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Abstract — Light action spectra for main skin chromophores a simulated. Porphyrins are selected as
target chromophores. They can produce singlet oxyge(SO) reactions under tissue irradiation, which ats as
a natural photosensitizer. The SO is toxic for, e.gcancer cells. This process is known to be widelysed in
photodynamic therapy (PDT). It is shown by way of xamples that skin irradiation by red light, where the
porphyrins have local maxima of light absorption, @an improve the generation of SO as compared with th
irradiation at a wavelength corresponding to the abolute maximum of light absorption. Taking etio- arl
rhodoporphyrin as target chromophores, we obtainedhat the said improvement of SO generation can be
about 5 to 100 times at specific depths inside tiss and 10 to 20 times integrally for the whole derim
thickness. The presented results can provide new pertunities for the selection of the irradiation
wavelengths under application of traditional PDT méhods.

Index Terms — multi-layered biological tissues, skin, singlet xygen, porphyrins, radiative transfer
equation, light action spectra.

I. INTRODUCTION obvious that the optimal wavelength does not neciégs
coincide with the maximum of the absorption codiidt.

The below results are obtained by using the optisalie
model [1] and the analytic techniques [2 — 4] fesctibing
radiative transfer though multilayered human skin.

Natural and artificial porphyrins are sometimesduas
photosensitizers (PS) for the effective selectigstidiction
of malignant tumors. Tetrapirrol compounds localize
selectively in tumor tissues were shown to be dble
provide effective death cancerous and bacteritd ve the
photosensitization process. Now it is generallyepted IIl. SIMULATION METHOD
that singlet oxygen (SO) generated during energgsfier Introduce a concept of differential effective alpgimm
from the triplet state of a PS to molecular oxygerthe coefficient (DEA) or differential action spectrumvhich is
main active cytotoxic agent for photodynamic thgrap meant as the number of singlet oxygen molecul@s)),
cancerous tissués vivo. Porphyrins can be introduced intobeing formed per unit time per unit volume at deptimder
a human organism from outside. They are exogerés @n the irradiation of skin surface by unit powef, of
this case. Porphyrins are also formed by a humganilsm monochromatic light at wavelengih
itself (endogenic porphyrins) and can have an beed
concentration under some pathologies, for examfbae a(zA) = M) E@ZA) HaAma) E(Z A man) (1)
vulgaris. Porphyrins are transferred by blood otlee
whole organism to be natural PS for photodynameeahy.  Here pi,(A) is the absorption coefficient of a chromophore,

Generation of SO by porphyrins is a multistage 8SC £(;)) s the fluence rate, andm is the wavelength

lts first step is light absorption. Then, via s@ler -oresponding to the maximal absorption of a specif
photochemical reactions, there can be formed St91romophore By definition E(z)\) is

molecules, which are highly toxic for cancer celde can _ . .
roughly assume that the more light power is absbie Ezh)= I (A, 2,9,9)dQ, where I(A.zQ) is the light
A

orphyrins, the more SO will be formed. The objextof . . . . .
![Dhispw%)rk is to find, what irradiation wavelengtps}ﬁde intensity (or radiance) as a function of angulasrdinates

maximal SO generation or, in other words, provid®’ and@ dQ=sin(@)dJdg is the solid angle element.
maximal absorbed light power. The idea of th&heE(z\) quantity has dimension W/émAbsolute (non-
optimization is rather simple. Really, optical peojies of normalized) values of DEA have dimensiontsi. The
soft biotissues, especially their absorption cogdfits, are quantity of Eq. (1) characterizes how effective the
spectrally selective, so that the tissue actssgeatral filter jrradiation of the tissue surface at wavelengthis as
with complex transmittance. The light power absdrbg a compared with that at wavelength.,. The morea values
target chromophore at specific deptis proportional to the are, the more SO molecules are formed under thes sam
product of the fluence rate at this depth by thsoaftion  J|ight power incident on skin surface.

coefficient of the chromophore. By varying the dfiation Figure 1 shows the spectra of optical density [5jame
wavelength, one can change the filter transmitteamce, typical synthetic porphyrins. Note several absorppeaks
hence, the fluence rate to maximize the said prodiLis in the visible, for example at= 490 — 510, 530 — 540, 565
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— 575, and 620 — 635 nm. There are also the intenslearacteristics are meant as the dependences inttet

absorption maxima in the violet — blue range (tlaeirst
band), but they will be omitted below, because ltght

and absorption coefficients and phase functionganh
skin layer on the wavelength, and the biophysicasoare

penetration depth &t~ 400 nm is small to be on the ordermeant as the concentratioijsandC,, capillary hematocrit

of fractions of millimeter [3]. By this reason, thwolet —
blue light acts on the near-surface tissue layér and has
essentially no effect on deeper dermis layers. pectra
shown in Fig. 1 are typical for other porphyrins¢luding

H (blood volume fraction in capillaries occupied by
erythrocytes), fractiorCy, of erythrocyte volume occupied
by hemoglobin, and blood oxygenation deggehe ratio

of HbO, volume to the total hemoglobin). We will assume

endogenic ones. further that the following parameters are fix&dk 0.75,H
= 0.4, C, = 0.25. Besides, set the thicknesses of stratum

corneum and epidermis constant for concretenessnibe

D i

; \ n is assumed to be a semi-infinite layer.
. Iy —
/[\ ls ;"-, IV. DEPTHDEPENDENCESFFLUENCERATE AND
i2 + | = : LIGHT ACTION SPECTRAFORBLOOD AND TISSUE
h -!:\1 ! I{E Light absorption is known to be one of possible
L 3 HE mechanisms of light action on biological tissuas.ahy
l,’ i \" \ / \f 5‘ N case, it always accompanies phototherapeutic atiadi of
as HHL [N A a living organism in practice. As one can see fieqs. (1)
4 ‘I'l J A \ n and (2), light action spectra depend on depthilligions
I \\J ;-{ ] :ﬁg\"‘ n? of fluence rate. Consider first the dependencek of z
e 1L Vi 1/ '5_"; Two cases are represented below, namely, uniforch an
74 i/ 4 \'ﬁt Z \ inhomogeneous dermis. Table [6] gives the struttamal
{.f N / \:'L‘ - biophysical properties of dermis in the latter case
A \
i e Table. Structural and biophysical parameters of timul
o9 A9 0 J8 M &9 80 |ayered dermis and subcutaneous fat [6]
Fig. 1. Dependence of optical densiy on A, nm for Upper | Thickness, Cy
etioporphyrin (1), rhodoporphyrin (2), and phyllopbyrin : __| boundz, mm mm
(3) according to data of [5] Der_mls with 0.08 0.25 0.04
capillary loops
Integration of Eq. (1) by dermis thickness gives th| Dermis — with 0.33 0.08 0.08
integral effective absorption coefficient (IEA), ish | Superficial
characterizes the total number of SO molecules darin | Vascular network
dermis layer of thickness — z per unit time per unit area | Dermis 0.41 15 0.05
due to light absorption by a chromophore: Dermis with 1.91 0.18 0.14
2 2 2) deep  vasculaf
BO) = 1, [ E(2 )02/ 1, Ovre) [ E@ A )iz network
2 2 Subcutaneous fat 2.09 6 0.0pb

Therefore, to simulate the mechanism of the SO
formation, one needs to determine fluence rateat E
different depths and to further calculate DEA akd\ Iby
the simple formulas of Eqgs. (1) and (2). The lifiekds in 1

biotissue are obviously to depend on its biophysica
structural and optical characteristics. We will bséow the
analytical procedure of Refs. [2 — 4].

Ill. STRUCTUREAND OPTICALCHARACTERISTICS 0.1

OFSKIN

The base for making the investigations is the model
of structural and spectral properties of near-sarfassue
layers over the wavelength range of 300 to 100 hhe Lo
model has been constructed by the way of critical 01 1 2, mm

evaluation and generalization of various publishegtig 2 Depth profiles of normalized fluence ratasniform
experimental and theoretical data. Skin is assutndik a (curves,Cy = 0.0595) and multi-layered dermis (see Table)

three-layered medium composing of stratum corneum;y = 350 4. 418 @). 550 B). and 800 nm4). f.. = 0.08
epidermis, and dermis. For the two latter laydrs,tolume 0. 2 ©. .1 =0.

fractions of the main absorbing chromophores, nielén
in epidermis and bloo@, in dermis, can vary. The model

enables one to set optical dimensions and spect@lyelengths in uniform (curves) and inhomogeneous

characteristics of tissue by its known structurkydr jaormis (symbols). The bounds of dermis sublayers ar
thicknesses) and biophysical parameters. The spectr

Figure 2 [4] illustrates profileE(2) in tissue (normalized
incident fluxEo), which are created by light at different
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shown by vertical dashed lines in Fig. 2. The mealaome provides the most effective SO generation. Howévehe
concentration of blood capillaries for the bothesags set deeper dermis layergpussie 3 to 5), there is the definite
the same, namel@, = 0.0595. One can see from Fig. 2increase in the absorbed light power under thalietén
thatE(2) > 1 atA = 550 and 800 nm (curv&sand4) up to  of the surface by light with = 620 — 630 nm near the local
depthz 0 0.3 and 2 mm, respectively. This is due to thextreme of optical densit®(A) of etioporphyrin. The said

multiple light re-reflections between tissue layers increase can be 50- and more-fold as compared tivith
As follows from Fig. 2, fluence rate is essentiallyirradiation at\may = 495 nm.
independent of the dermis structure in the upper lsliyers a [ \ ‘ \ [

at z < 2 mm. With z increasing, there can appear

differences in depth profile§(2) for the two skin models.

This is especially evident at= 800 nm (symbold). There

are kinks ofE(2) at the sublayers boundaries for multi-

layered dermis, where optical properties of the iomad

change. For uniform dermis in this case (cutjesalues of 1

E(Z) change smoothly withz increasing. At all the

considered wavelengths of the 300 to 1000 nm range,

absolute values d(2) change too a > 2 mm. This can be

seen more obviously at= 800 nm, where the fluence rate

for inhomogeneous dermis is substantially smahantfor

the uniform one. Here is observed the shadowinipwér

sublayers by upper ones due to generally higheitlaap

concentration of as compared with the uniform dermi

Below, the dermis will be considered as an uniftayer. B
The main absorbing chromophores of skin dermis are 10

blood and bloodless tissue. Fig. 3 shows absorluede

rate E as a function of depth beneath the skin surface.

One can see that &t= 575 nm, where blood absorbs light

strongly,E values are mainly determined by blood only. At

A = 630 and 800 nmiE values are due to the combined 1

absorption by blood and tissue collagen fibers. ©ar

isolate three regions in the shown dependences.fifdte

and third ones are at, respectively, small andelatgpths,

where absorbed powerslowly or rapidly decreases with

to be approximately described by an exponentiattfan 0.1

with low and big exponents, correspondingly. Theosel

region is intermediate. Here tB€z) dependence cannot be

: . 500 550 600 A, nm
represen‘te‘d‘ ‘b‘y“(‘a\n gqung‘ntlal funpt!qnm T Fig. 4. Normalized DEA d) and IEA spectra of

etioporphyrin ) at @) —z = 0.15 (curve?), 1 3), 2 @),
and 3 mm (5)f,, =0.08,C, = 0.04; p) —f, =0.08 (solid)a
0.16 (dashed curved},, = 0.02 (1), 0.04 (2), and 0.08 (3),
z =1 mm. Dashed curvé in Fig. 4 shows the original
normalized absorption spectrum of etioporphyrin

a
10

0.1

10

The IEA spectra (Fig. B) demonstrate also the
considerable increase in the absorbed light powdeuthe
irradiation by red lightA = 620 — 630 nm. The increase
ol here can be 10- and more-fold. TRevalues depend on

0.01 Z%}ﬂ 1 o001 zoé}n 1 structural and biophysical tissue parameters amd, i

Fig. 3. Depth dependence of fluence rate (V\?}cabsorbed particular, on volume fractiofy, and C,, of melanin and
by unit volume of skin tissue (a) and blood (b) gPlood capillaries. However, the variations of these
wavelengthd, = 575 (curves 1), 630 (2) or 800 nm (@)= concentrations do not lead to substantial shift tloé

0.04,f,= 0.08,5= 0.75,E, = 1 W/cn? maximal [EA.
m 0 ¢ Figure 5 gives the DEA and IEA spectra of

V. OPTIMIZATION OFSINGLETOXYGEN rhodoporphyrin, normalizeq by the corres_pondinggealat
GENERATIONUNDER LIGHT ACTION EOR pU Amax :_545 nm (see F|g. 1)._ H_ere (Figg)bas in the
PORPHYRINS case of etioporphyrin, the. |rrad|at!0n at Wa\/_eldmgtnaX
. near the absolute absorption maximum provides thst m
Figure 4 shows the DEA and IEA spectra fOlsfective SO generation in the upper dermis regions
etioporphyrin normalized by the corresponding valae However, as opposed to the case of etioporphyraretare
Amax = 495 nm (see Fig. 1). One can see from Fegthat,  tywo maxima of normalized DEA with increasing (curves
in the upper dermis layersa& 0.15 mm (curve), lightat 5 _ 5). They occur ah ~ 510 and 630 nm near the local
wavelengthi ., corresponding to the maximal absorption

419



extremes of optical densitp(\) of rhodoporphyrin. The spectral region located far from the absolute ghigmr
increase ofx in the short-wave spectral region as compare@axima (near about 495 nm for etioporphyrin and BAb
With Amax = 545 nm is due to the features in the spectr#pr rhodoporphyrin) can provide essential increase¢he
light penetration depth into tissue [3] and, intjgatar, due absorbed light power and, hence, in the SO geoexafine
to the spectral absorption of hemoglobin derivejtels irradiation at approximately 620 nm can deliver the
Really, blood absorption neax = 510 nm the blood Maximal SO production by etioporphyrin at both aalo
absorption is lower and, hence, the light penetmatiepth tiSsue depth and in the whole dermis thickness. The
is larger than af\ma = 545 nm. Therefore, green light Ncréase in SO concentration can be up to 50 tahes 1

attenuates more, and prodyg{A)E(zA) assumes smaller mm and up tf) ?0 times in the whole dermis as coetpar
values in this spectral region than naar 510 nm. Note With the irradiation alnax = 495 nm. On the other hand,

also that the increase in DEA under irradiations&in two _irradiation yvavelengths, al_aout 510 and 630. nm,
surface by red light can be up to 100 times antiérigs Provide the maximal SO production by rhodoporphyain

compared with\ . = 545 nm. The essential increase in th&ompared with the irradiation &k = 545 nm. For 510

; ; ; the increase in SO generation can be severastim
absorbed power (Fighbis also inherent to the IEA spectranm . : :
under the irradiation at wavelengths: 510 and 630 nm. whereas for 630 nm it can achieve 200 and morestiffise

observed features in the light action spectra foppyrins
o are due to the spectral selectivity of optical eletaristics
100 of skin tissue and, in particular, due its absonpti
properties. As noted, the tissue acts as a spdittealwith
complex transmittance. For example, the maximalhtlig
power absorbed by rhodoporphyrin at 510 nm is pledi
by complex combination of blood and porphyrin apsion
as well as by multiple light scattering in the medi The
global extremes of DEA and IEA in the red have shene
origins. The obtained results can be a basis feigdang
new methods for improving the SO generation by
. porphyrins as applied to practical photodynamicrapg
3 procedures. The essential increase in SO concemntras
compared with the traditional irradiation at abselu
‘ IR I maximal absorption of porphyrins can provide such a
improvement.
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production by porphyrins generated under skin iatah
at different wavelengths. It was somewhat surpgigithat
the big shift of the irradiation wavelength to thed
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500 550 600 A, nm
Fig. 5. The same as in Fig. 4, but for rhodoporjghyr
Dashed curvel in Fig. 52 shows the original normalized
absorption spectrum of rhodoporphyrin
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