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THE MAGIC OF LIGHT: COLOR

A longstanding debate exists in the comparison of agsthetic dentistry and
art, clinicians and artists. While a consensus may never be reached as to
whether an aesthetic restoration may be classified as art, the influence of
artists throughout time remains thoroughly etched in the development of
aesthetic dentistry. As early as 1611, Forsius presented the concept that
color was three dimensional,” and de Dominis proposed the first approxi-
mataly correct explanation of the rainbow. In 1669, Newton experimented in
atmospheric optics, describing the decomposition of a ray of white
light into rays of different colors by means of a prism (Figure 1-1).
Expanding de Dominis® ideas, Newton further explained the theory
of the rainbow in nature.’ The basic principles for understanding
natural aesthetics in art and the use of color in artistic expression
were further established by Runge's development of a color sphere
that arranged and identified primary and secondary colors.
Concepts of color culminated in the publication of Goethe's Theary Ve 1 N iaiiat
of Color and provided guidance to the development and understanding of 1 atmesphenc nghcs deman
the principles of light and color.' The Swiss painter Itten expanded these jﬁmﬂfmm";‘dﬁ;;j
ideas by stating, “Whoever would become a master of color must see, feel, colors by means of a glass prism
and experience each individual color and the endlass number of their com-

binations with all other colors. Colors are capable of spiritual-emational

expression.”* Successful determination and transfer of color to an aesthetic

reproduction of nature depends on these concepts.

A clear understanding of color allows the clinician o reproduce the natural
dentition. The definition of colsr—as relatsd 1o physics—adoes not possiess the
same significance as when applied to an arists paints, since the compositional
and emotional effect= of color cannot be rﬂ-l:'l.'tll'u'h :|l|.ll|1i!ﬁrl.l." Therefore, a
knowledge of color amd the optical progerties of teeth and restomative materials
mst also be developed o achieve consistent shade selection of all restorative
malerials.

Conventional Deflinition of Color

Most methods ll'fli!l'.‘\-'l'l'ihillp; color use a three-dimensional coordinate
system that includes hue, choma, and valve.” Color spaces and coordi-
nates are arranged in regular intervals and are represented by a sphere
in the original Munsell Color Syvstem as well as the CIELAR Color
Svstem (Figure 1-2). These two ayslems are recognized as the stan-
dards for I|llilr||i|-:l-i.rlj.',_. |‘v|'|r|'|:l1|l||:|.":||_|,',_ anl CONVEVINE measuremenis
ll:r I'HIEH.

Figuea 1-2 (ELSE colr
syshem madified

NATURAL AESTHETICS
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Thie Munsell color smder system specifies precise colors and iden-
Lifie= the relationship between each shade (Figure 1-3). Scales
were also established to provide uniform steps for hue, chroma,
and value wsing a collection of numerically identified eolosed
chips. The Munsell notation, H YA {(Hue ValueColor), identifies
the color of any surface by companson to the chips under proper
viewing conditions. While the Munsell color system has interna-
tional aceeplance, ils design is locused on opague sufaces,
Accordingly, reliance on this svstem in dentistry is problematic
e o the inherent translucency found in dentin and enamel >

The current standard for evaluating and measuring color in dental research can
be foumed in the CIELA B Color Svstem (Figure 1-4) The independent vanables
are in Uhe form of L®, a®, and b* coordinates and have been denved from math-
ematical caleulations.” This system arranges all the color on one plane, on
which the lightness value can be vertically altered. This plane is formed by the
“a*" and "b*" coordinates, and conlains a colorless newtral point. In the =a**”
direction, +a* corresponds to red, while —a®* is its complementary color, green.
In the “B*" direction, +h* coresponds 1o vellow, while —b* rep-
resenls ils complementary color, blue. The chroma of sach color
is depicted by a radial axis that extends from the center to the
periphery of the space. The verical axis represents the light
value coordinate (L¥), which ranges from 1008% brightness
{white) an the logga B LK |r|i_;:]|||||'.-e- (olack) at the Dedtom of e
sphere. The center off the sphiere has low chmoma oolors, while
e }H.'l‘iplh'.r{. demonsirates high cliroma. Since the basic shade
of natural teeth ranges between red, red-srange, and vellow
wavelengths of the visible specimum, the color space in this svs-

Ll ulﬂ.l]l.[ II-I' 1]|_-|i|1|-.|;| |-|'1“l.'-|'|:| +a* :|.|||| +|r".':I i

Hue

Loordinates rom spectral reflectance curves define how matenals modify Llight
||:|- :|J|-m|:l|il|||, reflection, refraction. [ransmission, 1|i.-|:-|'|'.1i|:l|:|. dilfraction, and
interferenee. ™" In naiural dentition, e is referred ooas e “mame”™ of a colon
Hue corresponds 1o the wavelength of reflected light (Figure 1-3). As light
[uases I:hll:ul'r:h the matwral Iu-cltll, it 15 pellected, ||'|'r::||'lrl.|. ..III-.'\-“IIII.'“II.. o LRS-
mitted by a multi-layered complex wath strscture that varies acconding to the
optical densities of the I‘I!.l:ll"lb'q.:'.HE:liI'i'i" ervatals, enamel rods, and dentinal
tubailes™ [t5 stimulus 1o the eve s determmined ||:|- these rellected or refrcted
wavelengihs, which are translfomed in the cerebeal corfes Do perceplioms o
codor or hue! In direct resin bonding, the hue is primarily determined by e

selection of the “artificial dentin®™ or the underdyving substrate. The hue of a tooth

shoubd alwayvs be identified under appreogariate illumination with cobs-comected

light {=S0000HK)."

Figure 1=-3. Munsall's colon aralyss
mphilbesd, henbifying th Sour
paramatas of hue, chroma, vaka,
and ranslucmncy

Figure 1-4, The L™ a" b color
wpaces and coornales am dered
from mathemalical alculatons and
an arangad in regular infereds and
presenbid by & opor sphan



THE MAGIC OF LIGHT: COLODR

Chroma

The second charsctenstic, chroma, can be defined as the inten-
sity of a color or the degree of hue saturation (Figure 1-6). The
chromatic component only companes colors of eqgual hse,” The
same hues are frequently found at the middle and cervieal
thirds, but distinet hues can be swdentified at the ineisal third
e 1o the way light is refracted, seflected, absorbed, and rans-
mitted. o direct resin bonding, chroma can be varied in the
utilization of internal characterization through the use of mod-
ifiers and tints.

Value

The mast easily discemible of the thres primary optical characternis-
ticsa—and the greatest influence on the other two charactenstics—is
value.” Yalue can be defined as the “brightness™ of color (in the =Yita™
seale, from the greater 1o lower valwe as with BL, AL B2, [V, AZ...C4)
amd it distinguishes light from dark colors (Figures 1-7 and 1-8).7 In
resin bonding, the selection and variation of the composite resin that
reprsduces the atificial enamel laver is a principal determinant of the
value of a restored tooth.

Sterile definitions of hue, chroma, and value are useless, how-
ever, unless one grasps the relationships between and among
these characteristios and develops the ability o gquantify, repro-

diee, and convey these measurements of oolor,

Anatomical Morphology and Color

In natural dentition, a tooth is rendered polvehromatic as dif-
fering colors are disteibited and various lI|l|i1'-'I| characlerislics
are sbaerved through the enanel and dentin.® The |m|:|1'|:||1|-
matic effect is manifested in various optical characteristies:
hue, chroma, value, translucency, ﬂFHIIi':l-l.'L'IH'I'- indescence,
Museescence, and surface gloss, The |'-|'|.'|Iil.ri|.-||i|1.- between
these differem optical characteristics and their role in the nat-
ural dentition must be ||m|n~|'l:-. i|:|l|-r|m-h--.l im order to fabricate
aesthetic restorations.'™ Thus, a broader definition of color 13
necessary based on anatomy, optical properies, and polvehro-
malicity i .'||||:r||||r|'j.'|h'|g. deseribe the color and aesihetics of
by, aned based on the natural deotitisn and the relative con-

Iri|1|.|1im| uf lII'IIli:II al IIII !'II-'IIIH'I Loy ﬂﬂlﬂl &

Dentin and emamel have |.||-.|.-Ii:|':|“:l. differeni l.||l|i.|.':|| proper-
ties, and the relative contribution of each should be consid-

el M'FHII'EI'I'I} in determining  color. Mast  clinicians

Figure 1-5 Hue and cheoma can ke
Geiermingd [y Comparsen o coir
phaimgrapes

Figure 1-6. Athcygh e chepmats:
compenant of the wine in T glass
|| dacreases in infaresly &S waler 8
added [b], fis hus remains s same.

Figure 1-T. T daleswrans he value
ol & resineation of I, A cOmbing-
o 0l e i (Diecl B weiile
phalngrapis i wseful

Figure 1-8. The value ol i
resstoration Gan be imempnsied Fom



determine tooth color al the cervical third of the teosth, This portion of the
teoth consists primarily of pulp and dentin, which contribute most of the
hue and chroma of the woth. The incisal third, which consists mostly of
enamel, may or may nol be considered. Tooth enamel, however, contributes
significantly 1o the total aesthetics of the tooth, and the clinician must con-
sider this i the fabrication of aesthetic restorations.

Translucency/Opacity
The translueencyfopacity of a tooth has been viewed as the most imporant sec-
ondary property due to its influence on the quality and quantity of light
reflected back to the evis amd it role in the setletie vicaline of the woth.' The
structure and thickness of enamel and denting and the amount of light that pen-
elrates the tooth or the restoration before being rellected, absorbed, and trans-
milled, determines the degree of tranzluecency or opacity. Translucency playvs a
crucial mole in light transmission. While dentin and enamel are translucent in
natural teeth, enamel is almost transparent and colodess.”™ Enamel
and dentin have different l.liﬂirul densities and, when light passes
through enamel and strikes the underlyving color of the dentin, it is
reflected inall directions, The enamel i= l'llll'll.lil'!-!"ll of pods that ane
aurrsunded J:l:l I.Il:l'i.‘-ll"lillil.' auhsiamees thal ane iH'I'FI-I':IHJ:il.'IIIII.I' fo thae
dentin and act as conduits or transmitters of the underlying eolor
reflected from the dentin. Therefore, translsceney in teeth is alfected
||-:|- the way light is rellected and relracted by the enamel rods and

the condition of the dentin (Figuane 1-9). Figune 1-9, The secondary apfcal
properiizs of the nafuml footh an
crlined in fenms of ol anaiomy,

Opalescence

Opalescence, another oplical charactenistic, is defined as the
milky, white-hlue iridescent appearance of a dense, rans-
paarent imediiim or colloidal sysledn when illuminated by vis-
ible light (Figure 1-10). Opalescence is the light effect that
oecurs in the testh when visible light is dispersed and
refracted by microcrystals or eolloidal inclusions that result
in a reflection of the shorter, 004 1o 003 wavelengths of light
(blisish tones), the iransmission of longer, 0,38 1o 0073 wave-
lengihs 1_1_.1'“|:lh —orange), and the :|.|.l.~q||"|:l|i1r|:| of medium, (.5 bo

157 P S IRE . : e ! . Figure 1=10, Assthelic Tanshcmncy

1..n mu.1|1||j,l||r-I;.:|'|.|:||r-||. (L TTRE N T rt[ﬂlt,_ﬁﬂldi!-.'l-‘l'll r|.l1|'|¢||1|:.l1 r_l.tu.h. iy kdont ot the Jer—ry,

impart a vellowforange appearance under transmitted light from the inside of e mesal oo dstl incsal angles
of the masilary central inclsors

the mouth and a bluizh appearance under reflected light from the Facial
aspeect al the testh or restoration. This effect can be seen in the ineisal thid

of teetli amd is predominant in adolescents,”

Opalescence is primarily observed in the essentially colorless and transparent
emamel. Since e color of dentin is dominated by light alsorgtion and mellee-

tion ereating a vellow-orange appeananee anid masking opalescent effevis,



THE MAGIC OF LIGHT: COLOR

opaleseence 15wl readily discemible in dentin structures.
Opalescence in teeth appears as a light scattening effect that is asso-
ciated with the diameter of enamel rods.” In posterior teeth, these
characlenistics are exemplificd on cusp tips and marginal nidges. In
anterior teeth, this effect is observed in the incisal edges and pros-
imal incisal surfaces (Figure 1-11).

Iridescence =
The Memiam Webster Dictionary defines indescence as *A Iustrows rainbsow- u:l |imﬂl T;;Tr‘:muw"’mt“:m“ =

like play of color caused by differential refraction of light waves (as from an {Eng appearantd under irrmmitied
il slick, soap bublble, or lish scales) that wends tw change as the angle of view mﬂ;:;;mwm -
changes™ (Figure 1-12). The color Auctuates with very small differences in

viewing direction, location, amd illumination, Differing degroes of in-
descence are visible based on wavelengihs of dispersion, intederence,
and diffraction of light.”

Fluorescence
Fluorescence is an optical characteristic in which absorption of ultra-
viclet (LW ravs of light and the subsequent emission of blue or white

visible light eccur. Fluorescence is primarily found in the dentin
because of its organic composition. Afller penetrating the enamel and reaching Figurs 1-12. Varying degraes of

ey _ e iridesance Can be olmere Dases
the dentin, the UV light ravs exeite the photosensitive dentin, For the Msores- a0 e deection, eason, and

cence lo socur, the emission must lake |||;ll.'|' within 107 geconds of activa- usiration of an chject
Lion ™™ Theee ermitted Light enbances the brlliamce and vitality of eeth, causing

hath dentin amd enamel to Duoresee, further increasing e
whiteness or value of the dentition. In nafluire, this eflect is
created by the LY Fiys u|'.=-|.||1|i;¢;hl (i, shon 11.'|1.|.'|.|'||;.'.[||:-].
which are invisibile to the buman eve. Natural teeth expised
Lo L% Ii].zhl riy= exchibil Muorescence with an emission SEse -
trum thal varies [rom intense while o Ji_l.',,|1[ blue, amd is
ohserved in the vellow-orange Apecirum and detected in the
middle thied of anterior teeth (Figure 1-13)5%

Surface Gloss
The surface |I|.-.|n|'|||'|l.|-!|l]:,g. of natural teeth influences their sur-

i Figure 1-13, Netural toeth expossd

[ace gloss as well (Figures 1-14 and 1-13) A coarse tooth allows diffused o bt U B rave possecs
Mecti hirmas 3 | rfons facilitat wnil et Bucrescance Wilh an BmEsin

refledtion, whereas a smosh surace lacilitates specular rellection. —— o inleniss

e [0 i Dlusz,

I:}rf I:'I:'l.'"| ]Iil“] 1.i|r {:l llut‘

The primary prevequisites for color pereeption include three varable ele-
menla: Lhe |||rj:'|'|- a light source for illumination, and an ob=erver (ocular or
instrumsental )2 Additional factors that can influence il i of colar
include: the angle of observation, light and dark :|.-||:|p1.'|lil:r||. the size of e

field of view, and surrounding eolors.® The ||-|:|Ii1'-I|.=-!Ii|r betwsen i he [rrimary



III'I.'H"'lllII!-iH'.‘- of this color tnad {object, light source, and
observer) i= one form of the color experience known as “con-
seious color perception,”™ and a change of any one of the triad
can resull in a change in the perception of color™

Light Source

Color perception depends on the quality of light illuminating
Uhe obpect. This light source can consist of davlight or artificial
light and may be direct or rellected  The quality of light can
be deseribed according 1o the color lemperalure in Kelvin (K} and :-|.|-le'l.'lm|
einergy diztribaition in relative energy al each wavelength*™ The incandescent
bull (lungsten filament) is considered “warm®™ and emits white light that con-
taina red, vellow, or orange wavelengtha, while the blue portions of the visible
light spectrum (400 nm o 430 nm) are mainly missing. "> Therefore, il
a red, vellow, or blue material is illuminated, the red and vellow shades
will be strong and highly saturated, while the blee appearance will be
weak and low in saturation. *“Cool™ light sources, which include clear
mercury lamps and white Muorescent tubes, produce white light that
conlains blue and green wavelengths of the spectram and are deficient
in redd. When illuminating red, vellow, and blue shades under these con-
ditions, the red will aprpear desaturated, e }1'”1!1.1 will be less satu-
rated, and the blue will be strong and highly ssturated.

With Muorescent sources, the |u':|.|»..- LT TRy ermilted acness e
apeciram from the mercury gases used o stimulate the phis-
phors may resull in color distortion. ™ In dentistry, viewing a
restoration in each of these lighting conditions will alter the per-
ceived shade so that a Vita B-shaded restoration (orange-vellow)
Ajipwrars nalural |1:l|‘.'i||]{1ﬂ-}'r“uh' in color-corrected light, blue-white in Muo-
rescent light, and orange in incamndescent light (Figure 1-16). This phenom-
enon is illustrated by the illumination of a ved tomato with a white Light. The
Frunit will aprear risil hecause the tomato lhas .*-vl:-rli'n-l:. absorbed sufficient
amoints of all sther wavelengths other than the red, which allows
red energy 1o be reflected to stimulate the observer’s eve (Figure
1-17) In illuminating the same red tomato with a green light, how-
ever, the observer will see a darker and brownish-gray color,
hecause of the lack of sulflicient red wavelengihs in the green light
to b veflected. This |||I1-I'||:r|r'|:'|h|l|'| is lermed "color rendition =
The eye will only perceive colors that are contained in the illumi-
nating source.” Therefose, the aptimum light quality w distinguish
subile eolor differences is Cloud-TiTused Noril Noon [ Fay light because i
provides a uniform spectral power distribution and a color temperature of
S0 B Thee 11||:|.||Iil1.' o Dight sowrce slwuld be u|:l|||1:l:l.i|:|.'|.11'|l. DM lux,
which is l'l:llji'l.':ﬂl'lll io foare 220-watl color-corrected Quorescent tubes at a

Figure: 1-14. Surfacs morphology of
ralusal iewth influences e sk
{girss and color penceplion. Nole the
diTuss refeclion froduced by he

Figure: 1-15. The 1 of &moolh wr-
Tack AlowWs SpRCURRT TESection.

Figara 1-18. Dbsterving e same
ressioration in diferant lghting
condiong (i), colar-tormactid Rt
). Sucrescan ligit (B, and ncan-
st light []) alters M
perceed Shade.

[Figure 1-17, Tomsalo appears red
s il selacively ahsorts sulfitien
Emouis of oiher wiwsiangiin of he
ity mpeacdrum (right sade) etepl
hor e red wavelsngih, which is
eeflanciond i the obdever



THE MAGIC OF LIGHT: COLOR

distance of 2 meters.” There are several color-corrected light sources avail-
able 1w provide the proper quality and quantity for a more ideal spectrum
halance 1o prevent inaccurate aesthetic shade matching in the Laboratory and
dental environments,

The Ohject

Objects have the ability to modify light waves as well . Color is a phivaical
property of the light that is modified by the object, and the wal appearance
of the material depends on the object’s capacity to modify the color of the
incident light ** Color appears because the material absorbs the radiating
visilsle light, with the exception of the wavelength rellected 1w the viewer's
eves. As previously discussed, the reflective surface of the object can influ-
ence the perception of color.™ A transparent medium will allow visible
light to pass through almost unaltered. Translucent objects scatter, trans-
mit, and ahsorh portions of wavelengths of visible light, while opague mate-
rials do not teansmit, but rellect and absorb various wavelengths of visible
light (Figure 1-18). Highly reflective sudfaces make colors aprpear lighter
and eloser w the viewer.” The degree of diffusion of the way L'I!'Ilj.ﬂh.*- of vis-
ible light striking the object can also be affected by surace gloss, texiure,

ll.l'lll. caryalune. e

The Observer

Visible light enters the eve through the transparent area of the cornea, and is
locused by the ervstalline lens on the reting. The retina is composed of wo
types ol apecializsd photosensitive cells amd is the eeeplor aystem for vision,
These specialized receplor cells are called rods and cones, and they contain

phitosensitive pigments,

Cone cells ('EIIIIFiIihi' the |l|.'|il|:’i|:| al ||_l|'|r||[|||' cells in the macula lutea, which
is the focal area of vision on the reting and is located i.‘lII.III].'., il l.Il.l|iL'iI|. FRAEH Figaa 1-18. A reflectve surlacs

These cones cells are divided inio three tvpes that contain different forms m‘:mﬁmﬂﬁm ﬁm .
ol the pholosensilive pigment opsin w ith spectral sensitivity Lo the wave- visiia bORE I s TOUGH Blimst
lengths of the three primary colors—blue (wavelength of 448 nm), green  saters Sovnts and sots
englhs ol the three primary colors—Bblue [wavelenglh ol - nmmj, green saHErs. ransmits, and ateorhs

(wavelengih of 328 am), and red (wavelength of 367 am) ™" Because of potions of visibie light [B], and an
the presence of these three different light-sensitive ol e nla, human vision bk bt rafecks aod sbedt -
is primarily trichromatic. The propotionate intensity of the stimulation at s wareieniIs of visitie light ).
these three receptor cells determines the impression of the color in the
brain.” When visible light stimulation occurs, the Mgments are |r||l:r1|:l-
decomposed to ereate an electrical impulse for nerve excitation. A phe-
pormeno called cone cell Tatigie occus wlen cone cells ae overstimolated
bw staring at a colored object for long intervals. The cella produce a nega-
tive afterimage in the complementary color.™ In dentistry, cone fatigue can
b wseful in enhancing efforts al color-matching. The basic shade of natural

ieeth varies from white-vellow and :.1'||||1-. —orange bo arange-brown.™ The



complementary color 1o a vellowish hue is blue:

therefore, the cone cells can be sensitized 1o the
appropriate color range by staring at a bue cand or

object for several seconds,

¢
&

mind is not aware of lis |.'|.lr'|'|i:LI|u1i1:lr|e|| evenl of viswal consciausness, 1l

Information from the retina is relaved via the optic
nerve e the visual cortew, which is located o the
posterior pole of the occipital cores. The images
are processed in several stages by many intercon-
necled cortical areas. The lefi |!|Ie'll'|i:-~|.|»ll|.'|:'1r LYU TETLES
:1h;L|H':- ainl colors aml ri'!;l:'..- thie information via a
communication channel, the corpus callosum, 1o
the right hemisphere for conceplual interpreta-
tion ™ The brain converts the images info a uni-
fied viswal perception, or gestalt, using complex
compulations from past experiences and, while the

responds to the effect. As an example, the following figure, known as a
Kanizsa spuare, gives the illusion of a complete square despite the obvious
absence of luminence differences necessary 1o make a complete figure
(Figure 1-19).

Therefore, it becomes apparent thal visual perception is more than just light
sinking amd activating the neum-ophthalmsdogie axis; it involves the creation of
a mental coneept reanlting from the complex central nervous syslem inlerpre-
tation of refinal stimulabion, =

Subjective Approach

The h-lll:ij!'l.'li\ £ R wpcl is consiclersd a means of color L] iFiadd lo a sbian-
dard [ shade |.:|.|:il:[-|'h.l| lun & r-"|||:||l|e' of the restorative |||u|:|'ri.'.-||, which can be
used as a reference to describe the position on the woth that the eolor should
bz p|.'|rle-l.|. This may t'1-1||.|i|1- a combination of several shade tabs from maul-
1ii:||.' ahaide ;'_uiLI-rr- to reduce the COVETage error compmnenl 1Jl|||'i.||1.1 shacde
determination.” While the hllhjl'l'ti'l.l' :l|:r||ru:ll.'ll continues 1o he the moal
OGO |l|‘.1l.'|il:'u of color defermination,™ it i limited in that the FH'I'I'-I'IIHI:III
of color can vary between individuals and even the s of the same indi-
vidual ™" These findings support the importance of patient involvement and
self-assesament 1o ensure patient salisfaction as the final treatment goal.

Instrumental Color Determination

Anodlier method for color determination in lII'IIlih-'I'I'.' is compuler-aided color
imagingfanalysis. Instrumental measurements (eg, with digital cameras,
h|.l-|'|:'tl.'lb|II‘II:III.III:II"I'H'-. K |'-u|mi||1|"li'|'.-i af sulsile dilferences that secur in Vary-

ing degrees, angles, and areas of the tecth can epuantify eolaor for a more

%
9

Figure 118, The creason of 3
ksl concepl (8 compleds sguang
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THE MAGIC OF LIGHT: COLOR

uniform, repeatable, and precise objective assessment. This objective
approach overcomes many of the previously discussed human factors for
error in visual sslor determination.

Digital cameras provide a mathematical analysis by measuring the appear-
ance of color images. One system (ShadeScan, Cynovad, Montreal, Canada)
analyzes tooth images and objectively infers their appearance properties
based on color and transluceney. This digital image can be cross-
referenced with a database of shade 1abs and guides (ie, Vitapan 3-0
Master, Vident, Brea CA; Chromascop, Ivoclar Vivadent, Amherst, NY).
Suich systems vield an objective analvsis of translucency and opacity dis-
tributions, texture, and a detailed visual desceription of the differences in
hue, chroma, and value,

The spectrophotometer measures the fundamental reflectance of an object
across the visual light spectram. This technology is most commaonly used in
the research of dental matenials and is the most accurale measuring device for
shade evaluation.™* Spectrophotometers use multiple data point references of
information from aeross the visible light spectrum (300 nm 1o B0 nm) 1o
extrapolate color determination (Spectro Shade, MHT International, Newton,
FA)** The spectropbotometer can determine CIE Lab or CIE Leh values,
which allows it 10 be used 1o caleulate metamerism.* Another spectropho-
tometer-based shade determination system (Shade Eve EX Chroma Meter,
Slul, Menlo Park, CA) measures ulJl} r-ilip:l-l. ~proknil SeLrees of releremee of
information to extrapolate color determination.

Studies have indicated there is significant variation in the data obtained from
the human eve to the results from the colorimeter.™ A colorimeter is
designed to dii‘q-ﬂl:- measure color as IH'.I'I:'!'i'!-"I."IJ II‘"r the human eve. As light
1= 1:|mj|:|:'|:r1.| in the additive :1|:n:|.'lr.'1.| colors of ned, B, and |Jtlllr{|“;|l], the
color wavelengths in the visible light spectrum are measured with great aceu-
racy. These devices are trichromatic and can also measure in CIE Lab or CIE
Leh, Precise colorimeter is difficuln to 1|:.'H-i!a_|l. however, because the Tilters
must be carefully controlled and the characteristics of the light source must
be maintained. Any alteralions can cavae inconsistent color determinations
over lime " One colorimeler ayaleim I_:'ilul.-lil."'i"i*.-iul'l, N-rite, Grandville, M
filters light in three or four areas of the visible spectrum to determine the
eolor of an ll1'|jH'|.

Both meetlamds of color detemmination, visual aml insiraimental FII'II'.'jLIII' the eli-
nician and technician with allematives to enhance their color-matching <kills.
|i:::m|h.| color nud:-hinF skills, tlse ||-:|'|:t|'-|'.--:=1:|:|' st lnetic shace determination for
A resin restoralyen n-uluin-.-n fun |||-|':|||ale|‘_'!.' of colir HIIEII}'hi!-.11I.IIIIrILIIIi1'EItiIIII.

interpretation, fabrication, and verification.”




Controlling Color Variables

Many other lactors contribute 1o the perception of color, influence the inacd
of ecolor, and should be considered duning shade determination. These vani-
ables include the viewing angle of observation, light and dark sdapiation,”

* Envirenmen-

the size of the Geld of view, previows eve exposare/Tatige,
tal and lighting conditions,”" ™%  and environment changes
(i, delwdration, emperature changes of lighth. Also involved are
surrounding colors, phivsislogical and psyehological responses o radian
energy stimulation, ™ patient’s clothing and makeup,” metamensm,=4*
o], dmigs and medications, age and gemder. While time and space pre-
vl & |||tr1|lllg|| discussion of each, all lactors should be ].',,i'l-l.'ll 'nl'i_;.dll

in final shade determination or aesthetic shade matching.

Additive and Subtractive Theories of Visible Light

When light “paints” an object, it adds the light ravs of different
colors, The primary colors of the human visual svstem are red,
green, and blue (Figure 1-200, Combining any of these three col-
ors vields a wider range of colors than can be reproduced by any
olher thiree colors, A eombination of all three primamy colors will
III'I.IIIIII.'I.' white Light through the "additive theory,”™ but l.llll.:l- fior
light transmission—not for pigments.” These primary colors fol-
low the principles of additive color mixing when combined in
equal amounts o make the secondary colors of the human visual

spectral system (Figure 1-21).

# blue light + green light = evan
* peal light  + blue light = porple (magenta)
# wreen light + mel light = vellow

The secondary color is the complement of a primary color.

# White = red = CVamn
* White = green = purple (magenta)
* White = hluoe = vellow

Every primary color is the complement of a secondary color,

* While = evan = il
= White = magenla = Freen

= While = vellow = Il

Combining complementary colors of light of equal quantities produce
white light.

* Reul 4+ evan = while
® Green 4+ magenin = while

® Blue  + vellow = while

Figure 1-20, The primary specirsl
COMTE: radl. grean. angd Dl A Qombs-
nation of all fees primany spaciral
COMNS Eroduces whita ght theough
“Tre kit thegry.”

[Figiire 1-X1. The pimady specinal tol-
o0 folony s priscapie of Bodiliv ool
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ke W Segondary colars (it of he
Purvean viciesl spacienl Sysiees The see-
ondany specinal coions e deficien] one
primany Sl coler, which is they
complasesnian color (Hgh and sedsm-
et b Exjiinl Falbes a0 lile light

Figurg 1-E2, Primary (dof [gmants
ars the sacondany colom of he human
vl SPECRTE SYEIRE— CyEn, puile
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ol &l e Drimary [RMants in & ca-
3 et il s Black.



The opyeieiter pecurs when mising pigmsenis, The secondary colors of
ihe huaman viseal speciral svstem ame classified o the primany colo

pagrments [(Figures 1-22 and 1-23),

- l:!.'un
= Purple (Muagentn)
= Wellow

These primary pigments follow the principles of sulirctive colo
mixing when combined in equal amounts 10 make the secondary

color pagments,

# Cvan + magenia = Il
# Magenta + vellow = il
# Yellow 4 evam = EREE
* Cvan + magenta + vellow = black
® e prigmnent = whili

While the primary colors of the painter’s color wheel are red, vel-
low, and blue (similar to primary pigments), a greater range of
colors can be reproduced using cvan, magenta, and vellow than

with red, vellow, and blue.

Reflection, Refraction and Light Transmission

When light raya sirike an :r]:ljl'l'l- the light is reflected at the same
angle as the angle of incidence. The angle of relraction is pro-
portional to the refractive indices of the materials crossed by the
light ray. When light rays are completely reflected by the surface,
the angle of incidence exceeds the angle for which all ravs will be
reflected, known as the critical angle. This event explains the whitish
areas that Afrperar o tecth. The white demarcations at the ineisal
11]__'!' of [!'!'III.. kirown as the “halo 1'|fl'l.'l," are Lhe results of the oial

reflection of light ravs from these areas (Figure 1-24).7

Surface geometry modifies the visual aspect of the suface. When light
sirikes a smooth, Mat, opague body, ithe reflected ravs will be parallel, If
the surface is rough, there will be scattering of these reflected ravs,
Whien |i;|ll strikes a smooth, fat, Eramaprarent e, e transmatted
rays will be parallel. If the transparent medium is rough, the transmitted
raya are directed in multiple directions or diffused (Figure 1-25). The
optical scattering of light has an effect on color perception and should be
voasidensd during shade nateliing between a restorative material amd
natural tooth. Accondingly, the surface characteristics of leeth and
resborative malerials have a considerable impact on the reflection of light,
which influences the surface gloss, aml plavs a significant ole in the

appearance and vilality of teeth and aesthetic dental materials.
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Agure 1-23. The primany pagment
cobors follnm B principle of sublrac-
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Metamerism

Metamerism occurs when the perception of color of two
objects is different because one of the variables of the color
trigd (object. light source, or observer) is altered while the
olher two remain the same ™% There are wo Ivpes of
metamernism: object metamensm and observer metamerism.

Object metamerism oocurs when the two ilems appear the
same in one lighting condition, but appear differently when
the light source is changed.” To prevenl metamerism,
objects should have the same spectral relleclance curves,
since only materials with identical spectral energy distribu-
tion curves will mateh under all light sources (Figure 1-26).*
Color match does nob require the light source and object to
have the same reflectance spectrum. Therefore, to obtain an
acceplable shade determination, it is advisable for the
viewer (lechnician, clinician, and assistant) 1o observe the
color matching under three differemt lighting conditions—
davlight, color-corrected light, and dim light.=

Observer metamerism oceurs when the light source remains the same and
the observer changes, caused by sither human visual stimulus or instru-
mental stimulus. Since color perception is dependent upon physiological
speciral response sensitivities of the cones in the fovea and payehological
interpretation by the brain, it is recommended that a third observer (assistant,
technician, friend, or family member) evaluate the selected color prior 1o
cementaton ul’ml:r final restoration.™

In instrumental visual stimuli, color perception is dependent on the
il amimation, Measurng modes, and the Lvpe of Iighi ST,
Spectrophotometers, for example, operate using two different measuring
maodes: apecular component included (SC1 mode and specular component
excluded (SCE) mode. When waing instrumental color measurements, the
methods emploved should be standardized becawse the resaltant color coor-
dinates may depend on the mode that s being used

Contras!

The phensmenon known as contrast effect can alter the perception of calor
and one's .|:|.|Jj|it}' to evaluate color. The utilization of eolors in lII'Ilti.‘l-lI':l-'
re| Wi [ ||:r||.|.-|'.|'.-lu:||d:illj: i vl [T |:'|t|'|:|||‘.|:-|. anid hive contrsis heiween an
object and its surrounding background can influence color perception.
Simultaneous contrast oceurs when two objects are observed simultaneously
and can be subwdivided into three categories: hue contrast, light/dark con-

trasl, and cliroma conirasi.”
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Simultaneous hie contrast is discermed when two chromatic oolors ane
combined and the perceived hue vanes closer to the complementan,
color than 1o the surrounding background. Each color appears to mod-
ify the other in the direction of its complementary or afterimage. When
the colors w be combined are closer 1o being complementary colors,
they appear more intense and vibrant (Figure 1-27) The clinical sig-
nificance of this phenomensn occurs as was previowsly discussed in
sensilizing the cone cells to Bue prior o shade taking in onder to see
toath shades more discriminately. In shade determination for dentisiry,
the perceived color of an object is infleeneed by the color of the sur-
|'I.I|JIII.Ii|IJ.',, ||-w|'|n.|.u'ull|l|.""'“|.-|11'2|'l||'r. an icheal envimomment fos [LLE L] wilog
assessmient 15 when the sumounding background is newtral gray.

Simultaneous light'dark contrast™ or brightness or lightness con-
stancy™ oocurs when the relative brightness of an object is affected
bw the brightness of the contrasting surmounding background. This
can be demonstrated when the same shade tab of equal value is
placed on a black and white background. The shade tab on the
white hackground will appear darker or lower in value because
the background reflects more light than the shade tab, whercas
the shade tab on the Black background appears significantly lighter
or higher in value because the backgroum] absorbs more light than
the shade tabs (Figure 1-28). The clinical significance of this ghe-
pomseen accurs durng Lhe shade selection poroscess of a el with
the black oral cavity as the backgronnd, which causes tlie tooth amd
shade tab to Appeear lighter. To avoid this visual illusion, value

sl bee determimed with a suronding weutral gray background. ™

Simultaneous chroma contrast follows the elfects generated from hue and
light'dark contrast. I'un--muq:-le-. the image against the Eray bk growrd aupesars
beighter ilightdark contrast) sinee it has low chroma, whereas the image againsi
Use same haue background A dull {light!dark contrast) from the increase in

1'|IJ|.IIII|.1 II'- t]ll.' Ih.li'L.:IIII.IIII:I :|.r|1:| |II1' IIJHI.' frresEnee 1 Lome ||:IIJE' contrasi)

(Figure 1-20)%

Adaptation

Senaory adaptation is a reduced sensitivity of the eve o a contin-
ued or unchanging stimulus.® Chromatic adaptation oecurs when
an object is viewed in two different light sources amd ia pereeived as
the same color. This can be illusirated wlen a white cand is ger-
ceived in ihe ||.'|:|.|i.|.1|l|: as white and Later, under incandescent light,
the cand appears the same color, Such a condition securs because
e henin stores the color of the |||:ri-e'|.'l in shaet-tenm INETIHTY, sz

recal l= il imitial LG of the cobor of lwe 1lllj1'1'|., aml automati-

Figure 1-27. Tha chsser the celor
B b cormbined &nd 0 e oompie-
iy GOk, i fii bl

Figure 1-28. Smultarecs himess
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cally assigns the same colos. To prevent the influenee of chromatic
adaptation during color matching, the object must be viewed within
a minimum threshold of time. The brain requires the image 10 be
visilile for 60 ms to 70 ms for the eve to detect & stimolus, The clim-
mialic assessment penod s e maximum amount of exposure Limse
that can oceur without the influence of chiromatic adaptation. The
maximum time inlerval is 3 seconds, and shade determination
should be pedormed within this tme interval o prevent an inac-
curate shade match.™

Environmental Influences

The setting in which an object is viewed can influence the per-
ceived color, The background and surroundings can affect the
salurations amd the hues perceived (Figure 1-30). The patient’s
complexion, make-up, and even reflection from the operatory
equipment and walls can modify the color of the oral environ-
ment and the shade sample, which can influence the shade
determination. Therefore, it is advisable to remove the patient’s
make-uwp and utilize a newtral gray background in the operatory
to reduce the influence of surrounding colors and to prevent an
inaceurate shade determination (Figure 1-517.79

In the general population, color defects occur in 8% of males. One study found
that .9% of dental professionals had some form of color deficienee™ These
findings sugpest that it would be prodent 1o sereen the restorative leam
(assistaniz, technician and clinician) for color blindness defliciencies =%

The sueeessful determination and transfer of color to an aesthetic reprodue-
tion of the natural dentition relies on many interdependent relations. The
restoralive lean's lII'||.|||'|':-I:|.r'|:|it|j; ol the 1:|p1i1'u| characteristics of ]:i!.'llt, the
amabomical Illlll‘|.||m|u;|{:.' ol the tooth, the interrelation of the Iui!lliﬂl] I.ll'l!l.lt'!"lii'!-
of light with the different refractive indices of the tooth structure, and the
restoralive malerial, may alill e IIilI"IIFH'I‘l"I.I ||n}' |1||"|:-i.|.'u|. and ||.~t}'r|l.-|:|.1:]{i.ﬂ|.|.
limitation. By developing the senses through olservation, one can begin to
notice the vanations in the paramelers of these l:||l|i1.'al| |.|l‘1:FH'I'|.iL-h ihat frro-
duece the infinite posaibilities of color rendering and the polyehomatic effect
witlim the 1ol and restoratisn.

Figure 1-31, & neuiral gray back-
GO & Used i shade delerming-
e 0 redhace the nfleance of
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