THE JOUR

Color perceptibility and validity of silicon carbide—based

JEEN

L OF PROSTHETIC DENTISTRY

L/

)

RESEARCH AND
®

protective coatings for dental ceramics

Chaker Fares, MS,” Randy Elhassani, BS,” Fan Ren, PhD," Alexandra R. Cabrera, BS,” Ingrid Chai, BS,®
Dan Neal, MS,f Shu-Min Hsu, PhD,° and Josephine F. Esquivel-Upshaw, DMD, MS, MS-CI, FACD"

Glass-based ceramic materials
have been used extensively for
fixed  dental  prostheses
(FDPs)'® and must be dura-
ble,  biocompatible,  and
esthetically acceptable. Chem-
ical and mechanical wear
cause a roughened ceramic
surface that can contribute to
considerable wear on the
opposing tooth and promote
plaque or biofilm accumula-
tion.”"® Additionally, increased
wear on the ceramic surface
reduces  flexural  strength
through glass-phase degrada-
tion and yields an accelerated
loss of surface structure,
increasing the risk of chip-
ping.>” These failure mecha-
nisms can severely reduce the
lifetime of ceramic restorations
and damage nearby oral
structures. To reduce chipping
failures and surface rough-
ening, monolithic zirconia has

ABSTRACT

Statement of problem. A silicon carbide (SiC) protective coating has been developed for dental
ceramics, but whether the coated ceramics can match the classical VITA shades is unclear.

Purpose. The purpose of this observational in vitro study was to evaluate the color adaptability of
SiC-coated dental ceramics by testing the hypotheses that SiC-coated disks can be fabricated to
match standard tooth shades and have a perceptible color match rate of at least 50% for disks
with a color difference (AE)<2.0. The effects of AE, shade hue, shade value, observer sex, years
of experience, profession, and shade guide orientation on color perception were studied.

Material and methods. SiC-coated disks were fabricated to color match (AE,,<3.3) all 16 VITA
classical shades. Uncoated disks of each VITA shade were used as the reference materials to
determine whether the SiC-coated disks were color matched to the classical VITA shade guide.
Three AE formulas (76, 94, and 2000) were applied and compared. Participants (N=120) with an
average of 22 years of experience included dental school students, dental faculty members, and
dental assistants. Pseudoisochromatic plate and the Farnsworth D-15 Panel test for assessing
color deficiency and color blindness were administered. Participants then attempted to match
SiC-coated disks to standard shade guides arranged by value or hue. All spectrophotometer
readings and color matching were conducted in a light booth with standardized daylight
illumination. Statistical analysis used the Fisher's exact test to determine factors associated with
improved matching performance (2=.05).

Results. A significant difference in color match rate was found between disks with AE<2.0 (63.9%)
and AE>2.0 (41.7%) (P<.001). Arranging shade by value (72.2%) instead of hue (67.2%) produced
better color matching (P<.001). Sex (P=.430), profession (P=.708), and years of experience
(P=.902) had no significant influence on color matching.

Conclusions. SiC-coated disks were successfully fabricated to match all VITA classical shades, and
clinical visual color matching results confirmed that AE was a useful metric in optimizing color
matching for the SiC-coated dental ceramics. (J Prosthet Dent 2022;127:918-24)
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Clinical Implications

When depositing silicon carbide as a protective
coating for dental ceramics, the coating’s thickness
can be varied to enable a prosthesis to match any
color within the VITA classical shade guide.

been preferred over veneered ceramics because of this
material’s high flexural strength, toughness, and hard-
ness.”? Despite advantages, sintering monolithic zirconia
at high temperatures causes oxygen vacancies to form,
which results in material discoloration and poor shade
match.'""!

An alternative method for improving dental ceramics
is to coat existing ceramics with a more durable material
to improve mechanical and chemical properties. Silicon
carbide (SiC) coating is promising because it imparts
corrosion resistance and has excellent mechanical
properties as compared with standard silicon-based
nitride or oxide coatings.'”'> However, although the
authors are unaware of research on the biocompatibility
of SiC-based coatings for dental applications, the
biocompatibility of SiC for other applications has been
demonstrated."*"?

In addition to the chemical and mechanical proper-
ties, a realistic appearance is essential for dental pros-
theses. Teeth are composed of stratiform semitranslucent
layers of dentin and enamel that reflect, absorb, refract,
or transmit all or part of incident light, through which the
quality of a tooth’s color is produced.”*® Color matching
in dentistry is routinely conducted by using dental shade
guides and is dependent on individual color perception.
A person’s ability to perceive color and choose the proper
shade can also be problematic. In 1970, Culpepper et al*'
reported on the unreliability and imprecision of visual
shade selection.”” Color discrimination varies among
individuals, and visual color selection depends on factors
such as size, position, shape, surrounding illumination,
and background color.”***> The multiple subjective vari-
ables within visual color determination make an objective
method desirable. Color measurement instruments have
the potential to eliminate some of the subjective variables
within shade selection,” with many advancements in
technology developed within the past 20 years to mini-
mize subjectivity.>® The accuracy and practicality of these
instruments have been evaluated,?”>® and 2 studies have
reported low agreement between instrument-based
shade determination and visual shade determina-
tion.*"*> A comparison of visual perception and instru-
mental shade determination should be performed for
new dental materials. By comparing visual and instru-
mental shade matching, the clinical acceptability of the
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new material and how this compares with those currently
available can be determined. For SiC coating, previous
data demonstrated that the thickness of SiC can be varied
to match any color within the VITA classical shade
guide.®*

The International Commission on Illumination (CIE)
has made refinements over the past few decades to the
original color difference formula (AE 76). The AE 76
formula measures color difference by taking the variation
between each specimen’s lightness (L*), red-green (a*),
and blue-yellow (b*) value in CIELab color space. The AE
94, followed by the most recent version, the AE 2000,
incorporated various correction and weighting factors to
account for different materials, saturation, and weight-
ing.*>?¢ To consider a coated disk to visually match the
Vita shade guide, a AE,;, value less than 3.3 is required.””
The 3 AE formulas are shown below>:

g =/ (AL*)24(da)2+(4b")? @
_ AL* 2 Acaby'= 2 AHﬂb* 2
AEq = \/(kLSL) +( kcSc kuSn @
AU, AC , AH AC 4H
AE = 2+ 2+ 2+ 3
2000 \/(kLSL) (kcsc) (kHSH "keSc kuSn ©

where L" is the lightness, a" is the green/red color
component, b is the yellow/blue color component, and
AL’, Aa" and Ab” indicate differencesin ", a  and b be-
tween 2 specimens. L' is the transformed lightness value,
C' is the transformed chroma value, H’ is the transformed
hue value, and Ry is a rotation factor for chroma and hue.
AL, AC, and AH' indicate differences in lightness,
chroma, and hue between a standard and a coated spec-
imen. KiS;, KcS¢, and KySyy are correction factors for
lightness, chroma, and hue, respectively. Hue (H) is
defined as the attribute of color perception by means of
which an object is judged to be green, yellow purple,
red, blue, and so forth.?” Value is defined as perception
by which light objects are distinguished from dark ob-
jects.?? Other factors such as years of experience, sex, and
specialty of examiners have been reported to have both a
significant’® and nonsignificant effect*’** on visual
perception.

To further develop SiC-based coatings for dental ap-
plications, the efficacy of instrument-based color
matching as with visual shade selection must be estab-
lished. The research hypotheses for the present study
were that SiC-coated disks can be fabricated to match
standard tooth shades and have a perceptible match rate
of at least 50% for disks with a AE<2.0; that shade
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Figure 1. Clinical procedure flow diagram.

matching is better achieved with value rather than hue in
SiC-coated disks; and that a AE<2.0 will predict higher
shade perception in SiC-coated disks. The AE threshold
was chosen based on previous color matching studies on
dental ceramics.>” Additionally, the effects of sex, years of
experience, profession, shade hue, and shade value on
the color perceptibility of SiC-coated disks were
determined.

MATERIAL AND METHODS

SiO, and SiC films were deposited by using a plasma-
enhanced chemical vapor deposition (PECVD) system
(PlasmaTherm 790; Plasma-Therm) at 573.15 K. The gas
precursors used were silane and nitrous oxide for SiO,
whereas methane and silane were used to deposit SiC.
The deposition pressure was 120 Pa for SiO, and 147 Pa
for SiC. The deposition rate was 5.67 A/s for SiO, and
2.75 AJs for SiC. The self-bias voltage was between 0 and
4 V for both films. The reactor geometry was a classic
parallel-plate configuration with a shower head and a
305-mm-diameter high-temperature substrate platen.
Additional deposition information can be found in a
previous report.**
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To investigate the capability of the SiO, and SiC
coatings for VITA color shades, glass-ceramic (IPS e.max
ZirPress; Ivoclar AG) disks ((J12x2 mm) were used as
specimens to coat different thicknesses of SiO, and SiC
films. Before the coating process, the disks were cleaned
with acetone in an ultrasonic bath, rinsed with isopropyl
alcohol, and dried with compressed nitrogen. SiC-coated
disks were fabricated to color match (AE,;,<3.3) all 16
VITA classical shades. Uncoated disks of each VITA
shade were used as the reference. A spectrophotometer
(Chroma Meter CR-300; Konica Minolta) was used to
determine the color difference between specimens. The
variations of 3 AE formulas (76, 94, and 2000) were
compared in this study.

Institutional review board (IRB) approval was ob-
tained for this clinical study. A prerequisite to participate
in the clinical study was being involved in dentistry in
areas such as being a student, researcher, clinical faculty,
graduate resident, or dental assistant. The enrollment,
eligibility diagram, and clinical procedures used are
shown in Figure 1. Written consent was obtained in the
laboratory where the testing took place. A brief ques-
tionnaire requested information including age, observer
sex, years of dental experience, and corrective eyewear
use. A pseudoisochromatic plate test and the Farnsworth
D-15 panel test were administered to assess chromatic
perception in the red-green and blue-yellow axes. Data
from participants who tested positive for color-vision
deficiency were collected but not included in the final
statistical data. One hundred twenty participants were
recruited after a pilot study, and power analysis was
performed. The effects of hue, value, sex, years of expe-
rience, profession, and shade guide orientation on color
matching were investigated.

All spectrophotometer readings and color matching
were conducted in a light booth with standardized
daylight (D65) illumination (SpectraLight; Macbeth)
against a neutral gray interior known as Munsell N-7.
The booth was the sole light influence in the testing
room.

Each participant was tested by using a computer
randomized combination of shades for both the hue and
value test. Although each participant had a random
combination, by the end of the study, each shade had
been tested an equal number of times.

This study was administered in 2 separate phases and
was conducted as a single blind trial in which the
participant was unaware of the color scheme. In the first
phase, the participant was given a single coated disk to
match a shade guide arranged in order of hue and in the
second phase, by value. Each participant was given 4
random shades to match for each phase.

Statistical analysis was performed by using a statistical
software package (R, v3.6.1; The R Foundation for Sta-
tistical Computing). Binomial tests were used to

Fares et al
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Shade A1 A2 A3 A35 A4 B1 B2
Substrate  BL3 A1l Al A1 A35 BL1 B1
SiC (nm) 140 155 180 325 300 125 145

AE 76 291 424 348 273 363 355 1.17

AE 94 1.68 3.16 192 222 299 292 0.89
AE2000 164 263 178 210 261 297 0.89

B3 B4 C1 C2 C C4 D2 D3 D4
Al B3 B1 B1 (@ 4 B1 B2 B2

170 140 100 250 150 100 110 80 150

6.02 122 338 416 357 214 252 361 363

297 066 334 338 205 150 142 200 1.97

283 074 209 282 196 185 155 195 207

Figure 2. Top row of disks uncoated ZirPress disks for each classical VITA shade. Bottom row of disks SiC-coated ZirPress disks fabricated to color match
VITA standards. Table lists substrate shade, SiC coating thickness, and corresponding AE of each coated disk compared with reference. 20-nm SiO,

deposited before SiC deposition.

determine whether the overall match rate, the match
rates for differing values of AE, and the match rates for
various shade subgroups differed significantly from a
benchmark or hypothesized value. The Fisher’s exact test
was used to compare the matching performance among
participant groups (a=.05).

RESULTS

The SiC-coated disks used for the clinical study and
their respective SiC thickness, AE values, and the shade
of the substrate used are shown in Figure 2. In this
study, a AE,g value less than 3.3 was required to
consider a SiC-coated disk to be a match to the standard
shade guide.®” A total of 70 women and 50 men
participated. The average age for faculty was 47 years;
resident 32 years; staff 40 years; and student 25 years.
The years of experience in the dental field for faculty
ranged from 3 years to 55 years, with an average of
22 years. The participants had a mean of 4.05 correct
matches of the 8 coated disks they were randomly as-
signed (50.6% correct), with a range from 1 to 8 correct
matches.

The number of incorrect selections along with the
frequency of incorrect selections by the participants is
shown in Figure 3. Within each respective hue group, the
middle shades including A2, A3, B2, B3, C2, C3, and D3
were incorrectly matched more frequently than the
lightest or darkest shades of each respective hue, creating
a bimodal distribution. Table 1 shows the correct match
rate of SiC-coated disks compared with a standard set
using a hue or value arranged shade guide. Additionally,
Table 1 details the match rate as a function of AE and
compares the match rates between the lightest and
darkest shades, middles shades, and overall group.

Using a hue-arranged shade guide, participants
correctly matched 121 out of 180 (67.2%) of SiC-coated
disks with a AE,yo value less than 2 while correctly
matching only 143 of 300 (47.7%) of disks with a AE>2.0.

Fares et al

This trend did not apply to all disks and will be evaluated
further in the discussion section. Using a value-arranged
shade guide, participants correctly matched 130 of 180
(72.2%) SiC-coated disks with a AEyqg value less than 2
while only correctly matching 174 of 300 (58 %) disks with
a AE>2.

Figure 4A shows that the 86% match rate of the
lightest shades (A1, B1) and darkest shades (A4, B4, C4)
was significantly higher than the average match rate of
51% (P<.001). Figure 4B shows that participants correctly
matched 63.9% of disks with AE<2, significantly better
than the 41.7% match rate for disks with AE>2 (P<.001)
and significantly better than 50% (P<.001). Observer sex
(P=.430), profession (P=.708), and years of experience
(P=.902) had no significant influence on color matching
results.

DISCUSSION

The hypotheses that SiC-coated disks can be fabricated
to match classical VITA shades and have a perceptible
match rate of at least 50% for disks with a AE<2.0 and
that a AE<2.0 will predict higher shade perception in
SiC-coated disks were accepted. The actual color match
rate was 63.9%, and a significant difference in match
rates was found between disks with AE<2.0 and AE>2
(P<.001). The hypothesis that arranging shade by value
(72.2%) instead of hue (67.2%) produces better color
matching was also accepted (P<.001). This study deter-
mined that SiC-coated dental ceramics can be fabricated
to match any classical VITA shade. The overall color
match rate when observers visually compared SiC-coated
disks with classical VITA shade guides was 50.6%. Of the
120 observers, 3 had no mismatches and received a
perfect score. The correct match rate of 50.6% was
consistent with previous color matching studies focusing
on dental ceramics.?"*? The match rate in this study and
those reported previously are the result of inconsistencies
in color perception among individuals and are also

THE JOURNAL OF PROSTHETIC DENTISTRY






922

Volume 127 Issue 6

(o))
o

\

D

w
o
1

N
o
I

w
o
1

N
o
I

Number of incorrect selections

—_
o

1=

Standard disks

A
A2
A3
B A35
E A4
EE B

[T | B B4
([T <
e
W c3
Ea
(MM b2

Y] b4

ﬁ’\’\.’\’\’“\ﬁﬁﬁfcr\/\/\/\

! A2 A3A3.5A4 B1B2 B3 B4 C1 C2C3 C4 D2D3

SiC coated disk shade

Figure 3. Distribution of incorrect shade selections made by observers during study.

because of the various complexities in color matching
dental ceramics. Okubo et al’” tested the ability of ob-
servers to match individual tabs of Vita Lumin shade
guides to another Vita Lumin shade guide and reported
that even when comparing the exact same materials from
the same manufacturer, visual matching from 31 ob-
servers yielded an average match rate of 48%.

When comparing the results from the different AE
formulas, the AE;gy formula demonstrating the lowest
AE values for 11 of 16 disks when compared with ref-
erences. Despite these lower values, the choice in AE
formula primarily affected the magnitude of the color
difference and was determined not to be a leading factor
in the color optimization process for the studied material
system. Overall, the use of a spectrophotometer to color
match SiC-coated dental ceramics to standards achieved
a similar visual match rate to that reported previ-
ously,”"*? indicating that color measurement instruments
can be a useful tool in color determination for SiC-coated
dental ceramics in conjunction with visual shade
matching.

As shown in Figure 3, the middle shades of each hue
(A2, A3, B2, B3, C2, C3, and D3) were incorrectly
matched more frequently than the lightest or darkest
shades of each respective hue. This trend agrees with
previous reports®"*? and is likely because the lightest and
darkest shades are easier to distinguish and there are
more shade tab choices in the middle shade range, which
increases the likelihood of an incorrect match. Further-
more, the larger number of correct matches for the
highest and lower members of each hue group results in
a bimodal distribution. This distribution is shown in the
averages in Table 1 and highlights that matching

THE JOURNAL OF PROSTHETIC DENTISTRY

Table 1.Visual matching results comparing SiC-coated disks with
reference disks

Match % Using Match % Using

AE Hue Arranged Value Arranged Overall
Shade 2000 Shade Guide Shade Guide Match %
Al 1.64 86.7 80.0 834
A2 263 0.00 3.30 1.70
A3 1.78 3.30 6.70 5.00
A35 2.10 63.3 733 68.3
A4 261 76.7 86.7 81.7
B1 297 833 733 783
B2 0.89 26.7 46.7 36.7
B3 283 46.7 46.7 46.7
B4 0.74 100 90.0 95.0
(@] 2.09 333 50.0 4.7
2 282 30.0 63.3 46.7
a 1.96 6.70 10.0 840
c4 1.85 100 833 91.7
D2 1.55 66.7 70.0 68.3
D3 1.95 26.7 233 25.0
D4 2.07 50.0 40.0 45.0
All shades 50.0 51.2 50.6
Shades with AE<2 63.9 62.8 634
Shades with AE>2 1.7 443 430
Lightest/darkest 82.7 89.3 86.0
shades (A1, B1,
A4, B4, C4)
Middle shades 20.0 286 243
(A2, A3,B2,B3,C2,
C3, D3)

performance differs greatly in 2 separate ranges, those at

the extremes of each hue and those in between.
Another source of incorrect matches was that several

fabricated SiC-coated disks achieved AE,y, values less

Fares et al






June 2022 923
100 100
80 - 80 |-
g g
¥ ¥
® 60 ® 60
< £
] ]
® ®
E a0} E sl
2 K]
o o
v v
20 - 20 |-
0
All others A1/B1/A4/B4/C4 Delta E<2 Delta E>2
Shade A Shade B
Using value shade guide = Using hue shade guide Overall match rate

Figure 4. Correct match rate. A, As function of shade value. B, As function of AE.

than 3.3 between multiple classical VITA shades. For
example, the SiC-coated disk used to match the A3
standard shade had a AE value of 1.78 between A3 but
also had a AE value of 3.15 between the B3 standard
shade. These small variations in AE and the potential for
multiple matches further highlight the difficulty of visual
color matching.

To further emphasize the effect of shade hue on
match rate, Figure 4A shows the percentage of correct
visual matches of the lightest and darkest shades in the
shade guide (Al, B1, B4, and C4) compared with the
average visual match rate in the clinical study. The
average visual match rate for the A1, B1, A4, C4, and B4
shades was approximately 86%, whereas the visual
match rate for the rest of the shades was 34.5%.

The present study demonstrated that SiC-coated
disks with a AE,p<2 had a better match rate in
general, but this was not always the case. For example,
the SiC-coated disk fabricated to match A3 had
AE5g00= 1.78 but had a visual match rate of 5%. These
exceptions to the general trend that coated disks with
lower AE values achieved higher match rates could be
because of the unavoidable difficulty and variability of
visual shade matching. The SiC-coated disks that had
AE»p00<2 but achieved visual match rates below 60%
were the following shades: A3, B2, B3, C3, and D3. All
these shades are in the middle of each hue group,
which was consistent with previous reports and was
expected.”"*?

The average visual color match rates for faculty was
49.6%, residents 48.3%, staff 54%, and students 51.75%.
These results show no significant effect of profession on
visual match rate (P=.430), which agrees with previous
reports.*’ A different study showed that prosthodontists
had better intrarater repeatability for shade selection

Fares et al

when compared with general practitioners.*” Faculty
participants in this study completed the visual matching
at an observed faster rate than the dental students and
staff. This speed could have resulted in additional errors
for the dental faculty that could not be quantified by the
recorded data. Additionally, the overall match rate for
women was 52.8% compared with 47.8% for men.
Although women had a slight edge when using both the
hue and value arranged shade guides, this difference was
not statistically significant (P=.708). Many dentistry-
related studies have reported similar evidence on the
nonsignificance of sex on shade matching.*’** Like
observer sex, years of experience had no significant effect
on the results of color matching SiC-coated disks to
standard shades (P=.902), which was consistent with
previous reports.*"** Hammad et al*° reported that
among 614 color normal participants, students with little
or no experience in shade matching achieved the same
results as experienced dental professionals.

Color replication and the quantification of color have
proven to be complex challenges in dentistry. The main
purpose of this study was not to simply present addi-
tional evidence on color matching but rather to show that
SiC-coated dental ceramics can be a viable option in
prosthodontics. These coated ceramics will inevitably
yield some of the same challenges in color replication as
currently used dental materials but, hopefully, with the
added benefit of durability and chemical resistiveness.
Limitations of this study included that color matching
was conducted using planar disks at a relatively fixed
viewing angle similar to previous color perception
studies. Future work should include perceptibility studies
on nonplanar SiC-coated dental ceramics with the
addition of wear, corrosion resistance, and biocompati-
bility analyses.
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CONCLUSIONS

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

1. SiC-coated disks were successfully fabricated to
match all VITA classical shades, and clinical visual
color matching results confirmed that AE was a
useful metric in optimizing color matching for the
SiC-coated dental ceramics.

2. The overall match rate of the SiC-coated disks to
classical VITA shades was 50.6% and was consistent
with previous color matching studies on dental
ceramics.

3. Participants correctly matched 63.9% of disks with
AE<2, significantly better than the 41.7% match rate
for disks with AE>2 (P<.001) and significantly better
than 50% (P<.001).

4. Observer sex, profession, and years of experience
had no significant effect on the color matching re-
sults (P>.05).
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