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restorations evaluated with a chromatic adaptation transform

Shade matching in dentistry
presents a formidable challenge
for the restorative team,’ and
esthetic complications stem-
ming from color mismatches are
both common” and costly.” The
challenges are manifold and
have been described in the
dental literature at great length.”
Tooth color comprises different
factors, including the influence
of the light source, the re-
flectance and transmittance of
the tooth, and the human visual
system.” The human eye re-
sponds to a given stimulus not
exactly based on wavelength
integration across the visible
spectrum but on the integrated
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ABSTRACT

Statement of problem. Little is known about the effect of illuminant metamerism between
natural teeth and zirconia restorations, despite their increasing clinical popularity.

Purpose. The purpose of this in vitro study was to compare illuminant metamerism between
pairs of natural teeth and layered zirconia restorations and pairs of natural teeth and monolithic
zirconia restorations under 10 different illuminants and analyze their metameric potential.

Material and methods. Spectral reflectance factors were obtained from 10 pairs of extracted
natural teeth and layered zirconia restorations and 28 pairs of extracted natural teeth and
monolithic multilayer zirconia restorations. Each pair showed a color match that was within the
visual threshold for clinical acceptability (CIEDE2000<1.8). A special index of metamerism for the
change of illuminant (M;,) was calculated from the CIEDE2000 color difference equation.
Descriptive statistics and the one-sample t test were used to analyze the results for the M;,, and
for both groups of layered and monolithic zirconia restorations (a=.05).

Results. Layered zirconia restorations reached a mean *standard deviation value for M;,=0.3
+0.2 and M;,=0.5 +0.4 for monolithic zirconia restorations (P<.01).

Conclusions. The effect of illuminant metamerism between natural teeth and zirconia crowns
was weak and generally within the clinical acceptability limit. (J Prosthet Dent
2024;132:1020-1027)

stimulation of 3 types of receptors referred to as the L, M,
and S cones.” If 2 separate stimuli cause the same L, M, and
S cone responses, then, when viewed under the same il-
luminant, they will look the same, regardless of their
spectral composition. To form a pair with a visually appre-
ciable degree of metamerism, when the illuminant is
changed, the spectral composition of the 2 stimuli must
intersect at 3 or more wavelengths located within the L, M,
and S cone sensitivity spectrum and with reasonable con-
vergence among them.” Illuminant metamerism thus refers
to the phenomenon in which 2 objects with different
spectral reflectance properties can appear to have the same
color under one illumination but not under another.”

The field of dentistry has generally accepted the view
that illuminant metamerism can contribute negatively to
the quality of a perceived color match when viewed by
the patient under changing light conditions.” ' The
effect of illuminant metamerism has also been taught in
predoctoral and graduate programs.'

The complexity of color appearance under different
lighting conditions is demonstrated in Figure 1. The in-
traoral situation depicted on the left shows the visual ap-
pearance under a light source representing average daylight
with a correlated color temperature (CCT) of approximately
6500 K. Shown in the middle is a simulation of the corre-
sponding color under a fluorescent type of illumination with
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Clinical Implications

llluminant metamerism between natural teeth and
closely matching zirconia restorations should not
be a major concern for esthetically challenging
restorations.

a CCT of approximately 4200 K. Despite the strong color
cast, a reasonable representation of a normal tooth color is
still preserved because of the visual mechanisms of si-
multaneous color contrast and chromatic adaptation. Fi-
nally, the image on the right reveals the effect of color
inconstancy, which is simply the difference in visual ap-
pearance between the conditions in the top and
middle rows.

The Commission Internationale de L’Eclairage (CIE)
recommends a chromatic adaptation transform (CAT) to
predict the corresponding colors, for instance, of teeth
under an illuminant that is different from the reference
illuminant (D65). A comprehensive description of this
type of advanced colorimetry and its potential applica-
tions in dentistry was provided by Fairchild.'” The cur-
rent CIE recommendation for this operation is
CIECAMO02, but a more recent version known as CAT16
is set to replace it because of its better performance as
demonstrated in psychophysical experiments.'”'? Ty-
pical test illuminants currently recommended by the CIE
are standard illuminant A and 1 of the FL-type illumi-
nants representing fluorescent lamps, usually FL2, FL7,
or FL11."” By convention, these are simply referred to as
F2, F7, and F11 in the scientific literature and are here-
after referred to accordingly.

The European Union Commission has recently
published a new Restriction of Hazardous Substances
Directive, which effectively bans the sale of any light
sources containing mercury by August 2023.” The re-
cent Tracking Report on Lighting published by the In-
ternational Energy Agency indicates that these sources
are set to be superseded by more modern light-emitting
diode (LED) lamps. It estimates that currently more than
half of the world’s lighting markets already use LED

technology, with increasing adoption.”’ To account for
this shifting trend, the CIE has recently introduced a
range of LED illuminants. These include LED-B1 to
LED-BS5 to represent the phosphor-converted blue LEDs
which are currently predominantly used, and LED-BH1
to represent blue hybrid LEDs."”

A special index of metamerism (M) has been re-
commended by the CIE to provide an appropriate metric for
the evaluation of metamerism, which is simply the color
difference between the measured CIELab values of 2 objects
under the reference and test illuminant evaluated with a
suitable color difference equation such as CIEDE2000
(AEy)."” In the case of Figure 1, this would be the color
difference between both maxillary central incisors shown on
the left and in the middel. The image on the right depicts
the effect of color inconstancy, and 2 teeth are said to be
metameric if they possess different color inconstancies.” A
ranking scale for visual thresholds in clinical dentistry was
provided by Paravina et al,” suggesting that a color differ-
ence of less than 1.8 AEy, units is clinically acceptable.

Because of its clinical and laboratory advantages, the
use of zirconia restorations has experienced impressive
growth over the last 10 years. A recent report estimates
that the market for zirconia restorations is set to grow
from $292.7 million in 2023 to $510 million by 2030.”
From a laboratory perspective, such restorations are seen
as more cost effective to produce than glass-ceramic
restorations, and clinicians appreciate the better me-
chanical strength of zirconia. A recent survey conducted
by the American Dental Association showed that 45% of
participants used monolithic zirconia restorations and
that, in the anterior region, layered zirconia was used in
42% of all crowns. Interestingly, the same survey also
listed shade matching among the top 2 cited dis-
advantages of zirconia restorations.”’

Previous work has investigated similar aspects in relation
to other materials that are commonly used in restorative
dentistry, but with more basic colorimetric methods. One
early study”” investigated the effects of metamerism on pairs
of dental materials and bovine teeth with a similar color
under 2 illuminants. The spectral reflectance factors ob-
tained were simply converted to CIELab values for the

Figure 1. Sequence of intraoral images to demonstrate chromatic adaptation. A, Appearance of natural smile under light source representing
average daylight with CCT of approximately 6500 K. B, Same situation with corresponding color simulated under fluorescent type of illumination
with CCT of about 4200 K. Appearance of normal tooth color preserved despite strong color cast. C, Noticeable difference between both conditions
known as color inconstancy (illustration adapted from Fairchild'®). CCT, correlated color temperature; K, Kelvin.
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reference and test illuminants, and the color differences
were then evaluated using the shortest Euclidian distance
(AE*,). This approach subsequently became the standard in
dental research. The results showed an average color dif-
ference of 1 AE*,;, from the change of illuminant, which is
barely visible. Others™ have proposed a modified meta-
merism index by calculating the ratio of color differences
between parameric pairs of specimens measured under the
reference and test conditions. When they compared 10
human dentin specimens with dental materials, they con-
cluded that no evidence of a metameric effect could be
found. The modified metamerism index was applied in
several studies thereafter,” * including a study” that in-
vestigated the metameric effect between natural teeth
measured in vivo and 2 shade guide brands. Much like in
previous studies, only a very moderate metameric effect,
which was well below the threshold for clinical acceptability,
could be found.

The aim of this study was to quantify illuminant meta-
merism between pairs of natural teeth and closely matching
zirconia restorations milled from multilayer monolithic zir-
conia materials and manually veneered zirconia restorations
using the CAT16 chromatic adaptation transform. The null
hypothesis was that a change in illuminant would not result
in color changes exceeding the threshold for clinical ac-
ceptability of AEy<1.8.

MATERIAL AND METHODS

The specimens in this study were divided into 3 initial
groups. The first consisted of 114 human maxillary
central teeth (ethical committee approval number:
LTDESN-164), which were extracted for periodontal
reasons and contained no fillings or caries and showed
no signs of damage. The teeth were cleaned, polished
with pumice, and stored in a 1% thymol solution to
prevent dehydration and preserve their color. The
second group consisted of 31 hand-layered zirconia re-
storations of various, unspecified custom shades. The
third group consisted of 75 monolithic zirconia restora-
tions, which were milled from multilayered blanks
(Table 1). The shade selection for the monolithic zirconia
restorations was based on a statistical evaluation of the
shade preferences of 230 dental practitioners for a total
of 9630 patients. These data were provided by a digital
dental laboratory (biodentis GmbH) and showed that
the A-shades from the Vita Classical shade guide were

Table 1.List of multilayer zirconia blanks and shades included in study

5000 -
| 4397
2000 n=9630
o 3000 |
c
g L
2083
© 2000
1569
1000 |-
491
206 35 112115 33 18 84 161 74 65 152 30
1 1 1 1 1 1 1 1 1 L 1 1 1 1 L 1

A1 A2 A3A3.5A4 B1 B2 B3 B4 C1 C2 C3 C4 D2 D3 D4
VITA classical shades

Figure 2. Statistical evaluation showing shade preference of 230 dental
practitioners (courtesy of biodentis GmbH).

Figure 3. Schematic illustration showing cross-section of illumination
geometry used for study.

the most popular choices ( Fig. 2). Shades from Al to
A3.5, and 1 bleach shade were included to take account
of the increased preference for brighter tooth shades by
the public, a trend that may not be fully represented in
previous data.’' Both groups of zirconia restorations had
a labial thickness of between 1.2 and 1.7 mm and were
seated over shade ND4 tooth-colored dies (Natural Die
Material; Ivoclar AG).

A calibrated telespectroradiometer (SperctraScan PR-
670; Photo Research Inc) was used. The advantages of a
telespectroradiometer when measuring natural teeth
have included the prevention of edge loss™ and having a
visual geometry that correlates well with human

Manufacturer Source Shades

IPS e.max ZirCAD prime Ivoclar AG BL-4, A1 to A3.5
Cercon xt ML Dentsply Sirona Deutschland GmbH BL, A1 to A3.5
Amann Girrbach Zolid FX Amann Girrbach AG A0, A1 to A3.5
Katana STML Kuraray Europe GmbH NW, A1 to A3.5

ZirkonZahn Pretau 2 Dispersive

Zirkonzahn GmbH

Bleach 1, A1 to A3.5
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Figure 4. Spectral reflectance factors of parameric pairs consisting of
natural teeth and layered zirconia restorations and natural teeth and
monolithic zirconia restorations included in study. Each pair showed
color difference within threshold for clinical acceptability. Layered,
layered zirconia restorations; Monolithic, monolithic zirconia
restorations.

perception ( Fig. 3).” The telespectroradiometer was
used together with an integrating hemisphere to provide
8-degree diffuse reflectance, as described by Molenaar
et al.”* The distance between the target tooth and the
telespectroradiometer was approximately 40 cm, and the
measurement aperture was set to 1 degree, which re-
presented a measurement spot of approximately
20 mm?. This arrangement was chosen because it pro-
vided illumination from all spatial directions and hence
ideal conditions for the collection of spectral reflectance
factors from diffusely scattering media like human teeth
or dental materials, which do not have a flat surface. The
original design was adapted by replacing the halogen
rods with a xenon light source (XBO 75W/2; Zeiss).
When 2 objects present with a close visual match under
1 set of viewing conditions but without sharing actual col-
orimetric equality (AEy#0), they are referred to as a para-
meric pair.” For the final test groups to be evaluated, a
computer routine (MATLAB R2022a; MathWorks) identi-
fied parameric pairs consisting of either a natural tooth and
a monolithic zirconia crown (28 pairs) or of a natural tooth
and a layered zirconia crown (10 pairs) with a color differ-
ence that was coincidentally within the visual threshold for
clinical acceptability of AEy<1.8 when calculated under CIE

standard illuminant D65 for the CIE 1931 standard colori-
metric observer ( Fig. 4).

The My, recommended by the CIE requires that 2
samples differ spectrally but possess colorimetric equality
(AEy=0) under a reference illuminant, usually CIE standard
illuminant D65 for the CIE 1931 standard colorimetric ob-
server, to form a metameric pair. However, 1 study analyzed
the frequency of metamerism in natural scenes and con-
cluded that the probability of finding such a metameric pair
was “vanishingly small.”” Tt is much more common for 2
samples to appear to be a metameric match without pos-
sessing actual colorimetric equality under the reference il-
luminant, in which case they form a parameric pair.”” To
abolish the residual color difference, the CIE recommends a
multiplicative correction for the calculation of a Mj,, for
parameric pairs,"” and this was followed accordingly.

Despite the new legislation that will lead to the
eventual discontinuation of all FL-illuminants, it was
decided to follow the CIE guidelines and include illu-
minants F2, F7, and F11, as well as CIE standard illu-
minant A, in the investigation since these are still widely
used around the world. To focus on the more modern
LED illuminants that are set to replace them, CIE illu-
minants LED B1 to BS and LED BH1 were also included
(Table 2). Older types such as LED-V1, V2, and LED-
RGB which mix red, green, and blue to create white
light, have already been superseded and were therefore
not included in this study.”’

The spectral reflectance factors of all specimens were
first transformed to trichromatic XYZ values for each of the
10 test illuminants and for the CIE 1931 standard colori-
metric observer to serve as the test condition. To predict the
corresponding colors under the reference illuminant D65 for
the same observer condition, CAT16 was used with an
adaptation luminance LA=64 cd/m? which equals a pho-
topic illuminance of 10001x, a degree of adaptation D=1,
and an average surround F=1." The resulting trichromatic
XYZ values were then converted to the CIELab color space
under the same reference condition. The M, was then
calculated using the AEy, color difference equation with
weighting functions S;, S¢ and Sy set to 2:1:1 in accordance
with Pecheo et al>” who showed that these parameters
provided a good representation of the visual perception
when the Vita classical shades were used. A schematic flow
chart of the computation is shown in Figure 5.

Descriptive statistics and the 1-sample t test were used
to analyze the results for the M, and for both groups of
layered and monolithic zirconia restorations, with a test
value of 1.8 representing the threshold for clinical ac-
ceptability. A statistical software program (IBM SPSS

Table 2. List of all included test illuminants with corresponding correlated color temperatures (CCT)

Test llluminant A LED-B1 LED-B2 LED-B3 LED-B4 LED-B5 LED-BH1 F2 F7 F11
(da) 2856 K 2733K 2998 K 4103K 5109K 6598 K 2851K 4230K 6500 K 4000 K
K, Kelvin.
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Figure 5. Flow chart showing computation of M;,, using CIE 1931 standard colorimetric observer. CAT16, chromatic adaptation transform; D, degree
of adaptation; AEyo, CIEDE2000 color difference equation; F, average surround; LA, luminance adaptation; M;,,, special index of metamerism; XYZ, CIE

trichromatic color space.

Statistics, v26.0; IBM Corp) was used for the analysis
(a=.05).

RESULTS

The mean =+standard deviation color differences for the
layered and monolithic groups were 0.3 +0.2 AEy, units
(min=0.1, max=1.1) and 0.5 +0.4 AEy units (min=0.3,
max=1.9), respectively. The 1-sample ¢ test revealed that the
mean of the measured values for the M, was significantly
(P<.01) below the test value of 1.8 shown in Table 3. The

M, by the type of CIE illuminant for the group of layered
and monolithic zirconia restorations is shown in Figure 6,
and the 3 components of their average color differences are
shown in Figure 7. Figure 8 shows the frequency of M, by
the type of zirconia restoration.

DISCUSSION

The null hypothesis was accepted for both groups
(layered and monolithic zirconia restorations), since

Table 3.0ne Sample t test for M, between both groups and natural teeth (test value=1.8, a=.05)

Miym t df P Mean Difference
Layered zirconia restorations 64.5 929 <.001 -1.50
Natural teeth 80
Monolithic zirconia restorations 58.4 279 <.001 -1.27
Natural teeth 77
df, degrees of freedom; M, special index of metamerism.
18 1.8
Monolithic
16 |- 16 |
14 14
12 12
E 10 | E 10 F
= 0.8 = 0.8 |
0.6 - 0.6 -
0.4 0.4
02 0.2
oL 1 1 1 1 1 1 1 1 1 oLt 1 1 1 1 1 1 1 1 1
B4 F7 B5 B3 BH1 F2 B2 Bi1 A FN F7 B3 BH1 F2 B2 B1 B4 A B5 F11
CIE llluminants A CIE llluminants B

Figure 6. Mean results of M, ranked by type of CIE illuminant and for groups of (A) layered zirconia restorations and (B) monolithic zirconia
restorations. Layered, layered zirconia restorations; M;,,, special index of metamerism; Monolithic, monolithic zirconia restorations.
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Figure 7. Three components of average color differences for groups of (A) layered zirconia restorations and (B) monolithic zirconia restorations by
CIE test illuminants. ACy, chroma difference; AHyo, hue difference; ALy, lightness difference.
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Figure 8. Frequency of My, by groups of (A) layered crowns and (B) monolithic crowns. On average, layered crowns reached smaller values than
monolithic crowns under all test illuminants, Layered, layered zirconia restorations; M, special index of metamerism; Monolithic, monolithic

zirconia restorations.

M, was significantly lower than the test value for the
visual threshold of clinical acceptability. This suggests
that illuminant metamerism between natural teeth and
closely matching zirconia restorations should not be a
major concern for the clinician when considering such
restorations. Although the overall metameric effect was
generally very small, it was slightly smaller for layered
zirconia restorations than for monolithic restorations.
The result of the present study challenges the currently
established paradigm regarding the role of illuminant
metamerism in dentistry.'”'"*" The results can be ex-
plained by the fact that the zirconia restorations

Hein and Westland

generally exhibited smooth spectral reflectance curves
that matched those of their natural tooth partners rea-
sonably well (Fig. 4). Natural teeth, layered zirconia
restorations, and Katana STML all exhibited smooth
reflectances, whereas all other monolithic groups
showed distinct dips at 520nm and 650 nm (Fig. 4).
These dips are indicative of the presence of erbium ions
(Er’"), which are often used as a red or pink coloring
component and exhibit narrow absorption bands at
these specific wavelengths in the visible spectrum.’!
Katana STML, however, does not incorporate Er’* as a
color component.”” When present, these dips caused

THE JOURNAL OF PROSTHETIC DENTISTRY
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multiple crossover points with the spectra of their
parameric partner, but in most cases, they were too
small to cause any significant color differences. This
finding suggests that when a natural tooth and a zir-
conia restoration match to a clinically acceptable degree,
they do so precisely because of their spectral similarities.
Therefore, the assumption that the difference in che-
mical composition between dental materials and natural
teeth must lead to inherently different spectral char-
acteristics'’ may be incorrect.

The color difference of 1 monolithic crown (Amann
Girrbach Zolid A3) exceeded the value for clinical ac-
ceptability by 0.08 AEy, units under illuminant F11.
However, the current range of fluorescent types of
lamps, including F11, is set to be discontinued and re-
placed by LED lamps toward the end of 2023.”’ The LED
illuminants tested in this study were unproblematic,
suggesting their introduction might reduce any meta-
merism between natural teeth and closely matching
zirconia restorations in general.

Limitations of the present study included the fact
that only A-shades were tested since research funding
did not permit testing the complete range of multilayer
zirconia blanks from all manufacturers to cover the en-
tire range of the Vita Classical shades.

Future research might evaluate tooth color by replacing
the CIELab system with a more modern color appearance
model such as CIECAM16 in combination with a color
difference equation such as CAT16-UCS." This approach
would require new thresholds for clinical acceptability since
the current ones are based on the use of the AE*,, and AEy
color difference equations. The AEy, color difference is still
recommended by the CIE for small color differences
(AE*3,<5), although there is abundant evidence to challenge
this recommendation.'” Therefore, the application of
CAT16-UCS in dental-related color research may provide a
new avenue for scientific inquiry.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. lluminant metamerism between natural teeth and
both layered and monolithic zirconia restorations
was small and well within the limits of clinical ac-
ceptability, except for 1 case where this threshold
was exceeded by 0.08 CIE units (and which was not
statistically significant).

2. Although the metameric effects were small overall,
layered zirconia restorations were, on average, slightly
less metameric than their monolithic counterparts.

THE JOURNAL OF PROSTHETIC DENTISTRY

APPENDIX A. SUPPLEMENTAL MATERIAL

Supplemental data associated with this article can be
found in the online version at doi:10.1016/j.prosdent.
2023.07.035.
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