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1 Introduction

Skin color abnormalitiegdyschromatosg¢such as pigmented

Abstract. Medical tattooing is used to color skin with a pigment loss.
Currently, however, a trial-and-error scheme is employed to obtain the
desired color appearance of tattooed skin because prediction of the
color appearance is dependent on the experiences of medical doctors.
We propose a method for predicting the color appearance of tattooed
skin. Two trial dyes are first injected in the area of pigment loss, and
the color appearance of a third dye to be injected can be predicted
using measured spectrocolorimeter data and mathematical formula.
The spectrocolorimeter measures the color appearances of the skin
before and after tattooing using the first two dyes, and the mathemati-
cal formula calculates the color appearance of the tattooed skin using
any third dye. In the derivation of the mathematical formula, light
propagation in the skin has been modeled using the modified
Lambert-Beer law considering the strong scattering of light by biologi-
cal tissues. The proposed method was successfully validated by a pre-
liminary tattooing of the skin to an area with pigment loss. Predicting
the color appearance of tattooed skin significantly reduces the num-
ber of trial-and-error attempts required in the current methods. Medi-
cal tattooing using this method can also be applied to treat various
skin color abnormalities such as leukoderma, intradermal nevi, and

reconstructed nipples. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1528596]
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ties can be roughly categorized int@) abnormalities in epi-
dermal color,(2) abnormalities in dermal color, an@®) ab-

nevi, leukoderma, or senile pigment freckles are often en- normalities in both the epidermal and dermal colors. Senile

countered by dermatologists and plastic surgeons. FavorablgPidment freckles and nevi are typical epidermal color abnor-

outcomes can often be obtained by treating these cases usinqaht'es; hemangmma_gnq Ota’s nevus are reprgsentaﬂye of
laser technology, which has made significant advances in re- ermal color abnormalities; and scars typify combined epider-

cent years, or by conventional therapies such as resection,maI a:lndtdermetltcolohr abnorrga:cltlest. Latser t?er?p;]y has yl_elded
skin transplants, skin peeling, and psoralen ultraviolet A excellent results when used for freatment of hemangioma.

(PUVA) therapy. In some cases, however, these abnormalitiesOta’S nevus is also treated well if the lesion is shallow and

resist treatment, causing disappointment to both patient andaIIOWS SL.]m.C'ent Ia_ser energy_to be applled._ However, Ig_ser
physician. therapy is ineffective for depigmentated skin abnormalities

Therapy-resistant skin color abnormalities have been (such as leukoderma and scariingnd for nevi that look

treated by means of medical tattooing. Skin color abnormali- slightly blue through the skin surface in which the nevus cells
' are located deep in the dermis. Tattooing injects dye into the
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upper layers of the dermis and thus masks the dermal color
and changes the background color of the epidermis. Tattooing
is therefore effective for treating depigmented skin.

Medical tattooing uses tattooing technigues to color the
skin. It is generally used in the field of plastic surgery to
restore the color of the lips and areolae mammae after tissue
reconstructiort. Currently, selection of appropriate dyes used
for medical tattooing are often based on the surgeon’s per-
sonal experience, combined with a trial-and-error approach to
obtain the desired appearance of the tattooed skin. In our
study, a spectrocolorimeter is used to measure the skin color
and try to determine the color of the tattooed skin in advance
of dye injection, allowing the preparation of an optimal dye
mixture for each patierftThe spectrocolorimeter is a device
to measure the color of a physical object as a spectrum data,
and it ensures high reproducibility. Using this device, the re-
flectance curves of the object are easily obtained without any Tattoo dye
risk. In this way, it becomes possible to treat color abnormali-
ties using medical tattooing with minimal trial and error. In
the present study, a method for predicting the color appear-
ance of any third dye using the result of two trial dyes is
proposed by constructing an optical skin model based on the
modified Lambert-Beer law. A clinical study of trial tattooing T

to the skin with loss of pigments has validated the effective-
ness of the proposed method in this paper.

. . . Fig. 1 The concept of the blanket method. Dye is injected at the
2 Tattoomg and Optlcal Skin Models interface between the epidermal basal layer and the upper layer of

2.1 Principle of Medical Tattooing dermis. The epidermal basal layer is peeled before and restored after
. . . . . the dye injection.
Tattooing has been practiced since ancient times. It perma- ven

nently colors the skin by injecting a dye subcutaneously. A

variety of tools is used for dye injection, in most cases, sharp
needles or blades. The injected dye spreads from the skin
surface into the subcutaneous tissue immediately after injec-
tion. Epidermal cells in the epidermal basal layer are repro-
duced by cell division, and older cells gradually move to the

surface, eventually forming a horny layer before desquama-
tion. For this reason, dye injected shallower than the epider-
mal basal layer disappears in about a month. Of the dye par-
ticles remaining in the subcutaneous cell layer, some are
removed by macrophage phagocytosis or transported to
deeper tissue by the lymph floif. To predict the color ap- 2.2 Optical Skin Model Based on the Modified
pearance of tattooed skin using arbitrary dye is not an easylLambert-Beer Law

task, since it changes with tinfe. S In a light scattering and absorbing medium, such as biological
The method used in this study for injecting dye subcuta- tjssye, light propagates with complex paths as shown in Fig-

neously was the blanket method: peeling a thin layer of skin yre 4. When the medium consists of multiple layers as shown
with a razor, injecting the dye, and then restoring the skin

layer as shown in Figure 1. The thickness of the skin to be

peeled was determined by observing bleeding, then the dye i

was injected at the interface between the epidermal basal : S

layer and the upper layer of dermis. Tattooing using the blan- = '

ket method yields results similar to those using a conventional Epidermis

tattooing machine, but the former method requires less time

than the latter. A microscopic section shown in Figure 2 dem-

onstrates that the injected dye by the blanket method that

remains in the skin is located in the upper layers of dermis. Dermis
Since visible light penetrates down to a depth of about 2

mm under the skin surface, only dye particles present less

than 2 mm deep under 'Fhe surface can mﬂuenc_e the appear]:ig. 2 Low power microscopic section of the skin after tattooing by

ance of skin CO|0?-Tatt00|ng forms a layer of dye just below  the blanket method (Masson-Fontana stain). Clusters of pigment (ar-

the epidermal basal layer to mask the dermal cokigure rows) are shown in the upper layer of dermis.

3(a)] or changes the background color of the epiderihig-

ure 3b)]. The color appearance of tattooed skin is affected by
the absorption of light by pigmentselanin and hemoglobjn

in the skin and by the scattering of light by cells in the skin.
This makes it difficult to predict the color appearance of tat-
tooed skin. The next subsections describe how the light propa-
gation in the skin is mathematically expressed and how it is
possible to predict the color appearance of tattooed skin.
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(@)

cross section

After tattooing

Before tattooing
Nevose cell,
hematoma, etc.

(b)

Tattoo dye

Before tattooing

After tattooing
Depigmented area
of the epidermis

Tattoo dye

Fig. 3 Principle of medical tattooing. (a) Treatment of intradermal ne-
vus. The skin color is treated by masking the abnormal pigment in the
dermis. (b) Treatment of leukoderma. The skin color of the depig-
mented area is treated by changing the background color for the epi-
dermis.

in Figure 5, the absorbance of the reflected light can be ex-
pressed by Eq(l) with the application of the modified
Lambert-Beer law to each layéf:

- lle({Iout()\)/lin()\)]: _|0910R()\):A()\)
=; £;{(MCjl;(N) +B(\).

D
Here the absorbancA&(\) as the function of the wave-
length A is defined as the logarithm of the inverse of the
reflectanceR(\); 1;,(N\) andl,,(\) denote the intensities of
light incident on and exiting from the medium, respectively;
gj(\) is the molar absorption coefficient of the absorbing
material,j, contained in the layey in the medium, anc; is
its concentration; anti(\) denotes the average optical path-
length in the layejj. The termB(\) expresses the light com-

Iin( 1) Iout(l)

e

lca)

Fig. 4 Schematic representation of the optical pathlength /(\) for re-
flected light from a scattering and absorbing medium. The medium
has a thickness sufficient for negligible transmitted light.

Treatment of Nevus

Fig. 5 Schematic representation of the optical pathlengths for re-
flected light from the skin consisting of the epidermis and dermis;

I90\) and I{9'(\) are those in the epidermis containing melanin and

dermis containing blood, respectively. The dermis has a thickness suf-
ficient for negligible transmitted light.

ponent undetected due to scattering. In this study, the term
absorbance spectra is used to refer specifically to the absor-
bance spectra of reflected light. The optical properties of bio-
logical tissues vary with wavelength, so the average optical
pathlength is a function of. This is why the color appearance
of pigments under the skin is different from its original color.
Human skin consists of epidermis and dermis, as shown in
Figure 5, and the light absorbing materials in the skin are
dominated by melanin in the epidermis and bladbémoglo-

bin and bilirubin in the dermis®*® Assuming that melanin
and blood are the only pigments in the skin, the absorbance
spectrum of reflected light can be expressed by (Bg.

AN)=em(N)Cml m(N) +&p(N)Cplp(N) +B(N),  (2)

where the subscript® andb denote melanin and bloot,, is

the average optical pathlength within the dermis containing
melanin, and, is the average optical pathlength within the
dermis containing blood.

2.3 Prediction of the Change in the Color of Skin by
Tattooing

Following Eq.(2), the absorbance of the original skin before
injection, A%) (\), can be expressed by E@®),

AL (V) =enN)Crl Q) + 5 Cyl XN +BD V),
&)

where the superscrigf) denotes “before dye injection,” and
19 andI (%) are the average optical pathlengths in the epider-
mis and dermis before injection, respectively, as shown in
Figure 5.

When a layer of pure dye exists separately from the skin,
the absorbance of the original dy&{”()), can be expressed
by Eq. (4):

ALV =e(N)CI PN +BP(N), (4)

where g, and C, are the molar absorption coefficient and
molar concentration of the absorber contained in the dye, and
IE)O) is the average optical pathlength in the pure dye layer.
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much weaker than scattering. Then, in E), only the values
of &, and C, in the last term on the right-hand side vary
depending on the type of dye.

Suppose that there are three types of dye having different
colors but the same scattering properties as mentioned above.
Each dye is denoted by the subscripfi=1,2,3), and has
original parameters of o, Cpi, 17, A, andB(Y in Eq.

(4). It can be assumed that the average pathlengths and absor-
bances of the undetected light are the same for all three dif-
ferent dyes because they are determined mainly by their scat-
tering properties and partly by their absorption properties, i.e.,

N
Tattoo dye

0 0 0 0
Fig. 6 Schematic representation of the optical pathlengths for re- |§)1)(>\)=|E,2)(?\)=|§)3)()\)=|§, )()\)
flected light from the skin after dye injection; /((\), /{”()\), and 7
(1) . . . . .
I’ (\) are those in the epidermis, dermis, and dye layers, respectively. (o)(}\) B(O)()\) _ BE)OS)()\) _ BE)O)()\)'

The absorbancA(? is then expressed by the following equa-
Here, it is assumed that the pure dye layer has a greater thick-tion:
ness sufficient for negligible transmission as shown in Figure
4. (0) 1(0) (0) i =
After dye injection, the skin and dye layers can be modeled Aot (M) =ep(MCpl (M) +BpI(N) - (=123 (8)
as shown in Figure 6, with the average optical pathlengths in As a result, the following relationship for the ratio of the
the epidermis, dermis, and dye layers expresseld:py (", absorbance differences between two pure dye layers is ob-
andlfjl), respectively, with the superscrifit) denoting “after tained:
dye injection.” Optical pathlengths in these layers change as
the result of dye injection. Assuming that the concentration of AR(\)—AP(\)
melanin and blood remains unchanged by dye injection, them
absorbance spectrum of the skin after injection can be given

by Eq. (5), _ Leps)Coal ) + BRI 1= [epa(M) Cpal 5PV + BRY (V)]
[£52(M) Cpal (V) + BRI (M= [201(M) Cpal PN+ BR(V)]
AN =em(M)Crl PN + 50 ChlI(N) o ©)
+ 2N Col 00 +BPOL). G (0)(” £p3(M) Cps—2p1 (M) Cp1.
. ApZ()\) ()\) pz()\)CpZ_spl()\)Cpl
From Eqs(3) and(5), the change in the absorbance spectrum
is obtained and expressed as the following equation, Now the absorbance changes of the skin before and after
the dye injection(tattooing, AA, (i=1,2,3), are considered
AAN) =APON) —AD (V) and expressed by E(LO):

=em(MC PN —1P(V)]

AAN) =AL—AQ) = &M CHTHO)—1D(0)]
+ep(M)Col IO = 1000)]

+8b()\)cb[|E)l)()\)_IE;O)()\)]+8pi()\)CpI|(l)()\)

(1) B(©) (1)
BT Baian W] 2p M ol ) +[BH0) B0 10

skln

(6)
It is again assumed that the average pathlengths and absor-

h V\éhen_ the_dyte :js(;njectedtrl:sm?hthe b_I&anket lmbetholdl, most of G#)ances by the undetected light are the same for all three dif-
€ dye Is injected deeper than the epidermal basal [ayer, anGy o ¢ dye layers even after injection, i.e.,

only a small amount of the dye is carried over to the horny
layer to be consequently removed. A fixed amount of dye then

1 (1 (1 (1
remains at a constant depth and occupies a fixed region be- 1§ )()\) Igz)()\)_lg)g)()\)—% )(7\)
tween the epidermis and dermis. Several types of dye are now (11
considered. These dyes are assumed to have the same light Bg,ll)()\):Bglz)()\)zB%)()\):Bél)()\).

scattering properties as each other, but have different absorp-

tion coefficients,e,, and different concentrations of the ab-  So the ratio of the differences betwearm; andAA; to that
sorber,C,. It can also be assumed that the scattering coeffi- betweenAA, andAA, is expressed as:

cients of the dyes are much greater than their absorption

f:qefftlc:;entsl as forftthhe cdase qf l?rl]ologlcal tflssmlelst, and tr}a(; the AAZ(N)—AA(N) B ep3(M)Cpz—&p1(N)Cpy 12
injected volume of the dyes is the same for all types of dye. AR —AAN) N)Co NG

So, the average optical pathlengths in the dye laygrs, can 2(M) 1N)  €pa(N)Cpa—ep1(N)Cpy

be the same for all types of dye becamﬁ;lé is mostly depen- The right-hand side of Eq9) is the same as that of E¢L2),
dent only on the scattering coefficient when absorption is so Eq.(13) is obtained:
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Fig. 9 Three dyes, brown (br), white (w), and beige (be), are in-
jected subcutaneously (in squares).

Fig. 7 Picture of dyschromatosis symmetrica hereditaria. Depigmen-
tation is visible in the skin distal to the ankle joint.

Journal of Biomedical Optics ¢ January 2003 < Vol. 8 No. 1 97
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AA3(N)—AAL(N) AE;%)(M_AS?()\) 5. CalculatedAE,ls)()\) is the predicted absorbance spec-
AA ()= AAN) = AT =AD) (13 trum of the tattooed skin by a third dye, and this is
2 1 p2 pl compared with the absorbance spectrum of the skin
This equation leads to E§14): with a normal color(AfY) (\)). If they [AFJ(\) and
AL (\)] agree well, this third dye is a good candidate
Aé%)()\)_AE)ol)()\) for treat!ng the skin with pigment loss. .
AAs(N)= 110 o LAA2(N) —AAL(N)] 6. In practice, many dyes are prepared and a database is
pz (M) —Apr(N) . = R
made by measuring their original absorbance spectra
+AA(N). (14) [AD(N) (i=1,2,3,..n)] in advance of the trial tattoo-
o ing. After trial tattooing, the absorbance spectra of the
The substitution of Eq(6) by Eq.(14) reduces to Eq(15): skin tattooed by the prepared dye[sﬂ\f)li)()\) @i

=1,2,3,..n)] can be predicted by the calculation in
stage 4, and a dye with the best matchAGP()) with

AR —AR(N)
AL (\) is selected.

ARV —AT0)

A= [ASO) = A O)T+A ).
(15) . . .
The total period of time for treatment is governed by the
Equation(14) or (15) expresses the following: When three time it takes for the tattooed skin to reach a steady state after
types of different tattoo dye are prepared, and if the original injection. Injection of the trial dyes by the blanket method

absorbance spectra of the pure dye layaf§(x), AY()), requires only about 15 min, and the main injection of the
andAE,Os)()\), and the absorbance chandes absorbancef selected dye about 30 min to one hour. It takes about one
the skin after injecting dyes 1 and 2A;(\) andAA,(\) [or month for the tattooed skin to become steady after injection.

Af)ll)(h) and Aélz)()\)], are known by colorimeter measure- So, at least two months are required, one month for the trial
ments, the absorbance charigeabsorbangeof the skin after tattooing and another month for the main tattooing. The time
injecting dye 3AA5(\) [or Aéla)()\)] can be predicted, under ~ for measurements using a colorimeter takes only a few min-
the assumption that all the dye types have the same averagéltes, and calculation using EGL5) will require less than 10
optical pathlengthsl,éo)()\) andlgl)()\), and the same absor- Min when it becomes routine practice. The greatest risk, if
bances by undetected ligiB{>(\) andBM()). any, is an allergic reaction to the dyes. However, the existing
P P dyes have long been used clinically. There have been no re-
ports of problems with the dyes used in this study. Only very

2.4 Actual Procedure for Predicting the Color rarely does tattooing itself induce keloid.
Appearance of Tattooed Skin and Selecting the Best
Dye 3 Validation of the Method by a Clinical Trial

Based on the formula derived in the above subsection, the Tattooing

actual procedure for predicting the color appearance of the The method described above has been validated by a clinical

tattooed skin and selecting the best dye is explained in thetrial tattooing. The patient was a 49-year-old male with dys-

following. In principle, the spectral data measured by the chromatosis symmetrica hereditaria. His chief complaint was

spectrocolorimeter are input into the right-hand side of Eq. depigmentation on his dorsum manus and dorsum pedis on

(15) and the color appearance of the skin injected by a third both sides as shown in Figure(gee Color Plate He con-

dye [the left-hand side of Eq15)] is calculated. sulted our clinic about the possibility of reducing the differ-

ence in color between the normal and affected areas by medi-

1. Measure the reflectance spectra of the original skin in cal tattooing. He had previously undergone PUVA and

the areas with and without pigment I&R{) () and transplantation of cultured skin, but the depigmentation of his
Rﬁ%),m(x)] by a spectrocolorimeter, and transform them feet had not been corrected. The clinical trial by the method
to the absorbance specfra%) (A) and A%, (\)] by proposed in this study was performed on the patient. He gave
Eq. (1). (Subscript ‘norm” denotes the skin with a nor-  his informed consent after detailed explanation of this
mal color) method. Then, following the usual procedure for tattooing

2. Measure the original absorbance spectra of the threeth€rapy using the blanket method, the small ar¢a®
dye layers with the greater thickness for negligible light <10 m(T) of deF;]'gmenFelddSk'n on the baCES ?tf h'Shfeet_ VIVEVE
transmissior[Af)Ol)()\), Aé%)(h), and AE)%)()\)] using a _ta_ttoo_e using three tria yes. One mont af er the trial dye
spectrocolorimeter. injection, measurements using a speptrocolonmeter were con-
. ' . . - ducted on the tattooed areas and their absorbance spectra were
3. Inject the first and second trial dyes into the original

. . . . obtained.
?k'r! area with pigment loss. About one month after In- A spectrocolorimete(Minolta CM-2022 shown schemati-
jection, the color appearance of the tattooed skin

h q d the absorb ¢ hcally in Figure 8 was used in this study. This colorimeter
reaches a steady state and the absorbance spectra of thg,gists of an integrating sphere, a xenon lamp as the light

; (1) (1) i . .
tattooed skif Ag;’(\) andAg;(\)] are measured using  soyrce, and two light detectors for the light source and for
a spectrocolorimeter. It is better to use two trial dyes |ignt reflected from the skin or other materials. The integrat-

with very different colors. ing sphere plays the important dual role of generating a dif-
4. Calculate the absorbance spectrum of the tattooed skinfusely illuminating light source and, at the same time, collect-
by a third dye[ ASY(\)] using Eq.(15). ing all the diffusely reflected light from the skin or other
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09 r ©)
detector for sample —A,

0.8 | —*'A,‘,”,’
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——o—Af))

0.6
0.5
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03
0.2
0.1

integrating sphere
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xenon lamp Wavelength(nm)

Fig. 10 Absorbance spectra of the three types of pure dye layers,

1 dctector
A(0)br, A(0O)be, and A(0)w.

for reference light

skin
oo oxide as the major scattering material with a concentration of
between 37% and 42% in weight as shown in Table 1, allow-
ing the light scattering properties of all three dyes to be re-
garded as the same.

As mentioned in Sec. 2.4, trial injection should be con-
. . . . . ducted using two dyes first, and a third dye should be injected
materials. The integrating sphere has an inner d|ameter.of 5.2When the colors of the tattooed skin reach a steady state about
mm and ‘_"1" the components are enclosed in a_h_and_y cylln(_1r|- one month after injection. But in this study, all three dyes
cal container. It conforms tQ the standard specnﬁed in Section were injected at the time of the trial injection. The depig-
C of JIS (Japanese Industrial Standgrd$722 with a mea- mented area on the back of the patient’s foot was treated using

suring wave_length range from 400 to 700 nm and with a these three dyes as shown in Figur&ee Color Plate In this
wavelength interval of 10 nm. Three separate measurementsStudy white and brown dyes were considered as the two trial
with this device were repeated for each measuring site, anddyes ' and the beige dye as the third one. The absorbance
the atlvefrage absorbgf:p e spectrum \;vas ogta;)lneth All measureépectra of the tattooed skin by the three dyes were measured,
ments flor one condition were periormed by he Same Te- .,y e predicted absorbance spectrum of the third dye using
searcher to minimize errors due to differences in compression Eq. (15) was compared with the measured one to validate the

of the skin and inclination of the colorimeter, which were the me.thod proposed in this study,

two major error sources of this contact type colorimeter.

No special qualification is required by medical doctors for
tattooing treatment. If no anesthesia is needed, tattooing itself4 Results and Discussion
requires no qualification. No special technique is required for Figure 10 shows the absorbance spectra of the three pure dye
measurement using a colorimeter. A colorimeter costs aboutlayers. The subscripts, be, andbr denote the white, beige,
10,000 U.S. dollars and a tattooing machine about 2,000 U.S.
dollars.

Three types of tattoo dye were prepared, white, beige, and
brown, by mixing the dyesapproved by the Food and Drug
Administration, USA originally attached to a tattooing ma-

Fig. 8 Schematics of the spectrocolorimeter contact on the skin for
measurement.

Pre-tattooing skin

——aY

chine (Permark, USA These three dyes contained titanium ——a
! —@—A:)
0.8
Table 1 The compositions of the three dyes. They have very similar 3 —o—Normal skin
concentrations of titanium oxide, which govern the scattering proper- _§ 0.8 [ R\8pgoocoasioq
ties of the dyes. S 0.4 L Seoreon Nbzseass
2 S
L2l Teogssamm
Titanium  Indian Yellow
oxide red  iron oxide Glycerin IPA  Water 0
400 450 500 550 600 650 700
white 42 0 0 18 31 9 Wave|ength(nm)
beige 39 1 2 28 25 5 Fig. 11 Absorbance spectra of the skin before and after tattooing. Pre-
tattoo skin is the absorbance spectrum of the depigmented skin before
brown 37 2 3 28 25 ° dye injection, and A(1)br, A(1)be, and A(1)w are those after injec-
tion of the three dyes, respectively. The absorbance spectrum of the
(weight %) normal skin is also shown for reference.
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0.3 r ——— [AS'“A(:?)]/[A;Y)‘ALM]
025 0.8 (84, -4,V (a4, -a1,)
0.2
9 0.7
g 015
g 0.6
2 o
o
T 005 0.5
& o 0.4
3 00540 450..500 550 600 0 0.3
?‘D:
0.1 ;\/\/____,___ 0.2
015 | 0.1 r
"0-2" 0 | T T N 2 S Y N N N N N N N N A )
Wavelength{nm) 400 450 500 550 600 650 700
. . . Wavelength(nm)
Fig. 12 Differences in the absorbance spectra between, after, and be-
fore the dye injection for the three dyes, AA,, AApe, and AA,, . Fig. 14 The validity of the assumption that the pathlengths /'?(\) and
/ij,-)()\) and the absorbance by undetected components B(po,-)()\) and
i i=1, 2, 3 corresponding to brown, beige, and white dyes) are
BY)(N) (i=1,2,3 ponding to b beige, and white dyes)

and brown tattoo dyes, respectively. In the measurements ofthe same for the three different dyes is checked by comparing the left-
the absorbance spectra of pure dye layers, thick layers of dyeand right-hand sides of Eq. (13).

were prepared on a sheet of white paper to ensure negligible

transmitted light, and their original absorbance spectra were

measured using the spectrocolorimeter. Because these dyeP

are light-scattering materials, the measured absorbance spect-'}?gtnEtzz\s/gyvgﬁfeosmcgiIag%eerr ?k]:tee:/vﬂ%?elwg\%?ennr?s ligl:geln
tra are not pure absorption spectra but contain characteristic 9 w g ge.

of both absorption and scattering. Figure 11 shows the absor-sBeIge dye has lower _absorptpn o_nly in the longer Wavelength
range and thua\A,, is negative in that range as shown in

bance spectra of normal skin, of depigmented skin before tat- Figure 12
tooing, and of depigmented skin after injection of the three If the dyes 1, 2, and 3 in Eq15) are assumed to be the

dyes using the blanket method. . . :
Figure 12 shows the differences in the absorbance spectraWh'te’ brown, and beige dyes, respectively, the absorbance

after and before injection at the depigmented skin areas spectrum of the skin injected with the beige dye can be pre-
AA ) =ADN)—AL) (). The value of AA(N) for the "dicted from the measured absorbance spectra of the skins tri-
pi skin .

white dye is seen negative over the entire wavelength range ally injected by the white and brown dyes as well as the
and tha); of the bei egd e is neqative in the lon ngelen g?[h’original absorbance spectra of the three pure dye layers. Fig-
range. The reasongfor t)(]ese ne%ative values isqchat the w?]iteure 13 shows measured and predicted absorbance spectra of
and beige dyes have a higher scattering coefficient than that ofthe beige injected skin. They agree very well, and the color

. . o i
the dermis. As the result of the higher scattering in the dye difference expressed by the* u*v™ color expression system

layer, the optical pathlength in the dermis after dye injection o> 33 small as 3.67, which was calculated using the mea-
bgco,mes sf?orter IEE)han thgt before injection, and a)tlbsorJ tion Ofsured and predicted spectra. When the two spectra were con-
- . ) i, P verted to colors on a CRT display, the predicted color was
light by blood decreases in proportion. White dye has very

- R . very close to the actually measured color and the color differ-
low absorption as shown in Figure 10; therefore, the reflected ence was not observabie to the naked eye.

These results indicate that the color appearance of dyes
after injection can be successfully predicted using the absor-

o " bance measurements of trial injection of two dyes. In particu-
08 } A, (Measured) .. . .
lar, by preliminary measurements of the differences in the

07 F N e A% (Predicted) absorbance spectra between pre- and post-injection of two

06 | . dyes, which have very different absorbance spectra from each
g os | other, the absorbance spectra of the skin injected by a dye
£ o4 whose absorbance spectrum lies between those of the previ-
g7 ous two dyes can be fairly accurately predicted. Equatl@n

03 r ’ - states that the absorbance spectrum of the skin injected by a

02 o third dye can be obtained by interpolation between those by

o1 b the two trial dyes with the proportionality factor using those

I T of the pure dye layers.

The absorbance spectrum of the skin injected by the third
(beige dye has disagreement with that of the normal skin at
some wavelengths in the whole wavelength range. This is
Fig. 13 Predicted and measured absorbance spectra of the skin in- because the third dye was not prepared using (E§). but

jected by the beige dye. They agree very well and the difference in the prepared as an arpitrary mixture ] of white and bI’OWI’I dyes
color is not observable by naked eyes. based on the experience of a medical doctor at the time of the

400 450 500 S50 600 650 700

Wavelength(nm)
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trial tattooing. If many types of dye mixtures are prepared, a Lambert-Beer law was created for analyzing light propagation

third dye, which provides the best match for the color of the in the skin. Using this model, a formula to predict the color

tattooed skin with that of the normal skin, will successfully be appearance of tattooed skin by dye injection was derived.

found. By applying this formula to the trial injection of two dif-
The most important assumption in the derivation of Eq. ferent dyes, it was possible to predict the color appearance of

(14) or (15) is that the optical pathlength, 15, B(?, and the skin injected by a third dye. The predicted absorbance

Bf)li) are the same for all the dyes 1, 2, and 3. Figures 10 andspectrum of the tattooed skin was very close to the actually

12, which compare the absorbances of the skin injected by themeasured one. Based on the results of this study, this method

three dyes, demonstrate that this assumption is not valid, be-can be utilized to predict what skin color will be obtained by

cause a difference in the absorbance means differences in thélye injection, thus contributing to improvements in the usabil-

absorption coefficients among the dyes, and the differences inity and effectiveness of medical tattooing.

the absorption coefficients lead to differences in the optical

pathlength even if the scattering coefficients are the same. The

validity of this assumption can be checked by comparing the

left- and right-hand sides of E¢13), and they are compared

in Figure 14. The agreement of the two curves in Figure 14 peferences

can be either good or bad. Nevertheless, a good agreement of

the predicted spectrum with the measured one in Figure 13 1. S. L. Spear, R. Convit, and J. W. Littie Ill, “Intradermal tattoo as an
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