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Abstract. To estimate the concentrations of melanin and blood and
the oxygen saturation in human skin tissue, we propose a method
using a multiple regression analysis aided by a Monte Carlo simula-
tion for diffuse reflectance spectra from the skin tissue. By using the
absorbance spectrum as a response variable and the extinction coef-
ficients of melanin, oxygenated hemoglobin, and deoxygenated he-
moglobin as predictor variables, the multiple regression analysis gives
regression coefficients. The concentrations of melanin and blood are
determined from the regression coefficients using conversion vectors
that are estimated numerically in advance, while the oxygen satura-
tion is obtained directly from the regression coefficients. Numerical
and experimental investigations were performed for layered skin tis-
sue models and phantoms. Measurements of human skin were also

carried out to monitor variations in the melanin and blood contents
and oxygenation during cuff occlusion. The results confirmed the use-
fulness of the proposed method. © 2004 American Institute of Phys-
ics. [DOI: 10.1117/1.1756918]
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resolved measurements:> Chemometrics is generally known

Various optical methods® have been reported for effective @S @ useful means for data analysis in spectroscopy. Some
and noninvasive medical diagnostics of living human skin tis- Methods using this approach have been studied for skin tissue
sue. Quantitative estimation of the melanin and blood concen- SPectroscopy also to evaluate absorbing components in the
trations and blood oxygenation is important for detecting vari- SSue. Tsumura et éf.prpposed a method using an indepen-
ous skin diseases, including cancers; monitoring health statusdent component analysis of color images for visualizing the
and tissue metabolism; and evaluating convalescence. TheSPatial distributions of melanin and hemoglobin in human
major chromophores in the superficial skin layer are melanin, Skin. Shimada et df reported a method for predicting ab-
oxygenated hemoglobin, and deoxygenated hemoglobin, sorption spectra of skin tissue using multiple regression analy-
which show distinctive optical absorption properties in the Sis based on the modified Lambert-Beer law. This method is
visible wavelength range. If the concentration of each chro- Simple and seems to be promising for routine assessments of
mophore varies, then the corresponding change may be vis-melanin and hemoglobin concentrations in skin tissue because
ible in light diffusely reflected from the skin tissue in this Of assuming the modified Lambert-Beer law. However, reli-
wavelength range. Therefore, analysis of the diffuse reflec- able and absolute measurements are still difficult with this
tance spectra may provide us with useful information on tis- method because of the nonlinearity between the absorbance
sue activities that are related to melanin and hemoglobin. Onand the concentration of chromophores. Owing to this prob-
the other hand, the diffuse reflectance spectra also depend oem, the measurable range of concentration changes is limited
the light scattering that is due to the structures of tissues andand an estimation of oxygen saturation has not yet been made
cells, such as collagen fibers and other cellular structures. using their method.
Thus, estimation of the melanin and hemoglobin concentra-  In this paper we propose a different approach to using
tions requires knowledge of the scattering properties of light multiple regression analysis to estimate the concentrations of
in skin tissue as well as its absorption properties. melanin and hemoglobin together with the oxygen saturation
A number of spectroscopic methods have been studied forin skin tissue. In the proposed method, the nonlinearity be-
noninvasive determination of the scattering and absorption tween the absorbance of skin tissue and the concentration of
properties in living tissues, including time-resolved each chromophore is compensated by conversion vectors de-
measurements,a frequency-domain methddand spatially rived in advance from a number of absorbance spectra simu-
lated by the Monte Carlo method for various values of the
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Fig. 1 Flow chart of the estimation process.

this method was numerically investigated for absorbance q

spectra generated with typical optical parameters of human Y= ao+ 2 @ X Xji 2
skin. Experiments with two-layered skin tissue phantoms and =1

in vivo measurements for human skin during cuff occlusion

were performed to confirm the usefulness of the method. V=Vt I ©)

whereyy are the response variables estimated ugipgand
ry is the residual. A measure for suitability of the regression

2 Theory equation is given by the parame®#, which is defined as the
2.1 Multiple Regression Analysis square of the multiple correlation coefficigRt that is,

In multiple regression analysis, a relationship between two

vanable_,\ sety (k= 1,2,...p) andxik(j = 1,2_,...q) is assumed S V=Y (T— )

to be given by the following linear equation, R2 , (4)

- \/Ek(yk_ﬂ)z\/zk(yk_ﬁ)z

wherey, andﬂ denote the average of, and ¥, respec-
tively, over thep number of data. The value & is the cor-
relation coefficient betweery, and §,. The value of R?

wherey, andx;, represent response variables and predictor ranges from 0 to 1, and the linear approximation becomes
variables, respectivelyy, is a constant component, armg better asR® approaches 1.

expresses unknown error components. In this multiple regres-

sion model,p is the number of sample data being analyzed ) . »

andq is that of predictor variables. The regression coefficients 2-2 Multiple Regression Model for Modified Lambert-
@;(j=0,1,2;--,q) are unknown values that are estimated by Beer Law

the method of least-squares in the analysis. Let us denote therigure 1 shows a flow chart of the proposed method. For a
estimated regression coefficients &y, then the correspond-  semi-infinite scattering medium such as human skin, an ab-
ing multiple regression equation is expressed as sorbance spectruA(\) is defined as

q
yk:ao‘l‘jzl anXjk+ek, (1)
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Fig. 2 Two-layered skin tissue model.

A(N)=—log;oD()\), (5) mophores as predictor variables, the multiple regression

model given by Eq(1) can be applied to Eq8) as®
whereD(\) is a reflectance spectrum obtained from the me- g y Ead) PP q8)

dium and A\ is its wavelength. According to the modified
=an,X +aypX

Lambert-Beer law?” the absorbance spectrum of a homoge- A =8mX (M) +8onX 2on(Md

neous scattering medium containing an absorber is expressed +agpX egn(Ag) +agt+e(\y), 9

as . -
wherea,,, aqn, aq4n, andag are the regression coefficients,

AU e(\y) is an error component, arx, indicates discrete values

AN =CXT(NC)X (M) +S(N), ©) in the wavelength range treated in the analysis. By executing
whereC ande(\) are the molar concentration and molar ex- the multiple regression analysis for one sample of the absor-
tinction coefficient of the absorber, respectivélf,C) is the bance spectrum consisting ofppnumber of discrete wave-
mean path length, an§(\) is attenuation that is due to scat- lengths, one set of the four regression coefficients is obtained.
tering. Considering that the upper part of the skin tissue When they are denoted ,, &on, agn, anday, the result-
mainly consists of epidermis containing the melanin and der- ant regression equation is written as
mis containing the oxygenated and deoxygenated hemoglo-
bin, the absorbance spectrum may be given by the sum of theA()\k)=ém><gm()\k)+ AgnX €on( M)+ agnX qn( M) + &g,

absorbance of epidermigy.,i(\), that of dermis,Age(N), (10)
and attenuation by scatteringS(\) as the following .
equation*®7 where A(\) is the estimated absorbance spectrum. In this
case, the regression coefficiefg is expressed by applying
AN) =Aepi( M)+ Aged ) +S(N). 7) the relation of Eqs(2) and(3) to Egs.(9) and(10), as
Using Eq.(6), Eq. (7) is rewritten as = .
9 Fa-(0), Ba.(7) A=A~ enXan— €onX 8o~ EdnX agh, (13)
AN)=Cp Xl epi(N,Cry) X em(N) where A, ., gon, and sg, are the averages oA(\,),

em(N), gon(Nk), andegn(Ny) over the wavelength range, or
k=1 to p. In this paper, we denote this part of the multiple
T regression analysis, MRAL.

T CanXTaer X, Con,Can) X 2an(M)+S(A), (8) The regression coefficientd,,, a,,, anday;, describe the
where the subscripts, oh, anddh for C ande(\) denote the  degree of contribution of each molar extinction coefficient to
melanin, oxygenated hemoglobin, and deoxygenated hemo-the absorbance spectrum and thus the three regression coeffi-
globin, respectively. The two functionse,(\,Cy) and cients are closely related to the concentratiGys C,;,, and
Tger(N,Con,Car) are the mean path length in epidermis and Can. respectively. Then, in Eq11), the value ofa, is also
dermis, respectively. For light diffusely reflected from a semi- elated to the three concentrations. As seen from the first
infinite medium containing absorbers, it is generally termsin Eqs(8) and(10), however, the regression coefficient
known'®'7 that the mean path length becomes shorter as the@m includes a factor of the mean path length in epidermis,
concentration of absorbers increases, while the attenuation byl ¢pi(\,C) and the value of,, is nonlinearly related to that
scattering has no change. There are also some other chroof C,,. This discussion applies also in the casesigf and
mophores such as bilirubin in skin tissue, but their contribu- &4, for dermis. Moreover, the regression coefficiént de-
tion to the absorbance spectrum is considered to be small inpends on the concentrations of oxygenated hemoglGhin
comparison with those of the three chromophores given here.and deoxygenated hemoglob@y, in dermis, anda,, and
Then we assume that the effect of other chromophores is in-&4, depend orC,, as well. As illustrated in Fig. 2, light inci-
cluded inS(\) of Eqg. (8). dent on the skin’s surface is propagated into epidermis and

By using the absorbance spectrum as a response variablalermis under the scattering and absorption. Then some por-
and the molar extinction coefficients of the three chro- tion of the scattered light comes back from the dermis to the

+ Cth|—der()\aCoh Can) X gon(N)
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epidermis and finally is emitted from the surface. Therefore, Clp=byx & +€l,, (15
the increase iAye, according toC,y and Cy;, causes a de-
crease in the light scattered back to the epidermis and thus
results in a decrease ;. Similarly, an increase iR,

Al al al al al N N
a—[l, am* athv aO! amxathv am

according taC,,, may result in a decrease Ay, . In this way, X éio ,-+-higher order terms-]t, (16)
the absorbance effects in epidermis and dermis are interde-

pendent and their contributions cannot be separated. There- b,=[b%, bl , b2 ,--, b1, (17)
fore, the absolute values &f,,, Co,, andCy, are not accu- meoome "

rately determined only from,,, &,,, anday;,, respectively. bth:[b?ha btlh’ btzh oo, bETL, (19)

For this problem, Shimada et &lhave proposed the use of _ ) _ _
relative changes in the absorbance spectra as the predictowhereC,, and Cy, (=Cy;,+Cy;) denote the concentrations
variable. But the effects of nonlinearity and interdependence of melanin and total hemoglobin, respectively, in the medium
mentioned above still remain in their resuits, and their from which thei’th absorbance spectrum sample is obtained,
method is limited to a small range of the change in each ande,, ande,, are error components. In E(L6), [--]" rep-

concentration. resents the transposition of the vector. Héeexpresses the
The oxygen saturation of hemoglobin in dern®0,, is vector that contains the regression coefficients estimated by
defined by the concentrations of oxygenated and deoxygen-MRAL for the i’th absorbance spectrum and their higher-
ated hemoglobin as order terms. The number of components in this vector is as-
sumed to be. In Egs.(14) and(15), b,,x & andb,,x & are
Con Con the scalar product. Two coefficient vectdng, and by, are
Sozzm: C_th (12 unknown, but they can be estimated by the multiple regres-

sion analysis in whictC! and Cl, are treated as response
whereC,,=C,,+ Cyqj, is the concentration of total hemoglo- variables and vector componentséfas predictor variables.

bin. Using the regression coefficients in HGO), the esti-  \when the estimated coefficient vectors are denoteft},zand
mated oxygen saturatioBO, may be given by B,
éloh aoh éi :6 N 19
SO=5r—%"=%", 13 m mXa, (19
OZ doptagh A (
whered,,=a,,+aq45. The values ofy,, andagyy, contain the Cin=binx &, (20
above-mentioned effects. However, it is considered that those
effects on the value 8O, are expected to be small, because 5m=[f)°m, Brln, 6% oo Bﬁ]_ 4, (22)
the oxygen saturation is given by a ratio of the two coeffi-
cients in Eq.(13). 0 L L L rz—
| I q( ) bth:[btoh7 bg-h’ btzhy"', btzh l], (22)

, o whereC!, and C},, are the estimated values 6f,, and C};,,
2.3 Compensation for the Nonlinearity respectively. We call this multiple regression analysis MRA2
To compensate for the effects of nonlinearity and interdepen- in this paper.
dence in MRAL, it is necessary to know the mean path length  To perform MRA2, we need a number of datasets that
functionsl_epi()\,Cm) and [ ge((\,Con,Cqn). However, they contain various concentrations of mela@p, and total hemo-
are generally unknown and thus it is necessary to estimate theglobin Cy,, and the corresponding absorbance spectra. To
relation between the regression coefficiefts, 8on, &gn, prepare these data sets, we employed a Monte Carlo simula-
and &, and the three concentration valu&,,, C,p,, and tion for the layered skin tissue mod&IThis process, includ-
Cgp. There are some general methods for treating an estima-ing the Monte Carlo calculation, is shown as the preparation
tion problem like this, including a neural network and mul- Workin Fig. 1 and its details are described in the next section.
tiple regression analysis using higher-order terms. A neural The coefficientd,, andby;, obtained from MRA2 imply vec-
network usually gives relatively good estimates, but it is tors that convert the regression coefficients obtained in MRA1
rather difficult to find appropriate parameters. As described in to the concentrations of melanin and total hemoglobin, re-
the previous section, we employed a multiple regression spectively, and thus we refer to them as the conversion vec-
analysis to evaluate the absorption spectra because of its simtors in this study. Once we determine the conversion vectors
plicity. To keep the effective use of this method, we apply a p, andb,, in MRA2 for necessary ranges of the melanin and
r_nultlple regression analysis also to the estimation of the non- hemoglobin concentrations, the values ®f, and €, can
linear relation. easily be obtained by Eq19) and (20) from the regression

Whe_n the oxygen satl_Jration is obtaine_d by EQ=) or coefficients in MRAL without the Monte Carlo simulation.
(13), it is enough to obtain the concentration of total hemo-

globin, Cy;,, instead of bothC,;, andCyy,. Thus the multiple L i
regression model in this case is expressed by the following 3 Derivation of the Conversion Vectors

two equations: 3.1 Method

i N To derive the conversion vectors numerically, we first calcu-
Crh=bmxa+en, (14 lated diffuse reflectance spectra at intervals of 10 nm in the
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wavelength range from 400 to 700 nm by Monte Carlo simu- Then the absorption coefficients of dermis were derived
lation for the layered skin tissue model shown in Fig. 2. In for five different concentrations &,=0.2,0.4, 0.6, 0.8, and
this model, we assumed that melanosomes containing melaninl.0% in both cases d80,=0 and 100%. These derivations
and blood, including hemoglobin, are homogeneously distrib- were made on 31 wavelength points at 400 to 700 nm at
uted over the epidermis and dermis, respectively. The actual10-nm intervals. In this way the combination 6f,,, Cy,
human skin overlies a fatty layer and muscle tissue, which andSO, took 100 different cases, from which 100 reflectance
have their own optical properties. The light reflected from the spectra were calculated. Taking into account our previous
skin tissue is probably affected by these subcutaneous Iayersstudy23 concerning the error of simulated results and calcula-
However, the diffuse reflectance spectrum in the visible wave- tion time, the number of incident photons was set tolBe
length range is primarily governed by the epidermis and upper for each wavelength. The calculation time for one spectrum
part of the dermis, although the near-infrared light probes ranging from 400 to 700 nm with 31 wavelength points was
those deeper layers. Thus, we mainly paid attention to the roughly 30 min, using the Athlon CPU, 1.4 GHz. Then all the
contribution of the two upper layers in the present simulation. reflectance spectra were converted into the absorbance spectra
A more realistic model that includes the subcutaneous layersby Eq. (5).

should be used in the next study of this method. Performing MRAL1 for all the absorbance spectra, 100 sets

We used the Monte Carlo code developed by Wang éfal., ©f the regression coefficienty,, a,n, aqn, and a, were
in which the diffuse reflectance from multilayered tissue is Obtained. Although the absorbance spectra were calculated in
calculated. This code uses the Henyey-Greenstein phaséhe range of 400 to 700 nm, we employed the spectral data
function® The Monte Carlo simulation requires that each Only in the range of 500 to 600 nm for MRA1 because the
layer be characterized by the scattering coefficient sp_ectral features of melanin and hemoglobin notably appear in
us(\) cm1, absorption coefficient,(\) cm*, anisotropy t!’IIS ngelength range. In fact, the mean value of the propor-
factorg(\), refractive indexn(\), and thicknessl cmin the tion R” for 100 absorbance spectra wa98+0.01, which

above-mentioned wavelength range. The absorption coeffi- M€ans a good_ regression._lr_] addition, the correlation between
cient u,(\) generally changes as the concentration of mela- the molar extinction coefficient of oxygenated hemoglobin,

nin or hemoglobin varies according to physiological condi- eon(1), and that of deoxygenated hemoglobigyn()), is

tions, whereas the other parameters may not substantially doIOWer at 500 to 600 nm than in the other ranges, 400 to 500

s0. Thus, values of the scattering coefficign{\), anisot- and 6(_)0 to 700 nm. Thu_s, the multiple regression analysis
ropy factorg(\), refractive index1(\), and thicknessl were may give a good separation betweeg,(A) andeqn()) as
assumed to be known in the present model. In actual calcula—precl'ctor varlaples. With this po§S|b|I|ty, we expect that the
tions, we input typical published values fag(A)? of dermis oxygen saturatiorsO, may be estimated from the values of

andg(\)? to both epidermis and dermis, which are provided 2on(A) andagy(A) by Eq. (13). . .

. . - - Finally, we performed MRA2 to obtain the conversion vec-
as a function of wavelength. For a proper simulation, different L .
values ofug(\) should be used for the epidermis and dermis tors for estimating the volume concentratiof,e and Cy,,

s X - P : . " of melanosome and blood, respectively. In the analysis, the
However, the scattering coefficient of the epidermis was not i P . . ’

. . . values ofC,; andCy, input into thei’th Monte Carlo simu-
available in the literature for the analyzed wavelength range. | .. . . :
lation were used as thiéth response variables, while the re-

Thus, the same values were used for both epidermis and der- . i i ~i -
mis P gression coefficientd,, &;,, and &g obtained from the ab-

It is said®?' that the difference in the scattering coefficient sorbance spectrum by théth Monte Carlo simulation were
between epidermis and dermis is not large, although there used as theé’th predictor variables. The number of datasets

. . was 100, that isij=1 to 100. From our preliminary estima-
actually is some. The effects of such a difference on the analy- .. ; )
. . . . - .7 tions, it was reasonable to use components of the first and
sis should be investigated in the future when the estimation , . - A
accuracy is studied. The refractive inde\) is fixed to be third order in the vectod' of Eq. (16) and thus the numbar
) f components was 14. It is n hat the treatment in thi
1.4 for the two layers over the wavelength range of 400 to 700 of components was tis noted that the treatment in this

d thus is denoted simol in thi The thick section is not essentially different from the use of molar con-
nm and thus 1s denoted SIMply boyin this paper. 1he thick- = antrations as described in the previous sections because the
ness valuesl of epidermis and dermis were set to be 0.006

d 0494 ivel molar concentrations of melanin and hemoglobin are propor-
an h. cm, .respecg\./g Y- fth ) . h tional to the volume concentrations of melanosome and blood,

The absorption coefficient of the epidermis depends on the o ghectively. Table 1 lists components of the two conversion
volume concentration of melanosome in epiderr@ige. We

assumed that the absorption coefficient of a simple melano-.veCtoerme' andby, which originally correspond tby, andby,

some given in the literatufécorresponds to that of epidermis n Eq_s.(19) ?”d(f]o)’ respectively. Two resugant regression
in the case o= 100%. Then we derived the correspond- equations using these vectors are expressed as

ing absorption coefficients of epidermis for ten different con-

centrations ofC ;=1 to 10% at intervals of 1%, by simply C imeI: Do &, (23
proportioning it to that forC,¢;=100%. The absorption co-

efficient of dermis depends both on the volume concentration o

Cp and oxygen saturatioBO, of blood in dermis. In the same b=Dbpx&. (29
way as described earlier, the generally known absorption co-

efficients of oxygenated SO,=100%) and deoxygenated These equations with the values in Table 1 were used for the
(SO,=0%) blood having a 45% hematocrit were assumed to following numerical and experimental investigations in this
be that of dermis in the case 6f,=100%. paper.
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Table 1 Components of the conversion vectors b,,.; and b, obtained 0.8
from MRA2. —u— Measured
[ Simulated
z a; Bmel Bb 0.6 [
@
1 1 b,, ~—06.428t-01 p,  —5489E-02 -1
=
2 04
2 G i b,, 1.692E+04 p, —6.050E+0] 3
=
3 G b, —A5426+04 p . 1.778E+04 < L
02 E
4 do i b,, 7.356E+00 B, 5.264E-01
5 &, b,, 2172e+10 p,, 1.015E+09 N T T T
5 400 450 500 550 600 650 700
6 a,h,‘ ij —1.212E+16 thS —1.731E+14 Wavelength (nm)
7 Ggf b,e 2.340E+01 by, 1.453E+01 Fig. 3 Typical absorbance spectra obtained from human skin tissue

and the Monte Carlo simulation.
8 4,1 Gmi-do; b, 5.523E+09 b7 1.585E+09

9  ahiGwmi b,y —1.647E+11 p —6.486E+1] indicates that the present calculation model is suitable for nu-
merically simulating the diffuse reflectance spectra from hu-
man skin tissue.

Then by performing MRAL for each absorbance spectrum,

10 &%.d0 b,, 5766E4+07 f, ., 2.952E+06

11 &4 +8ni  b,,, —3.080E+14 [ .. —3.072E+10 y PETTOTITIN K -
50 sets ofa,,, &yn, aqn, anda, were obtained. The mean
12 &% do; b,y 5298E+11 p. ., 1.A41E+11 value of the proportiorR? was again0.98+0.01 for 50 ab-
sorbance spectra. At this point in time, the oxygen saturation
13 &3;6,; b,,, 2.132E+03 f,,, —1.500E+04 SO, was calculated for each spectrum from E#3). The
. mean value ofSO, was 59.7+ 1.24%, which gives good
14 &;an;  b,; —6-203E+06 p,,; —1.682E+06 agreement with the original value of 60%. To check reliability

for the estimation of oxygen saturation, we performed the
same investigation as above on the absorbance spectra that
were calculated under the conditions 0,=0 and 100%.

3.2 Numerical Investigation The mean values 0, were evaluated to b&.5+1.98 and

Before our experiments, we performed a numerical investiga- 87.0=2.90% for the original values of 0 and 100%, respec-
tion to verify the feasibility of the proposed method using the tively. This discrepancy for both cases may result from the
conversion vectors. Instead of measurements, we calculateddistortion of absorbance spectra, which is due to the loss of
newly diffuse reflectance spectra by using the Monte Carlo reflection by the wavelength-dependent light scattering in the
simulation as test samples. For the volume concentrations,tissue. As a consequence, the absorbance spectr&dpr
Cme and C,,, of melanosomes in epidermis and blood, re- =0% become not fully independent of the molar extinction
spectively, having a 45% hematocrit in dermis, the same val- coefficient£,,(\), although the oxygenated hemoglobin is
ues as those used in Sec. 3.1 were again employed. With ternot included in the simulation. Thus, the regression coefficient
values ofC,,, and five values ofC,, we had 50 different a,n becomes not zero, but a certain small value in MRA1.
combinations. The oxygen saturati®, of blood was setto ~ The same discussion can be applied to the cas&S@f

be 60% for all 50 combinations. Other conditions for the =100%. These errors 080, possibly suggest the limits of
simulation were fixed to be the same as those in Sec. 3.1. Inabilities of MRAL for estimating oxygen saturation.

this way we obtained 50 diffuse reflectance spectra and then Figures 4a) and 4b) show the values ofa, and
converted them into the absorbance spectra by usind4tq. an(=8a,n+ agn) versus the volume concentratior,,o; and
Figure 3 demonstrates typical absorbance spectra measure€,, of melanosomes and blood, respectively. In Fi@) 4the

on the finger surface of a Japanese adult and calculated by thevalue of &,, increases nonlinearly with an increaseGp,s,.
Monte Carlo simulation forC,,¢=3.0%, C,=0.2%, and This indicates the nonlinear relation between the absorbance
S0O,=60%. Measurements were made by using a multichan- of epidermis,A.y;, and the concentration of melanosome,
nel spectrometer under the illumination of a halogen lamp Cp, as described in Sec. 2.2. Moreover, the valueagf
light. In Fig. 3, the measured result shows relatively high decreases with an increase@y. The same tendency is also
absorbance in the shorter wavelength range, has a slight in-seen in the results @, shown in Fig. 4b). These properties
crease around 550 nm, and decreases again in the longeindicate that the absorbance of epidernfig,;, and that of
wavelength range. This distinctive curve is due to the well- dermis, Age,, are interdependent. On the other hand, the
known light-absorption properti&s?® of melanin and hemo-  value of&, (not shown hergincreased with increases in both
globin, which are characterized by their molar extinction co- C,,¢ andC,. Therefore it is clear that the volume concentra-
efficients. The same spectral characteristics as in the measuretions of melanin and blood are not accurately determined by
result are seen also in the simulated one. This comparisonusing only MRA1, although the regression coefficieats,
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Fig. 4 Regression coefficients (a) ,, and (b) &, versus their concentrations obtained from multiple regression analysis, MRAT.

a;n, and 4, are related to those concentrations. mis layers. The volume ratio of Intralipid 10% solution to the
We next substituted the regression coefficiefits, a;y, agar solution was one to ten. A coffee solution was introduced
and 3, into the regression equatiohggs. (23) and(24)] ob- as a substitute for melanin into the base material, and this

tained in advance by MRA2 and then estimated the volume mixture was used to make an epidermis layer. An oxygenated
concentration ) and Cy, for each of 50 absorbance spec- dermis layer was made by adding a small amount of fully
tra, respectively. Figure 5 shows a comparison between thepxygenated horse blood having a 44% hematocrit to the base
estimated and original values of the volume concentrations material, while a deoxygenated dermis layer was prepared by
Cel for melanosomes an@,, for blood. In both Figs. &) sufficiently dropping aNa,S,0,-added saline solution on the
and §b), the estimated values well agree with the original g face of the oxygenated dermis layer. All these layers were
ones in given concentration ranges @f,e; and Cy. These o qened in various molds having the required thickness and
e e o P72 by being cooled at sbotsCor 30 min
skin tissue Spectroscopy The thicknesses of epidermis and c_lermis layers were made
' to be 0.1 and 0.5 cm, respectively, while the area of each layer
. . R was 2.6x4.5 cnf. The 0.1-cm thickness of the epidermis
4 Experiments with Skin Tissue Phantom phantom is an order of magnitude greater than the actual epi-
4.1 Skin Tissue Phantom dermal thickness. In this study, however, it was difficult to
To confirm the usefulness of the proposed method, we per-mMake a layer thinner than 0.1 cm. To reduce the expected
formed experiments using skin tissue phantoms. The phantomeffects of this thickness on experimental results, then, the
consists of an epidermis and a dermis layer. We prepared agascattering and absorption coefficients of the epidermis phan-
solution by diluting agar powdefina Food Industrial Inc., tom were controlled so that the absorbance spectrum became
Japan with saline at a weight ratio of 0.8%. To make the close to that of human skin shown in Fig. 3. The volume
scattering condition, Intralipid 10% solutidifresenius Kabi concentration of a coffee solution in the epidermis layer was
AB, Sweden was added to the agar solution. The resultant set to beC.=5.0,10, and 20%, while that of horse blood in
solution was used as the base material for epidermis and derthe dermis layer wa€,=0.2,0.4, and 0.6%. The subscript
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Fig. 5 Comparison of the estimated and original concentrations for (a) melanosomes and (b) blood.
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Fig. 6 Experimental setups for (a) diffuse reflectance measurements and (b) total transmittance measurements.

for the coffee concentration correspondsntel for melano- erties of ua(N) and ug(\) were obtained for each layer. A
some in the previous section. The oxygen saturations of blood spectral curve for one layer was determined by averaging the
in the oxygenated and deoxygenated dermis layers were asresults of five runs. In these calculations, the refractive index
sumed to b&sO,=100and 0%, respectively, because both the n was assumed to be 1.33 for all the layers in the whole
oxygenation and deoxygenation were fully made in the above wavelength range, and the published vafliegere used for
process. Finally, we built two-layered skin tissue phantoms by the anisotropy factog(\) of Intralipid 10%. The absorption
putting the epidermis layer on the dermis layer as the test qqefficient u,()\) varies according to the concentration of
sample. coffee or blood in each layer. Then we calculated the coeffi-
42 Method cient for a 100% volume concentration by making a linear
: fitting of various absorption coefficients obtained under the
As preparation measurements, we first determined the absorpyjfferent concentrations given to the skin tissue phantoms.
:iogggefﬁdimﬂag‘l) andtrs]c?tterli(ng coezl;:cier;]ts(};) in 580 Figure 7@ shows the resultant properties for the absorption
0 nm of each layer that makes up the phantoms, becaus . LoC
wa(N) and ug(N) areynecessary for th?e Mor?te Carlo simula- %ooebfflments of coffee squuoma()\d)b, oxygenate_d blood
Ma (M), and deoxygenated bloog,"(N\), and Fig. Tb)

tion, andu4(\) is also required to calculate the volume con- ] . . '
#a(M) d _shows the scattering coefficiept(\). The scattering coeffi-

centrations of coffee and blood. For this purpose, we mea- ~, D i ) .
sured diffuse reflectance and total transmittance spectra of¢1€Nt in Fig. @b) is the average value for epidermis and der-

each layer individually. Figure 6 schematically shows experi- Mis layers. _ _
mental setups for measuring diffuse reflectance spectra and We also need to have the conversion vectors for the skin
total transmittance spectra. A halogen lamp ligh50 W), tissue phantoms used in this study because the results of Table
which covers the visible wavelength range from 400 to 700 1 were obtained with human skin conditions and thus were
nm, illuminates the phantom layer via a light guide and lens unavailable for the phantoms. We generated diffuse reflec-
with a spot diameter of 0.4 cm. The diameter and focal length tance spectra ranging from 500 to 600 nm by using a Monte
of the lens are 5.4 and 10 cm, respectively. The layer was Carlo simulation with conditions of the phantoms. For this
placed between two glass slides having a thickness of 1.0 mmsimulation, the volume concentratid®, of the coffee solu-

and fixed at the sample holder of an integrating spltead- tion in the epidermis layer, that of blood in the dermis layer,
sphere Inc., RT-060-SFThe detected area of the layer was C,, and the oxygen saturatidBO, of blood were set to be
circular, with a diameter of 2.2 cm. Light diffusely reflected the same as those used for the phantoms. We thus obtained 18
or tran.smitt.ed from this area was received at the input face of jifferent reflectance spectra from the combinatiol€gf C,,

an optical fiber probe having a diameter of 400 placed at 53S0, , and then converted them into absorbance spectra by
the detector port of the sphere. The fiber transmits the re- Eq. (5). Performing MRAL and MRA2 as described in Sec.

::elvegélgzhéolnto ﬂ. n;]ultlchannel sp;lectrtome(e‘)cetan Op_tt'fs 3.1, we derived the conversion vectors and the corresponding
nc., SD-2000, which measures reflectance or transmittance regression equations for estimating the volume concentra-

spectra in the visible wavelength range under the control of ations,CC andC,, of coffee solution and blood, respectively.
personal compute(PO. The molecular weights of coffee and horse blood used for the

To determinew,(N\) andug(N\) from measured spectra, we hant gk d thei | Gincti i
employed the inverse Monte Carlo metH8dn the present phantoms were unknown and their motar exinction coetti-
cients were accordingly unavailable. However, the absorption

study, the Monte Carlo calculation of reflectance and trans- R . S .
mittance spectra was iterated for varying valueg.gf\) and coefficient is proportional to the molar extinction coefficient.

w<(\) until the difference between the simulated and mea- " MRAL, therefore, the absorption coefficienfsg(N),
sured spectral values decreased below a predetermined threshes(A), and u3°(\) shown in Fig. Ta) were used as the
old. The values used in the last step of iteration were adoptedpredictor variables instead of the molar extinction coeffi-
as the final results. This process was carried out at intervals ofcients. The mean value of the proportiBd was0.98+0.01

10 nm from 500 to 600 nm, and wavelength-dependent prop- for the 18 absorbance spectra.
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Fig. 7 Properties of (a) absorption coefficients and (b) scattering coefficient for the skin tissue phantoms used in experiments.

4.3 Results and Discussion the phantom are similar to those of human skin shown in Fig.

Although we made both oxygenated and deoxygenated dermis3-_ThUS we conclude t.hat. Fhe 0.1-cm thickness of the epldgr-
layers for the skin tissue phantom, we did not use the latter MiS Phantom had no significant effect on the present analysis,
because its deoxygenated state was unstable and the opticaﬂnd that the§e skin tissue phantoms could be used successfully
properties of the epidermis layer may have been affected by !N OUr experiments.

permeation oNa,S,0, into the dermis layer through the epi- Performing MRAL for each absorbance spectrum mea-
dermis layer. Hence, nine different kinds of two-layered skin Suréd from the skin tissue phantom, nine setsaef aj
tissue phantoms were made from the combinatio€ pfand (=8ob+8aqp), anda, were obtained. Here the subscripts

Cy, With SO,=100%. Using the setup of Fig. (@), we mea- b, ob, anddb corr_espond tan, th, oh, anddh described in
sured the diffuse reflectance spectra of skin tissue phantoms ir>€C- 22, respectively. The mean value of the proporién

the range of 400 to 700 nm and then converted them into the Was0.96=0.01for the nine absorbance spectra. ThaS@,
absorbance spectra by E@). Figure 8 shows typical absor- Was 87.4i 7.07%,yvh|ch resulted in und'ere.stlmauon W|th'a
bance spectra measured from the phantoms having different®latively large variation. However, considering the numerical
volume concentrations of the coffee solution. In Fig. 8, as the result forSO,=100%discussed in Sec. 3.2, this experimental
value ofC, becomes larger, the absorbance in a shorter wave-esult is reasonable at present. Substituting the regression co-
length range increases significantly in comparison with that in efficientsac, a,, and &, into the regression equations ob-

a longer wavelength range. This is due to the large absorptiont@ined by the MRA2 analysis for the skin tissue phantom in
property of coffee solution in the shorter wavelength range, as S€¢- 4.2, we estimated the volume concentratiGsandCy,,
expected from Fig. (8). The three absorbance spectra also of coffee solution and blood .for each phantom, re;pectlvely.
reveal the well-known characteristic spectral curve of oxygen- Figure 9 shows the comparison between the estimated and

ated blood, as shown in Fig(d. These absorbance spectra of ©Original values of the volume concentrations fog andCy,.
In Fig. 9a), the estimated value agrees with the original one

for each value ofC,,. The agreement between the estimated

and original values is also shown in Fig(b® Hence the
L0A ) i feasibility of this method was verified by the phantom experi-
%a “a—s ments. These results also demonstrate the usefulness of the
a . . .
N —e—10 skin tissue phantoms developed for this study.
0.8 . A\A —45—20 |
bt \.\ \A‘A . . . .
= 90 % Ta ] 5 Experiments with Human Skin Tissue
-g 0.6 \.. AAAAA
™ e. R 5.1 Method
8 g .,.‘E:.\.’ \A . . . .
ﬁ 0.4 - Bogg” DUDBE?AAAM J To confirm the applicability of the present method to ian
?ﬁavavaiaiﬁﬁﬁﬁ vivo situation, we performed time series measurements of
ozl 1 melanin and hemoglobin on human skin tissue during cuff
) occlusion. A brachial cuff of a mercury sphygmomanometer
(Kenzmedico Co., Ltd., Japarwas fixed around the upper
0.0 L PR | 1 1 PUNPEN B E U
oI e O O e sl e and pressre 1o 200 g
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Fig. 8 Typical absorbance spectra obtained from the two-layered skin

tissue phantoms.
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ducted time series measurements of diffuse reflectance spectra
from the surface of the forearm. Measurements were made at
2-s intervals for 14 min. One spectrum was obtained by aver-
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Fig. 9 Comparison of the estimated and original concentrations for (a) coffee solution and (b) blood.

aging eight runs, in which one run was made in 250 ms. We uted. Typical ranges for the volume concentration of melano-
converted all the diffuse reflectance spectra into the absor-somes in epidermis have been repofe@:;,,.=1 to 3% for
bance spectra, performed MRA1 for each spectrum, and ob-light-skinned Caucasians, 11 to 16% for Mediterranean types,
tained time series sets &f,, a;,, andd,. The mean value of  and 18—-43% for darkly pigmented Africans. Considering that
the proportiorR? was0.96+ 0.01for all the absorbance spec-  the subject in this experiment was a relatively light-skinned
tra. The volume concentration of melanosont@ge,, that of Japanese, the mean valueQyf. = 4.6+ 0.02%is acceptable.
blood, Cy,, and the oxygen saturatioBO, were estimated During the cuff occlusiortbetween 0 and 370 sthe value
from Eqgs.(23), (24), and(13), respectively, together with the  of SO, shows the well-known deoxygenation curve in which
conversion vectors listed in Table 1. Since these vectors werethe oxygen saturation falls exponentially and approaches zero.
used for deriving experimental results, it should be noted that On the other hand, the value @, increases slowly. This
the assumptions for the scattering coefficient, anisotropy fac- change inCy, probably has a physiological cause in that dur-
tor, refractive index, and thickness in Sec. 3.1 were applied t0 jng the occlusion the venous outflow is reduced more than the
these human measurements. arterial inflow. After the cuff was releasdétetween 370 and
700 9, bothSO, andC,, increased sharply and then gradually
returned to the values before the occlusion. These changes in
Figure 10 shows the time course Gf,e|, Cp,, andSO, dur- SO, andC,, may be due to the postocclusion reactive hyper-
ing the cuff occlusion test. Each temporal variation is plotted emia and oxygenation, and recovery of blood circulation. In
at every 10 sec. Before the cuff occlusidmetween— 140and spite of the dramatic change B0, and C,, the value of
0 9), the oxygen saturation ranges from 51.6 to 60.3%, which C,,. remains almost unchanged during measurements. This
agrees with the results reported in the literatdre$.The constancy ofC,,, indicates that the interdependence between
mean value ofC, is 0.24+0.01%, which is fairly close to a the absorbance of epidermis and that of dermis is effectively
general example of the volume concentration of blood in der- compensated by the present method. In this way, physiologi-
mis, C,=0.2%, assuming that the blood is uniformly distrib- cal conditions of human skin tissue were successfully moni-
toredin vivo by using the proposed method.
However, this method requires different conversion vectors

5.2 Results and Discussion

L0 7 ' T T T 100 because the target tissue will have different scattering proper-
I »r Cuff off 1% ties and thicknesses. Therefore, alternative conversion vectors
T 08¢ cut l 180 & must be prepared by Monte Carlo simulation whenever a tar-
~§ 0.7 o 470 g get with different conditions is measured. In such a case, it
£ osf ?J %Jt% b"w o = may take about 12 h to generate 100 samples of reflectance
2 s LSRR ‘CD-R 10 E spectra and to determine the conversion vectors by means of
g o = s the Athlon CPU, 1.4 GHz, for example. There may be a pos-
S 04 440 =
g sl & 0 % sible approach to reduce this computational burden. Reflec-
R —o—ws0, | ] g‘ tance spectra of 100 samples are calculated in advance with
> 02r % —o—:c, 12 typical scattering, absorbing, and geometric conditions. In us-
o1y %&’%0 s TG | 10 ing the present method, they are referenced as the standard set
0.0 1 1 1 1 L L L 1 L - . .
00 0 100 200 300 400 500 00 oe of spe.ct.ra and may be modpﬁed accordln_g. to deviations from
Time (sec) the original (typical) values in those conditions when a new
target tissue is measured, instead of recalculations of reflec-
Fig. 10 Time course of concentration of melanosomes, C,,., blood, tance spectra. We consider that this approach is worth study-
C,,, and oxygen saturation SO, , during the cuff occlusion. ing in future work. In addition, the problem of estimation
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errors forSO,=0 and 100% described in Sec. 3.2 still re-
mains unsolved. These errors may be reduced if the value of

SO, is calculated, not from the values &f;, and a4, but 9.

from that ofC,, andCygp,. It is possible to obtain the regres-

sion equations needed for derivifity,, andCg4y, by perform-
ing MRA2. This subject will be examined in the near future.

6 Conclusion
A new method has been proposed for estimating the concen-

trations of melanin and hemoglobin, and oxygen saturation in 11-

human skin tissue. A multiple regression analysis based on the

modified Lambert-Beer law was successfully used to deter- 15

mine the regression coefficients relating to the concentration
of melanin and blood. Nonlinearity between the regression
coefficients and the melanin and blood concentrations was

compensated by using conversion vectors derived from Monte ;5

Carlo simulations. The potential of this method was verified
by Monte Carlo simulation and phantom experiments using
two-layered skin tissue models. The resultsrofivo experi-
ments presented expected variations in the melanin and blood

concentrations and the oxygen saturation in human skin dur- 5

ing cuff occlusion. At present, this method relies on typical
values published in the literature for the scattering coefficient,
anisotropy factor, refractive index, and thickness. It is thus
necessary to evaluate how a change in these values affects thd
estimated results. It is also desirable to combine this method

with other measurement techniques that provide some or all17.

of the above four quantities, for example, optical coherence
tomography.
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