evaluating the adequacy of shade guides. When
instrumental or visual color differences in dentistry are investigated, visual acceptability
threshold (AT) and perceptibility threshold (PT) are utilized as additional tools to under-
stand and interpret the results [8]. If the CE value remains under the AT, restorations made
using the most similar shade tab are expected to be perceived as acceptable. Conversely,
once the CE surpasses the AT level, restorations fabricated with the closest available shade
are more likely to be judged unacceptable.

In the first studies on the topic, the CE was not used to assess the performance of
the shade guides, and the estimation was rather qualitative. Goodkind and Schwabacher
reported that commonly used shade guides did not adequately correspond to the natural
color distribution of anterior teeth, particularly in regions of higher value, chroma, and
the yellow-red range [9]. Similarly, subsequent investigations demonstrated insufficient
color space coverage by commercial shade guides, suggesting the need for expanded
distributions toward higher a* and L* values [10].

Objective colorimetric studies further confirmed the limited coverage of commercial
shade guides. Measurements of extracted human teeth showed that commonly used shade
guides covered only a portion of the natural tooth color space, with Vita 3D Master demon-
strating greater, yet still incomplete, correspondence compared with other systems [11].
Similarly, in vivo measurements of central incisors revealed substantial color differences
between natural teeth and available shade tabs, indicating persistent limitations in shade
guide coverage [12]. A study in Germany measured 1391 teeth from 195 subjects in two
elderly age groups using a Vita Easyshade spectrophotometer [13]. Coverage errors (CE)
for Vita Classical and Vita 3D Master were 3.51 and 2.96, respectively, while mean CEs
calculated with the CIEDE2000 formula were 2.17 and 2.02. Only a small proportion of
measured teeth fell within AEab < 1 or AEab < 2 of the nearest shade tab. These results
indicate that both shade guides provide limited color coverage, although the 3D Master
performed slightly better. In further studies, multiple shade guide systems were com-
pared across different populations [14-16]. Coverage errors (CEs) for Vita Lumin Vacuum,
Chromascop, and Vita 3D Master were generally similar, although the 3D Master and
combined shade guides sometimes showed higher CEs than the others [14]. Importantly,
none of the shade guides fully covered the red region of the tooth color spectrum. In vivo
evaluations of Vitapan Classical and other commercial shade guides confirmed that none
achieved fully clinically acceptable shade matching, although the 3D Master consistently
produced the lowest CEs [15,16]. In another study, the coverage errors of the standard
3D Master shade guide and a version including intermediate values were compared in
2067 teeth [17]. The results showed minimal differences between the two guides, indicating
that adding intermediate values and chroma did not improve overall shade matching.
More recent studies have confirmed the limited coverage of commercial shade guides in
diverse populations [18,19]. Measurements of maxillary anterior teeth in dental students
and Indian populations showed that Vita Classical and Vita 3D Master provided moderate
coverage, with the 3D Master generally performing slightly better. However, none of the
evaluated shade guides fully matched the natural tooth color range, highlighting persistent
limitations in shade guide performance.

To sum up, several studies have attempted to define the performance of most of the
commercially available shade guides, and while there is some variation, the outcomes
consistently result in failure of the shade guides to effectively cover the range of the
tooth spectrum.

The purpose of the present study was to compare the coverage errors of three commer-
cially available shade guides in a selected population and to evaluate whether coverage
errors differ among different types of anterior teeth.
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The null hypotheses were that (1) there is no difference in the coverage errors among
the three shade guides for the selected population and (2) there is no difference in the
coverage errors among the three shade guides for different types of anterior teeth.

2. Materials and Methods

This is a cross-sectional observational study evaluating coverage errors of commercial
shade guides in a selected population. Two hundred twelve participants were recruited
from the Dental School of the National and Kapodistrian University of Athens and included
individuals from the patient clinic, student body, administrative personnel, and academic
staff. All participants provided written informed consent prior to undergoing intraoral
spectrophotometric evaluation. The study protocol received ethical approval from the
Research Ethics Committee of the Dental School (approval number 419/12 June 2019).
Eligibility criteria required participants to be older than 18 years and to possess at least one
sound, vital maxillary central incisor; lateral incisor; and canine without caries, structural
defects, fractures, or restorations and with proper alignment within the arch to permit
accurate color assessment. Exclusion criteria included intrinsic or medication-related tooth
discoloration, a history of bleaching procedures, severe attrition resulting in enamel loss,
gingival bleeding related to periodontal disease, or pregnancy.

Before measurements were obtained, selected teeth were cleaned with a rubber cup
and prophylactic paste for approximately 10 s to eliminate surface stains, followed by a 10 s
water rinse. Care was taken to prevent dehydration, as loss of intrinsic moisture can alter
color and translucency. All color evaluations were carried out by a single trained examiner.
Intra-examiner reliability was assessed by repeating measurements on a subset of teeth,
and the intraclass correlation coefficient (ICC) was calculated to evaluate consistency. An
ICC value greater than 0.9 indicated excellent repeatability of the measurements.

Tooth color was recorded at the middle third of each crown using a handheld in-
traoral spectrophotometer (Spectroshade Micro, MHT Optic Research AG, Niederhasli,
Switzerland), following the manufacturer’s protocol. The device was calibrated for each
participant using the integrated white and green calibration tiles. For every tooth, three
consecutive measurements in the CIE Lab* color space were obtained, and the mean L*,
a*, and b* values were calculated. The Spectroshade Micro combines digital imaging and
LED spectrophotometric technology to provide either an overall shade determination or
separate readings for the cervical, middle, and incisal zones. It employs two polarized,
telecentric, monochromatic light sources that illuminate the tooth at a 45° angle while the
detector captures reflected light at 0° (45/0 geometry). The system generates detailed color
data for each area, suggesting the closest corresponding shades across multiple shade guide
systems and displaying L*, C*, h° or L*, a*, b* coordinates for both the measured tooth and
the nearest reference shade.

Three shade guide systems were assessed: the Ivoclar A-D Shade Guide (Ivoclar
Vivadent, Schaan, Liechtenstein) (IVO), Vita System 3D-Master (Vita-Zahnfabrik, Bad
Sackingen, Germany) (3DM), and Vita Classical A1-D4 (Vita-Zahnfabrik, Bad Sackingen,
Germany) (VCL). All guides were new and had not been previously used, disinfected, or
sterilized. Shade tab measurements were obtained with the metallic handle positioned
cervically and air serving as the immediate background, with a black background placed
approximately 1 m behind the specimen. L*, a* and b* values for each tab were measured
three times using the Spectroshade Micro. Although readings were collected for the
cervical, middle, and incisal regions of each tab, only the middle-third data were used for
comparison with the natural tooth measurements.
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This study analyses colorimetric data originating from the same cohort of participants
described in two previous publications [20,21]. The present analysis focuses on new
comparisons not reported previously.

Color differences between each tooth and each shade guide tab were calculated with
CIEDE 2000 formula, using the following equation [22-24]:

AL\ 2 AC! \? AH' \? AC! AH'
Ao = \/<kL5L) - (kc5c> " <kHSH> +RT<chc) <kHSH> M

where AL, AC’, and AH’ represent the differences in lightness, chroma, and hue, respec-

tively, between the teeth and the shade guide tabs. S;, Sc, and Sy denote the weighting
functions for the lightness, chroma, and hue components. The calculated values of these
functions depend on the positions of the sample pair within the CIELAB color space.

0.015 (P - 50) 2

S =1+ (2)
_ 2
20 + (L’ - 50)
Sc = 1+0.045C, (3)
Sy =1+0.0155C'T (4)

T =1 — 0.17cos (H'—30°) + 0.24cos (2H') + 032cos (3H+6°) — 0.20cos (4hH' — 63°) (5)

where I, C', and H are the arithmetic means of the L/, C’, and H’ values for a pair of
samples. kL, kC, and kH are parametric factors to be adjusted according to different viewing
parameters. In this study kL, kC, and kH were set to 1 [22-24].

The minimum color difference for each tooth and corresponding shade guide tab was
determined. These differences were assessed against established thresholds of perceptibility
and acceptability. For interpretation, the 50:50% perceptibility threshold (PT) and 50:50%
acceptability threshold (AT) recommended by a recent review were applied [8], with PT
set at 0.8 AEgy and AT set at 1.8 AE(y. This approach allowed the clinical relevance of the
observed differences to be evaluated alongside statistical analysis of the data.

The coverage errors of each resin composite system and each shade guide were
calculated for each studied tooth using the following formula for CE [6]:

_ ZAEmin
n

CE (6)
where AE,,;, represents the minimum color difference between each tooth and the shade
guides, calculated using the CIEDE2000 formula, and # denotes the total number of subjects
in the population. The coverage error (CE) is thus defined as the average of the minimum
color differences across all subjects, reflecting the discrepancy between each tooth and its
closest matching shade guide.

Statistical Analysis

Statistical summaries of the AE,,;;,, values for the teeth—shade guide dataset included
the means and 95% confidence intervals across all subjects (SAS® Proprietary Software
9.4, SAS Institute Inc., Cary, NC, USA), with each mean corresponding to the CE for the
respective subgroup. Parametric analyses were performed on the dataset. The mean
minimum CEs were evaluated using a repeated measures analysis of variance (ANOVA)
to assess within-subject differences, followed by post hoc multiple comparisons using the
Tukey—Kramer test (« = 0.05).

https:/ /doi.org/10.3390/app16010393


https://doi.org/10.3390/app16010393

Appl. Sci. 2026, 16, 393

50f13

3. Results
3.1. Demographic Characteristics

A total of 636 anterior teeth were included in this study, comprising 212 central incisors,
212 lateral incisors, and 212 canines. The distribution of the study population per sex and
age is presented in Table 1.

Table 1. Distribution of the study population per sex and age.

Sex 18-30 31-50 50+ Total
women 37 36 34 107
men 33 36 36 105

3.2. Color Distribution of Natural Teeth

Table 2 summarizes the color coordinates of the maxillary central incisors, lateral
incisors, and canines in the studied population. Central incisors exhibited the highest mean
lightness (L* = 73.1), followed by lateral incisors (L* = 70.7), while canines showed the
lowest lightness values (L* = 69.8), indicating a progressive decrease in brightness from
incisors to canines. In contrast, chromatic components increased from central incisors to
canines. Mean a* and b* values were lowest for central incisors (a* = 3.2, b* = 18.4) and
highest for canines (a* = 5.1, b* = 23.8), reflecting a shift toward more reddish and yellowish
hues in canines. This trend was also reflected in chroma (C*), which increased from central
incisors (18.7) to lateral incisors (19.5) and was highest in canines (24.4), indicating greater
color saturation in canines. Hue angle (h°) values showed a slight decrease from central
incisors (80.3°) to canines (77.9°), suggesting a minor shift toward redder hues in canines.
The ranges of L*, a*, and b* values demonstrate substantial inter-individual variability
across all tooth types, with canines exhibiting the widest range of chromatic values.

Table 2. Mean, standard deviation, minimum, and maximum of L*, a*, b*, C*, and h° for the central
incisors, lateral incisors, and canines in the selected population.

Centrals Laterals Canines
L* a* b* C* h° L* a* b* C* h° L* a* b* C* h°
Mean 73.1 3.2 184 187 803 70.7 3.8 191 195 787 69.8 5.1 238 244 779
SD 5.0 14 2.9 3.0 3.7 4.2 1.1 2.6 2.6 2.9 3.9 1.3 2.7 2.8 2.7
Min 58.9 0.6 12.0 12.6 71.6 55.0 1.4 12.6 12.9 65.0 533 0.1 14.3 14.5 66.3
Max 83.0 7.9 273 284 883 80.1 9.5 284 293 854 79.1 8.1 304 313 89.7

3.3. Shade Guide Color Distribution

The mean, standard deviation, minimum, and maximum values of L*, a*, b*, C*, and h°
for the Ivoclar, Vita 3D Master, and Vitapan Classical shade guides are presented in Table 3.
Overall, the three shade guides exhibited comparable mean L* values (70.8-71.6), indicating
similar average lightness. However, the Vita 3D Master shade guide demonstrated the
widest L* range (61.9-80.6) and the highest standard deviation (SD = 5.1), reflecting greater
lightness variability compared with Ivoclar (SD = 4.1) and Vitapan Classical (SD = 4.0).
Differences among the shade guides were more pronounced in the chromatic components.
The Vita 3D Master shade guide showed higher mean a* b* and C* values (a* = 2.3,
b* =22.1, C* = 22.3) and the broadest ranges, particularly in b* (13.3-32.8) and C* (13.3-33.5),
indicating enhanced representation of chroma and yellow-red components. In contrast,
Ivoclar and Vitapan Classical exhibited lower mean a* values (0.9 and 1.0, respectively) and
narrower chromatic ranges, suggesting more limited coverage in the red—green dimension.
Regarding hue angle, Ivoclar and Vitapan Classical showed higher mean h° values (88.1
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and 87.6, respectively) compared with Vita 3D Master (84.5), indicating a tendency toward
more yellow-dominant hues. The Vita 3D Master shade guide also demonstrated a wider
hue distribution (77.8-91.6) than the other systems. Collectively, these findings indicate
that, while all three shade guides present similar average lightness, the Vita 3D Master
shade guide provides a broader and more diverse chromatic and hue distribution.

Table 3. Summary of the mean, standard deviation, minimum, and maximum values of L*, a*, b*, C¥,
and h° for central incisors, lateral incisors, and canines across the three shade guides.

Ivoclar 3D Master Vitapan
L* a* b* Cc* h° L* a* b* Cc* h° L* a* b* Cc* h°
Mean 714 09 21 211 881 708 23 221 223 845 716 1 208 208 87.6
SD 41 1.4 3.3 3.3 4 51 2 4.9 5 44 4 1.3 4.1 41 34
Min 627 -—-17 14 141 815 619 -04 133 133 778 634 —-03 135 135 814
Max 786 35 269 27 968 806 68 328 335 916 783 36 271 272 945

Figure 1 illustrates the distribution of natural teeth and the three shade guides in the
L*-C* color space. Natural teeth exhibited a broad dispersion, spanning a wide range of
lightness (approximately L* = 55-82) and chroma (C* ~ 10-30). In contrast, all three shade
guides covered a more limited region of this color space. The Ivoclar and Vitapan Classical
shade guides were mainly clustered in the mid-to-high lightness range (approximately
L* = 68-78) with moderate chroma values, showing limited representation of lower light-
ness and higher chroma teeth. The Vita 3D Master shade guide demonstrated a wider
chroma range and extended further toward higher C* values compared with the other
two systems, resulting in better overlap with highly chromatic natural teeth. However,
even the Vita 3D Master failed to fully cover the extremes of the natural tooth distribu-
tion, particularly at lower L* values and at the margins of the chroma range. Overall,
the graphical comparison confirms that none of the evaluated shade guides adequately
encompass the full color variability of natural teeth, although the Vita 3D Master shows
comparatively improved coverage, especially in the higher chroma region. This incomplete
overlap between natural teeth and shade guide distributions provides a visual explanation
for the coverage error values reported in the subsequent analysis.

TEETH VS SHADE GUIDES
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70 o 00,02 ey @ IVOCLAR
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> L ] ° ° °
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c

Figure 1. Scatter plot illustrating the lightness (L*) and chroma (C*) values of the teeth alongside the
shade guides.

Figure 2 shows the distribution of central incisors and the three shade guides in the
L*—C* color space. Central incisors exhibited a broad range of lightness and chroma, with
most values clustered at higher L* and moderate C*. The Ivoclar and Vitapan Classical
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shade guides overlapped mainly with the central portion of this distribution but showed
limited coverage at lower lightness and higher chroma values. The Vita 3D Master shade
guide extended further toward higher chroma and demonstrated greater overlap with
highly chromatic central incisors; however, none of the shade guides fully covered the
entire color range of central incisors. These findings are consistent with the coverage
error results.

CENTRAL INCISORS VS SHADE GUIDES

85 CENTRAL
[
80 0.. o ® @ IVOCLAR
75 ‘o.. ®Q %° © VITAPAN
° PR
70 ¢ et ° VP ® 3D MASTER
- 65 @ .. .‘ ® o0 .
o ° o
60
55
50
5 10 15 20 25 30 35
C»\

Figure 2. Scatter plot illustrating the lightness (L*) and chroma (C*) values of the central incisors
alongside the shade guides.

Figure 3 illustrates the distribution of lateral incisors relative to the three shade guides
in the L*~C* color space. Lateral incisors showed a wide dispersion, with most values
concentrated at moderate lightness and chroma, while extending toward lower L* and
higher C* values. The Ivoclar and Vitapan Classical shade guides primarily overlapped
with the central region of the lateral incisor distribution but exhibited limited coverage
at the extremes. The Vita 3D Master shade guide displayed a broader chroma range and
greater overlap with higher C* values; however, none of the evaluated shade guides fully
represented the entire color range of lateral incisors. This incomplete overlap is consistent
with the observed coverage error values.

LATERAL INCISORS VS SHADE GUIDES

85 LATERAL
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Figure 3. Scatter plot illustrating the lightness (L*) and chroma (C*) values of the lateral incisors
alongside the shade guides.

Figure 4 presents the distribution of canines in comparison with the three shade guides
in the L*~C* color space. Canines exhibited higher chroma and slightly lower lightness
values compared with incisors, with a wide dispersion toward higher C* values. The
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Ivoclar and Vitapan Classical shade guides overlapped mainly with the central portion of
the canine distribution but showed limited coverage of highly chromatic canines. The Vita
3D Master shade guide extended further toward higher chroma values and demonstrated
improved overlap with the canine color distribution; however, none of the shade guides
fully encompassed the entire range of canine colors. This limited coverage is reflected in
the corresponding coverage error results.

CANINES VS SHADE GUIDES

85 ® CANINE
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55
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Figure 4. Scatter plot illustrating the lightness (L*) and chroma (C*) values of the canines alongside
the shade guides.

3.4. Coverage Error Analysis

The coverage errors (CEs) of the three shade guides for the selected population and for
each tooth type are presented in Table 4. For central incisors, lateral incisors, and canines,
the Ivoclar and Vitapan Classical shade guides showed comparable CE values, with no
statistically significant differences between them (p > 0.05). In contrast, the Vita 3D Master
shade guide consistently exhibited significantly lower CEs across all tooth types (p < 0.001).
Specifically, the mean CE for the Vita 3D Master was 2.2 for central incisors, lateral incisors,
and canines, whereas the corresponding values for Ivoclar and Vitapan Classical ranged
from 3.0 to 3.2. When all teeth were analyzed collectively, a similar pattern was observed,
with the Vita 3D Master demonstrating a significantly lower overall CE (2.2 & 0.9) compared
with Ivoclar (3.1 & 1.2) and Vitapan Classical (3.1 £ 1.0). These results indicate superior
color coverage of the Vita 3D Master shade guide for the examined population.

Table 4. Coverage error (CE) and standard deviation (SD) of each of the three shade guides for each
of the three teeth (central incisor, lateral incisor, and canine) and for all teeth. Same superscripts
indicate non-significant differences.

Tooth Ivoclar Vitapan 3D Master
Central 32(1.1)2 3.0(0.9)2 22(0.8)P
Lateral 31(1.2)° 3.1(1.0)2 22(0.9)"
Canine 3.0(1.3)2 31(1.1)° 22(1.1)°P

All 31(1.2)2 3.1(1.0)2 2.2(0.9)P

When the CE values were interpreted in relation to the perceptibility and acceptability
thresholds, all three shade guides exhibited mean CEs exceeding the 50:50% perceptibility
threshold (PT = 0.8 AEg). The mean CEs of the Ivoclar and Vitapan Classical shade guides
were also above the 50:50% acceptability threshold (AT = 1.8 AEy) for all tooth types
and for the overall sample. In contrast, the mean CE of the Vita 3D Master shade guide
(2.2 AEq) was closer to, but still above, the acceptability threshold. These findings indicate
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that although the Vita 3D Master provided improved color coverage compared with the
other shade guides, none of the evaluated systems achieved coverage errors within the
clinically acceptable range for the examined population.

4. Discussion

The present study demonstrated that none of the three evaluated shade guides fully
corresponded to the color space of anterior teeth in the selected population. Although
the Vita 3D Master shade guide exhibited significantly lower coverage errors compared
with Ivoclar and Vitapan Classical, gaps in coverage were still observed, particularly at the
extremes of lightness and chroma. Consequently, the null hypothesis was rejected.

The findings of the present study are generally consistent with previous investigations
reporting that commercially available shade guides fail to adequately represent the full
color space of natural teeth [10,12-14,16-19]. Across different populations and measure-
ment methodologies, most studies have demonstrated incomplete coverage of the natural
tooth color spectrum, particularly at the extremes of lightness and chroma. Variations in
reported L*, a*, and b* ranges among studies can be attributed to differences in sample
size, age distribution, ethnic composition, and the types of teeth included in the analysis.
Studies involving larger or more ethnically diverse populations tend to report broader color
distributions, whereas investigations restricted to narrow age ranges often show reduced
variability [12,14,18,25,26].

With respect to coverage error, multiple studies have reported superior performance
of the Vita 3D Master shade guide compared with classical systems. Bayindir et al. demon-
strated significantly lower coverage errors for the 3D Master compared with the Vita Lumin
and Chromascop shade guides, while no significant differences were observed between
the latter two systems [14]. Similarly, Li et al. reported lower CE values for the 3D Master
compared with the Vita Classical and other commercial guides, highlighting the benefits
of its systematic color organization [16]. These findings are in agreement with the present
study, in which the Vita 3D Master consistently exhibited significantly lower coverage
errors than both Ivoclar and Vitapan Classical shade guides.

It should be noted, however, that direct numerical comparisons between studies are
complicated by differences in the color difference formulas employed. Earlier investigations
predominantly used the CIELAB AE*ab formula, whereas the present study applied the
CIEDE2000 (AEq) formula, which better reflects visual perception. Studies that have
reported both metrics provide a more reliable basis for comparison. For example, Cocking
et al. reported CIEDE2000 coverage errors of 2.17 for the Vita Classical and 2.02 for the
Vita 3D Master shade guide, findings that closely align with the present results for the
3D Master but differ slightly for the classical guide [13]. Similarly, studies employing the
AEq formula in other populations reported CE values comparable to those observed in the
present investigation [18,19].

Despite the relatively improved performance of the Vita 3D Master, previous studies
consistently indicate that even this system does not fully encompass the natural tooth
color spectrum. Incomplete representation has been reported particularly along the red—
green chromatic axis (+a* direction) and at lower lightness levels [9,27]. The present
findings corroborate these observations, showing improved but still insufficient coverage
of higher a* and chroma values by the 3D Master shade guide. Collectively, the existing
literature and the present results suggest that current shade guide systems, although
progressively refined, remain unable to achieve complete and clinically acceptable color
matching across diverse populations. More recent investigations using spectrophotometric
methods and the CIEDE2000 formula continue to confirm that commercially available shade
guides incompletely represent the natural tooth color space. Tabatabaian et al. [19] and
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Diamantopoulou et al. [21] reported coverage error values comparable to those observed in
the present study, with the VITA 3D-Master system consistently demonstrating superior
coverage compared with classical shade guides. These contemporary findings reinforce
earlier observations while providing updated evidence under current color-difference
metrics and clinical acceptability frameworks.

From a clinical perspective, all calculated coverage errors exceeded both the percep-
tibility (PT = 0.8 AEgg) and acceptability (AT = 1.8 AEq) thresholds. This indicates that,
even when the closest available shade tab is selected, color mismatches are likely to be
perceptible and may be judged clinically unacceptable. Although the Vita 3D Master
demonstrated improved performance, its mean CE values remained above the acceptability
threshold, suggesting that aesthetic compromises may still occur, particularly in demanding
anterior restorations.

This study has several limitations that should be considered when interpreting the
findings. First, the study sample was based on a feasible number of participants rather
than on an a priori sample size calculation, which may limit the statistical power and the
generalizability of the results. In addition, the selected population does not fully represent
the demographic and ethnic diversity of the broader Greek population, and variations in
age distribution are known to influence tooth color characteristics [12-14,18].

Second, only one physical shade guide from each manufacturer was evaluated. Pre-
vious investigations have demonstrated clinically relevant color variability among shade
tabs bearing identical labels within the same shade guide system [28]. Furthermore, re-
peated disinfection or sterilization cycles have been shown to cause statistically significant
changes in the color coordinates of shade guide tabs, which, although often within clinically
acceptable limits, may further contribute to variability in clinical shade selection [29,30].

Third, although the Spectroshade Micro has been reported to exhibit high repeata-
bility and reliability [31-33], the lack of a universally accepted gold standard for dental
color measurement remains a limitation common to all colorimetric studies. In most in-
vestigations, shade guide tabs have been used as reference standards to evaluate device
accuracy [31,34], although this approach presents limitations due to potential variability
among shade guides [28]. Overall, the Spectroshade Micro has shown superior accuracy
compared with other shade-matching devices [31,35], with reported accuracy rates around
80% [31,33]. In addition, spectrophotometric measurements of translucent structures such
as teeth and shade guide tabs are susceptible to edge-loss effects, whereby scattered light
is not fully captured by the measurement aperture, potentially influencing recorded color
values [36-38]. Finally, the present study focused exclusively on maxillary anterior teeth.
The exclusion of mandibular and posterior teeth, which may present different optical and
color characteristics, limits the extrapolation of the findings to full-arch shade matching
scenarios [13].

The improved performance of the Vita 3D Master appears to be related to its wider
lightness range, increased number of shade tabs, and more uniform spatial distribution
within color space. Nevertheless, uncovered regions remain, particularly at higher chroma
and lower lightness values. These findings highlight the need for further refinement
of shade guide design, potentially incorporating digital color databases, computational
optimization, or artificial intelligence to achieve clinically acceptable coverage with fewer
but better-distributed shade tabs.

5. Conclusions

Within the limitations of this study, none of the evaluated shade guides adequately
covered the full color range of anterior teeth in the selected population. The Vita 3D Master
shade guide demonstrated significantly lower coverage errors compared with Ivoclar
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and Vitapan Classical, although its performance remained above established acceptability
thresholds. These findings indicate that current shade guides may lead to perceptible and
potentially unacceptable color mismatches in anterior restorations. Further improvements
in shade guide design are required to achieve clinically acceptable color matching across
the full spectrum of natural tooth color.
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