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Abstract: Age-related colour changes of biological objects tie results of changes in structure and progertie
which may reflect the influence of the extrinsidantrinsic environment. The method able to disanite these
two factors was not published yet. Non-eruptedhtegtich are isolated from the environment of thal cavity
(intrinsic factors) have not yet been explored #alevice for research the dentist's chair-side sneements of
vital erupted teeth as well as extracted impaatetht(immediately after extraction) was built freommercially
supplied components (fiber optic spectrometer) Ebipiith specific custom-made parts and a spesiftware
driver. The measurement method related tooth fal tmlour changes in system CIELAB 1976 was evallizo

be inadequate. For more precise method ofABevc(l:c) were theoretical trichromatic coordinatesstdndard
tooth and the ratio of extrinsic and intrinsic farst for vital erupted and impacted teeth modellgdnoltivariate
3D-mathematical regression models. The rate of ¢emxgiscolouration caused by the total factors e@ses over
the life of humans. The rate of colour changes eduny intrinsic factors is nearly constant overlifeetime. Age
estimation of the vital erupted teeth 21 (inversexponencial function of CMgiy) will be only approximate
(s.d. 6.2 years). More convenient for approximage astimation are the impacted teeth immediateigr af
extraction (inversion linear function of CNiG)), significant correlation with the known real gg&alue < 0.001,
(s.d. 3.1 years). Correlation between the subjagts and the yellowness of b* values of skulls gnificant

(> = 0.80). The similar correlation between the suisiege and yellowness of b* values of impactedhteet
(= 0.79) suggests a presumably similar mechanisnolour changes in bone and impacted teeth. These te
are relatively available biological samples and lbarmbtained without any difficult medical or eticssue.
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The colour of teeth is determined by combined eéffenf intrinsic and extrinsic
colourations. Age related colour changes have mrayeeful in clinical dental practice,
concerned with prosthetic treatment (especiallyrtratogenic). Intrinsic tooth colour is
associated with the light scattering and absorpgpicoperties of the enamel and dentine.
Extrinsic colour is associated with the absorptidmaterials at the surface of enamel and
in particular the pellicle coating which ultimatelguses extrinsic stains etc. [1, 2].

Many colour scales has been developed for thisqaarBerns [3]. Most frequently
used system CIELAB was designed in 1976 year.ifmntkiiee-dimensional colour space the
colour co-ordinates values L*, a*, b* are calcutafeom the X,Y,Z tristimulus values for
both the reference and specimen as follows:

L* =116(Y/Y, )" -16 (1)
a* =500|(X/X , }° - (Y1v, ] @)
b* = 200|(Y/Y, 2 - (z/z, ] 3)
where X/X,, YIY ., Z/Z,>0.008856
or:
L* =903.3(Y/Y,) 4)
a*=3893.5[(x/X ) (Y7v,)] (5)
b*=1557.4(Y/Y,)-(z/z,)] (6)

where X/X,, Y/Y, Z/Z,<0.008856.
Tristimulus X,, Y,, Z, values are of the iluminant/observer combination.
Evaluation of total colour changes &g (shortened symbol E*) are simple, but too

much imprecise.
e =farf+ bof + L] )

The L value is lightness (black 0, reflecting 100), #nevalue is redness (Haor
greenness (—p and the b value is yellowness (+p or blueness (=p. The a and b
co-ordinate values near zero correspond to nectdalurs (white, greys) and their values
increase in for more saturated or intense colours.

CIELAB colour space has been modified to a morecipee CMC system and
standardised in International Standard ISO 10518®%(E): Calculation of colour
differences [4]. Evaluation of total colour chan@é€suc (I:c), (shortes symbol CMg ) is

calculated
CMC (I:C):[(IA[;TJ +(§EC;;J +(A;*J }2 (8)

The three separate components of the colour dif&®\Ecyc(l:c), (shortened symbol
CMC.) lightnessAL*, chromaAC*, and hueAH* are weighted by weighting factors,S
Sc, § calculated from the chromatic coordinates of anddiad L%, a*, b*,. Other
weighting factors (1:c) may be numerically optingise suit the desired purposes. The
calculation CMC of colour differences was usedewesal studies published recently. These
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articles usually compare teeth and selected filbngrosthetic materials and use CMC
calculation just as an indicator of perceptibilityacceptability. The purposes of this study
were to evaluate the CMG) CMC,.y and CMGg.,) formulas to identify which of them
provides the best indicator for acceptability ofaiaolour differences in the esthetic dental
restorative materials. Trichromatic coordinatesttofd standards are defined from these
materials [5-7].

The third standard is used for the calculation efghting factors. These values were
not yet determined for human teeth (theoreticalddiad tooth) and so another aim of this
study was to set them and consider the benefitgsiofg the spectral parameter (eg the
colour change compared with a standardised tootkead of the white standard and
establishing weighting factors, the rest is useddfirk signal). CMg, values had not yet
been used as a spectral parameter for age-relateglations of teeth. Age-related colour
changes of impacted teeth which are isolated fimenenvironment of the oral cavity have
not yet been explored. These teeth are not affdntale ambient conditions, the change in
colour is only caused by physiological processaga the human body and so they are
ideal for determination of the ratio of intrinsindaextrinsic factors that cause the change in
tooth colour. The concept of a custom-made instnimaew use of the CMC system for
calculating colour differences and 3-D mathemativaldels of the ratio of extrinsic and
intrinsic factors for vital and impacted teeth agk estimation using inverse functions of
colour-age relationship has been demonstrated rendescribed in the following text.

Materials and methods

A special instrument was built from commerciallypplied components. The designed
device consisted of an Avantes S 2000 fibre opiEctrometer coupled with an XE 2000
xenon light source and an FCR 7 UV 200-2-ME reflace probe, which contained six
200 um optical fibres for the light source around on® géh sampling fibre (AVANTES,
Eerbeek, Netherlands). These components were ctedpleith custom-made parts, for
example a special holder for the measurement odebetd teeth or spectrometric standards
or special plastic probe shield for chair-side meaments, which was designed for frequent
resterilisations. The same geometric configuratisi8, was found optimal for all types of
determinations (chair-side measurements, extraetttl). A special software-driver (called
VIS) was supplied with the spectrometer for Objeénted Design Lab view TM. This
unique software was programmed using VIS to corttiel spectrometer, the xenon light
source, collect data and calculate trichromatiadioates X, Y, Z, colour co-ordinates L*,
a*, b*, E* and CMG, values.

The spectrometer Avantes S 2000 was Tzerny-Thutesign spectrophotometer with
CCD detector with 2048 diodes. Just 1902 pixelsumed for data collection, the rest is
used for electric dark signal correction functidime output of the VIS is Spectral Output
table containing 1902 values of subject reflectafidtee spectrometer was calibrated with
white and black standards before each measurethemis programmed to switch off the
light for black standard calibration. The followirgpectrometer parameters were set:
integration time 100 ms, delay before flashes Oamsraged samples 10. It was necessary
to perform one cycle of ten flashes to stabilize ttenon light source before every
measurement.
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The following groups of patients were collectedhwthe agreement of the ethical
committee of Central Army Hospital in Prague, CZo@ding to the Helsinki Declaration):

The group for the determination of Total factorsvithl erupted teeth discolourations
consisted of 69 probands (35 males and 34 fema@sy5 years old. All of them were
non-smokers, in good overall health and their dngdiene was satisfactory (standard
hygiene indices PBI, CPITN, API, DMF > 10). Thisete was was polished with
a mechanical brush with DepuralNeo paste (Dental &Z) and rinsed with deionised
water. This tooth was measured in its central aredl subjects.

The group for the determination of Intrinsic fastoof extracted impacted teeth
discolourations (measured immediately after extiagtconsisted of 23 probands (12 males
and 11 females), 20-69 years old, non-smokerspad gverall health with satisfactory oral
hygiene (standard hygiene indices PBI, CPITN, APMF > 10). The tissue and blood
residues of these extracted teeth were removedutbarand the coronal part was polished
with a mechanical brush with DepuralNeo paste arsd with deionised water.

The Extrinsic factors were determined by a difféemmethod using data of extracted
impacted teeth (immediately after extraction) atdl \erupted teeth of the some probands
before surgery. This group of differential measwesimwas collected over more than five
years, because the patient had to have not ondfracted impacted tooth, but also a vital and
intact erupted tooth 21.

The SubVISs for calculating X, Y, Z, and,la, b and CMC were created. The
computation of CMC was based on predefined valdigbeotrichromatic coordinates,l,
&, by of third standard (theoretical standard tooth avedght factors |, c). Another
additional module was created for approximate agerchination using inverse functions of
colour-age relationship [8, 9].

Results and discussion

Parameters of all used mathematic-statistical nsodeintioned above were obtained
by linear and nonlinear regression methods, depgnali the model type. Data were fitted
using the least squares method (LSM). Since the L8§lires normal distribution, all
residual errors were tested for normality. Stat#tsignificance of all parameters was tested
using t-test and normal standard deviations weed ts quantify uncertainty of parameters.

Figure 1 shows the age dependence of the mearrametic coordinates "(21),
a(21), b(21) of the vital left central incisors. A 3D-mathatical model of this dependence
of the age-related changes trichromatic coordinafethe vital erupted and the extracted
impacted teeth were used to determine theoretadakg of standard tooth. This model used
data to determine the extrapolated values of tbleromatic coordinates for near-zero age.

For all significance tests and for constructioncohfidence intervals of parameter
estimates and confidence intervals of predictiaggR and 3) at the significance leeek
0.05 was used.

Figure 2 shows the age dependence of mean speatia@ineters E* of vital erupted
teeth 21 as well as extracted impacted teeth (IMfediately after extraction).

Figure 4shows estimated models for total discolouration GMGital erupted teeth
(21), extracted impacted teeth (IMP) and diffe@ntialues (21-IMP) for erupted and
impacted teeth after surgery as a function of aaget on experimental data (Fig. 4a) and
mathematical models of total, extrinsic and inidndiscolouration derived from spectral
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parameters (Fig. 4b). The outer limits are 0.25%ntles of the data, i& 3c. The
relationship is described by the formulas in Tdble
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Fig. 1. The age dependence of mean trichromaticdauates L*(21), a*(21), b*(21) of the vital left

central incisors. Method CIELAB (L* - lightness, *a redness, +b* - yellownessNote:
Estimates of the trichromatic model parametersgiven in Table 1
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Fig. 2. Age dependence of mean spectral paramEteo$ vital erupted teeth (21) as well as extracted
impacted teeth (IMP) immediately after extraction
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Fig. 3. Mean age estimation from inverse modelspefctral parameters of the vital erupted teeth, (21)
use of inversion exponential functid’i‘YCMC(z;l) and extracted impacted teeth (IMP), use of
inversion linear function dfYCMC.1)

Table 1
Estimates of parameters and their confidence iaterfer the models of trichromatic coordinates
and spectral parameters of vital teeth (21), eteéthimpacted teeth (IMP) and differential values-(21P)
for vital (21) and impacted teeth (IMP) after suyge

Spectral Age Number of teeth Parameter estimates (_)f the model .Y =A % @xp(-k-Age) and
parameter t ME(M)(F) Y = A + C-Age with their confidence intervals (CI)

Y [year] A JalN] ¢ [co] k [d®
L*(21) 20:75 | 69(35)(34) | 66.09 gg:ii 18.26 2123"7681 ~0.03 _5%26
a’21) | 20:75| 69(35)(34) | 499 0o 475 | —O>00) 004 o0
b*(21) | 20475 | 69(35)(34) | 2632|5200 ~18.01 223 002 |00
E*(21) 20:75 | 69(35)(34) | 69.97 gf:gg 15.21 1199'7‘118 ~0.04 _5%26

CMC(MP) | 20:69 | 23(12)(11) | 007 —g 00— 008 [—S7— 0.00) —
CMC(21) | 20:75| 69(35)(34) | 23.90 ;g:gg —22.22 _‘2225.6736 ~0.02 _5%23
CMC(21-IMP) | 2069 | 46 (24)(22) | 13.05 E:Zg ~13.02 _‘1140.5987 ~0.03 _5%24

Note: }'... Very low value of the parameter k allows the oglinear model

Figure 4 shows approximate age estimation, sigmificorrelation with the known real
age p-value < 0.001, from inverse models of spepaeameters of the vital erupted teeth
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(21), use of inversion exponential functiBYCMC(zzl) and extracted impacted teeth, use of
inversion linear function dF'CMCz.)
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Fig. 4. Estimated models for total discolourationvial teeth (21), extracted impacted teeth (IMP)
immediately after extraction and differences valaksital erupted and extracted impacted teeth
(21-IMP) from patients after surgery as a functairage based on experimental data (Fig. 4a)
and mathematical models of total, extrinsic andinstc factors of discolouration derived from
spectral parameters (Fig. 4bjote: Estimates of the trichromatic model parametme given in
Table 1

Table 1 gives age dependence of the mean trichibroadrdinates 1(21), a(21)
b'(21), E*(21) of the vital left central incisors arestimates of parameters and their
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confidence intervals for the mathematic-statistizaddels of Total factors-vital erupted
teeth (21), Intrinsic factors-extracted impactedthie(IMP), immediately after extraction
and of Extrinsic factors-differences values of iigaupted and extracted impacted teeth
(21-IMP) of probands after surgery as a functioagé based on experimental data.

Table 2 gives of the contributions of intrinsic and extrinsic facs to the total
discolouration and rate of colour changes obtaiinech mathematical models of spectral
parameters of vital and extracted impacted teethfaaction of age.

Table 2
Estimates of the contributions of intrinsic andrigdic factors to the total discolouration and rate
of colour changes obtained from mathematical moofetpectral parameters of vital teeth (21), exadc
impacted teeth (IMP) and differential values (21PMor vital (21) and impacted teeth (IMP) aftergary

Age | Number Discoloration Discoloration rate [year?]

group of teeth W (Intrinsic) S (Intrinsic S(Extrinsic
CMC(IMP) d(CMC(21) d(CMC(21-IMP))

[year] MF CMC(21) s.d. d(Age) s.d. d(Age) s.d.
20+29 20 0.26 0.02 0.08 0.01 0.18 0.03
30+39 20 0.27 0.03 0.08 0.02 0.14 0.04
40+49 20 0.29 0,07 0.08 0.02 0.11 0.04
50+59 20 0.31 0.08 0.07 0,02 0.08 0,06
60+69 12 0.34%) — 0.07 — 0.06 * —

Note: ) extrapolated values¥)calculated from extrapolated values

The statistical software package QC-Expert 3.1I¢Byte Statistical software, CZ)
was used to calculate the regression models anplaibthe figures. This software is
validated with US National Institute for Standait§ echnology (NIST).

The vital erupted central left incisor of 69 (35 84 F) probands was measured using
the method CIELAB. The averaged values and standiwations for trichromatic
coordinates were L* = 71.3 (s.d 4.7), a* = 3.6 (4.8), b* = 15.4 (s.d. 4.8). Hasegawa and
Motonomi [10] published trichromatic coordinate wes of L* = 73.0 (s.d. 5.0),
a* = 3.5 (s.d. 1.5), b* = 16.5 (s.d. 5.0) for thpper incisors (87 humans, age 20-75).
Analogous values were determined by Xiao et al [B0b young humans) and Tenbosch
and Coops [12] (102 extracted teeth). Accordinghese results, the developed method of
tooth colour measurement is comparable with ther@moentioned authors.

The trichromatic coordinates of the vital impactedth, immediately after extraction
23 (12M, 11F) were measured by the same method.aVheage values were L* = 77.5
(s.d. 1.9), a* = 2.7 (s.d. 0.5), b* = 8.7 (s.d.).@bis very difficult to compare this, because
it was measured for the first time. Schafer [13]ameed 124 skulls post mortem
(0-83 years), which was isolated from the environimeo. Trichromatic coordinates values
were L*=72.5 (s.d. 8.22), a* = -7.4 (s.d. 3.22)= 16.4 (s.d. 5.52).

The difference between the male and female agétkleolour change of the vital
central incisor 21 is not conditioned sexuallysthkifference was not found in the same
group in impacted areas (two sample t-tpstalue < 0.05). The divergence in the average
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L* value for the male and female group could beetecaused just by a different level of
hygiene at a younger age.

The age dependences of the trichromatic coordinatak erupted teettin vivo are
usually measured for use in prosthetic stomatofdgyalo-Dias et al [14] and are expressed
by a linear mathematical model. In forensic odamggllinear mathematical model was used
for age related colour changes of extracted telésh [

Experimental age related data of L*, a* b* E*abfouration of vital erupted teeth
have decreasing rate of colour change and thersp@erameters converge to a constant.
However, the total discolouration E* is not suiabdr differential method of determination
extrinsic factors. A modern weighting method based CMG,. could not be applied
because the trichromatic coordinates of the stahttaoth are experimentally unavailable.
A 3D-mathematical models of this dependence of dge-related changes trichromatic
coordinates of the vital erupted and the extradtepgiacted teeth was used to determine
theoretical values of standard tooth. This modeldudata to determine the extrapolated
values of the trichromatic coordinates for neaczge.

These valued,, &, by rounded to 2 decimal places were defined as tiselaie
standard for teeth colour. The computation of CM& wased on predefined this values of
the trichromatic coordinates theoretical standaadht and weight factoisc.

The ratio of extrinsic and intrinsic factors fortali and non-erupted teeth was
demonstrated by mathematic-statistical models. Theves were calculated by new
weighting method to the general spectral param@MC ..., from the above values of the
spectral parameters of vital erupted teeth 21 a#i a® extracted impacted teeth
(immediately after extraction) and their differ@htiletermination. The extrinsic factors are
more powerful in terms of the colour change over life of the human being compared
with intrinsic factors. This effect decreases wdthe. The extrinsic/intrinsic ratio is more
than three times larger for the youngsters than deniors. The rate of complex
discolouration decreases over the life. The rateotdur change caused by intrinsic factors
is nearly constant over time and the extrinsic geamlecreases with the age. The
contributions of intrinsic and extrinsic factorstbe total discolouration obtained from the
differential values for vital erupted and impactedth (immediately after extraction). The
rates of colour changes were obtained as the niesamérivatives from the curves of total,
extrinsic and intrinsic environmental factors withén-year intervals.

The inverse model age-related colour-changes EM®f teeth can also be used to
estimate standard deviations and confidence intenfathe estimated age. Mean errors of
age determination as well as two calibration syst€dfELAB and CMC system were
compared. The mean error of the determined age 4®people (23 males, 23 females) of
the vital erupted teeth 21 was 11.9 years for limegression model CIELAB and 6.2 years
for nonlinear regression mod@I’CMC(zzl), In the case of 20 extracted impacted teeth
(10 males, 10 females), immediately after extragtibis error for linear regression model
CIELAB was 3.1 years. More convenient for approxenage estimation are the vital
impacted teeth immediately after extraction (ini@rsinear function of"CMC @1). There
is only one possible article for comparison [13pri@lation between the subjects age and
the yellowness of b* values of skulls i$ & 0.80). The similar correlation between the
persons age and yellowness of b* values of impateteth (f=0.79) suggests a presumably
similar mechanism of colour changes in bone andcted teeth.
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Conclusions

Extracted impacted teeth are relatively availabielolgical samples and can be
obtained without any difficult medical or ethicakues. These teeth may become suitable
objects for research of the age-dependent andamagntal changes in human organism.
The new biophysics concept of custom-made instriméth fibre-optic spectrometer, new
use of the CMC system for calculating colour diéfeces and 3-D mathematical models
described here is suitable even for other bioldgibgects where the estimation of intrinsic
and extrinsic environmental factors or properteftecting biological age is necessary.
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OCENA CZYNNIKOW WEWN ETRZNYCH | ZEWN ETRZNYCH
POWODUJACYCH ZMIANY BARWY Z EBOW ZWI AZANE Z WIEKIEM

Y0ddziat Stomatologii, Centralny Szpital Wojskowyaga, CZ
2Katedra Fizyki, Wydziat Nauk Przyrodniczych, Uniwgiet w Hradec Kralové, Hradec Kralowe, CZ
SKkatedra Analizy Matematycznej i ZastosdaaVydziat Nauk Przyrodniczych,
Uniwersytet im. F. Palackiego w Otorieu, Otomuniec, CZ
“Instytut Fizjologii, Akademia Nauk Republiki CzeskiPraga, CZ
Ssamodzielna Katedra Biotechnologii i Biologii Moigfrnej, Wydziat Przyrodniczo-Techniczny
Uniwersytet Opolski, Opole, PL

Abstrakt: Zmiany koloru obiektéw biologicznych wraz z wiekiesy wynikiem zmian w ich strukturze
i wlasciwosciach, ktére mog odzwierciedla wptyw srodowiska zewegtrznego i wewntrznego. Dotychczas nie
badano wplywurodowiska jamy ustnejebéw niewyrznétych. Opisano stanowisko do badania zarowgmow
niewyrznitych, jak rownie zebdw usungtych (bezpérednio po ekstrakcji), zbudowane z elementow ghstch
w handlu (spektrometrswiattowodowy), obstugiwane sterownikami programowan Metod: pomiaru
catkowitej zmiany barwy ¢béw w systemie CIELAB 1976 oceniono jako niewystagrcs.
W badaniach wykorzystano bardziej precyayjmetod AEcmc(l:c), wprowadzajc wspétrzdne tréjbarwne
standardowych ¢b6éw oraz stosunek zewtnznych i wewstrznych czynnikéw istotnych dla ¢ladw
niewyrznitych i zatrzymanych. Do opisu zmian zastosowandowigmiarowy model regresji 3D. Szyb#®
przebarwienia goéw spowodowana przez wiele czynnikdw zmniejszavstiagu zycia czlowieka. Zmiana barwy
zebdw spowodowana przez czynniki wesnzne jest prawie niezmienna przez caly okigsia. Ocena wieku
z¢bow wyrznitych 21 (odwrotna zakaos¢ wyktadnicza funkcji CMG.q) jest tylko przyblkzona (SD = 6,2 roku).
Wygodniejsze dla przykionej oceny wiekugzeby badane natychmiast po ekstrakcji (odwrotna fimkniowa
CMC2.1)), dobrze korelujca ze znanymi, prawdziwymi diugmami zycia p < 0,001 (SD = 3,1 roku). Korelacja
miedzy wiekiem badanych szgkéw oraz zadlceniem wartéci b* czaszek jest znagza (R = 0,80). Podobna
zalerncsé miedzy wiekiem pacjentéw i zalceniem wartéci *b zebéw zatrzymanych (R= 0,79) sugeruje
podobny mechanizm zmiany koloru skd i zebéw. Zeby s1 stosunkowo tatwo dagbna préblg biologiczry

i moga by¢ uzyskane bez trudéa natury medycznej lub etycznej.

Stowa kluczowe:zmiany barwy gbéw zwizane z wiekiem, czynniki wewtrzne i zewgtrzne, model regres;ji
3D, szacowanie rzeczywistego wieku



