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Influence of skin surface roughness degree on energy characteristics
of light scattered by a biological tissue

V.V. Barun, A.P. Ivanov

Abstract. We present the results of modelling of photometric char-
acteristics of light in soft tissues illuminated by a parallel beam
along the normal to the surface, obtained with allowance for the
skin roughness parameters and the angular structure of radiation
approaching the surface from within the tissue. The depth structure
of the fluence rate and the spectra of the diffuse reflection of light
by the tissue in the interval of wavelengths 300—1000 nm are con-
sidered. We discuss the influence of the tilt angle variance of rough
surface microelements and light refraction on the studied charac-
teristics. It is shown that these factors lead to the reduction of the
radiation flux only in the near-surface tissue layer and practically
do not affect the depth of light penetration into the tissue. On the
other hand, the degree of the surface roughness and the conditions
of its illumination from within the tissue essentially affect the coef-
ficient of diffuse reflection of light and lead to its considerable
growth compared to the cases of a smooth interface and completely
diffuse illumination, often considered to simplify the theoretical
problem solution. The role of the roughness of skin surface is
assessed in application to the solution of different direct and inverse
problems of biomedical optics.

Keywords: rough surface, skin, radiation transport theory, light
reflection, refraction.

1. Introduction

Photometric (quadratic in electromagnetic field strength)
characteristics of radiation inside and outside a biotissue are
the basis for solving a wide scope of biomedical optics prob-
lems, e.g., the optimisation of light therapy techniques, laser
hyperthermia, and optical diagnostics. In the process of tissue
illumination, the light passes through the interface between
the skin and the environment, and to a certain degree changes
its energy and angular parameters. Therefore, the skin surface
affects the spatial distribution of the radiation power,
absorbed and scattered in the tissue, the depth of light pene-
tration, and the spectra of the effect on the tissue chromo-
phores and other characteristics of the radiation—biotissue
interaction.

In the majority of papers, the light transport in biotissues
is theoretically considered neglecting the roughness of the sur-
face. This is due to a few reasons. First, the solution of the
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radiation transport problem in the medium is essentially sim-
plified, since the transmission of light through the interface is
described by the well-known Fresnel formulae. Second, the
shortage of experimental data on the parameters of skin sur-
face roughness that could provide a base for the statistical
description of its structure exists. The main difficulty in the
study of light propagation in a scattering medium with a
rough boundary is to account for the interaction of multiply
scattered radiation with the surface and the mutual influence
of these two processes. Thus, in the terahertz frequency range
(the wavelengths A = 100—1000 um) they usually consider
transparent (dielectric) or strongly absorbing (conducting)
objects [1-3], so that the contributions from their volume and
rough surface can be separated and considered independently.
In other words, in the above interval of wavelengths the mul-
tiple scattering in a bulk medium is neglected. This assump-
tion is quite correct for biotissues, since the characteristic size
of their inhomogeneities is usually much smaller than A. This
fact manifests itself in the opacity of biotissues, clothes, dif-
ferent packing materials for goods, and similar objects for the
radiation of terahertz frequencies.

In the optical range of wavelengths the situation is differ-
ent in principle. Here the multiple light scattering by biotis-
sues cannot be eliminated, and it is necessary to allow for the
interaction of light with the medium surface. A few publica-
tions are known, devoted to the numerical solution of the
radiation transport equation in a biotissue using the Monte
Carlo method with the skin roughness taken into account
[4-9]. The authors of Ref. [4] considered the surface with the
Gaussian probability density of the surface eminences and the
Gaussian correlation function, and the authors of Refs [5-9]
considered the randomly inhomogeneous quasi-periodic
(sinusoidal) surface. Note that the Monte Carlo simulation,
alongside with the known advantages (the possibility to con-
sider practically any configurations of the medium and any
spatial distributions of optical properties), possesses definite
drawbacks. One of the major drawbacks is the laboriousness
of the computation process that requires large memory and
computer time. Thus, in Ref. [2] the computation of only one
variant took almost two hours.

The aim of the present paper is to develop a semianalytic
method that allows ‘pure’ selection of the effect of skin rough-
ness parameters on the light characteristics in a biotissue and,
thus, an answer to the question how essentially the approxi-
mation of the real surface by a smooth interface affects these
characteristics. In other words, is it generally required to
complicate the problem, and in which situations the interface
roughness is important to be taken into account?

Note that polarisation and coherence effects also accom-
pany the transmission of light through a rough surface.
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However, their investigation is a separate problem and they
are not discussed in the present paper.

2. Model of biotissue and skin surface

We consider a three-layer tissue, consisting of a stratum cor-
neum (sc), epidermis (e) and homogeneous dermis (d). The
optical and structural characteristics of each layer were
obtained based on the critical analysis and generalisation of
the appropriate literature data [10—17] and the results of our
own studies [18, 19] in the spectral range 300—100 nm. The
tissue model includes the geometrical thicknesses d,. and d.,
the refractive indices ., 1., and ny, as well as the optically
significant biophysical parameters, namely, the volume con-
centrations of melanin in the epidermis f,, and blood capillar-
ies in dermis C,, the degree of blood oxygenation S, and the
mean diameter of capillaries D. The model allows direct cal-
culation of the characteristics of absorption and scattering by
the tissues layers based on the known specific absorption indi-
ces of melanin and haemoglobin derivates [12, 13, 16]. The
influence of the ‘sieve’ effect (the localised absorption of light
by blood vessels and erythrocytes) on the optical properties of
the medium that occurs in the blue-violet spectral region was
assessed by means of the technique of Refs [17, 18], and for
the effect of blood haematocrit, or erythrocytes packing den-
sity, the data of Refs [19, 20] were used. The calculations
using the analytical formulae from Ref. [18] have shown that
the mean value of D allows adequate estimation of the contri-
bution from the network of microvessels of different size to
the absorption index of the tissue. In this case, the desired
energy characteristics of multiply scattered light differ only by
a few percent from those calculated using the capillary diam-
eter distribution function.

The effective (reduced) scattering indices of the layers
were calculated using the approximate formulae [12, 16] com-
prising two terms. The first of them describes the scattering
by large-scale fibrils, and the second one by small-scale par-
ticles of the tissue. The spectral dependence of the mean
cosine of indicatrix (asymmetry coefficient) was adopted
from Ref. [11]. Below for definiteness we assume the follow-
ing parameters to be constant: dy. = 20 um, d, = 100 um, C, =
0.02, S = 0.75. The dermis is considered as a semi-infinite
layer. The refractive indices of epidermis and dermis are
assumed to be close to each other, n, = ng = 1.33 [14], and
determined by water, the dominant component. The discon-
tinuity of the refractive index inside the tissue exists at the
interface between the stratum corneum (n,, = 1.55) and the
epidermis.

Below, like in Refs [4—9], we will consider two types of
roughness. Their characteristics are commonly specified with
respect to the macroscopically planar medium surface (z = 0).
From this surface, we will also measure the depth of the
observation point inside the tissue. Let the probability densi-
ties P(y) of random tilts of surface elements relative to the
plane z = 0 for the Gaussian and sinusoidal rough surfaces
have the form [21, 22]

1 e
P(V) = 21.ch eXp<_2Dy)’ (1)

R
Ps(y) — [JT ygnax _Vz] for |'V|< 'Vmax,, (2)
0 for |Y|> Ymax

respectively, where D, is the variance of tilt angle distribution;
Vmax = ©Cmax 1S the maximal slope of the sinusoid relative to
the plane z = 0; w and ,,,, are the angular frequency and the
amplitude of the sinusoid. The values of parameters (1) and
(2) typical for human skin are presented in review [22]. Using
distributions (1) and (2) and applying the technique [21, 23] to
take into account the mutual shadowing of the interface relief
elements, one can calculate the angular structure of radiation
[24], reflected and (or) transmitted by the rough surface, as
well as the integral parameters, namely, the coefficients of
reflection (R) and transmission (1 — R) [25] for any angular
pattern of illumination. We emphasise that the values of R are
calculated [21, 23] taking into account the constructive inter-
ference of light, propagating in the far-field zone in the direc-
tion of the local Fresnel reflection angle and the destructive
interference for other angles. In a similar way, the transmis-
sion coefficient is found. The technique of Refs [21, 23]
allows also one to determine polarisation characteristics of
radiation, reflected and refracted by the rough surface.
However, as pointed out above, they are not considered at the
present stage. The results of Refs [21, 23—25] are applicable to
large-scale (compared to the wavelength of radiation incident
on the tissue) surface irregularities, which is usually typical
for human skin in the visible and near-infrared spectral
regions. Note that in works [1, 2] devoted to the terahertz fre-
quency region, a similar approach was used, but without the
mutual shadowing of the interface relief elements taken into
account.

3. Method for calculating the energy
characteristics of multiply scattered light

The authors of papers [26—28] proposed an analytical scheme
for the calculation of integral radiation characteristics in a
multilayer biotissue. By ‘integral’ we mean here the fluence
rate, or spatial luminance [29]

Wh,z) = L [(.2.0.9)dQ

(Z1is the luminance of light at the depth z; 6 and ¢ are the polar
and azimuthal angles; d©2 = sinfdfdy is the solid angle ele-
ment) and the tissue diffuse reflection coefficient Ry, equal by
definition to the ratio of the reflected flux to the incident one.
The quantities W and I will be normalised below to the illumi-
nation of the medium surface by the incident light.

Let the parallel beam of light be incident along the normal
(along the positive direction of the z axis) to the skin surface.
The multiple scattering of light in each of the tissue layers
causes the formation of diffuse reflected (backscattered)
fluxes. Within the biotissue, the radiation flux is formed by
multiple scattering of directed and diffuse fluxes and multiple
repeated reflection of radiation between the layers of the
medium and the skin surface. Detailed analytical expressions
for the calculations are presented in Refs [26—28]. The coef-
ficients of reflection (R) and transmission (1 — R) of the inci-
dent directed beam by the surface that enter these expressions
together with the reflection (R") and transmission (1 — R")
coefficients of the surface, illuminated from the inside by the
diffuse radiation, determine the specific features of the rough
tissue-environment interface.

Naturally, the values of R*(1) depend on the directional
pattern of the radiation that illuminates the skin surface. The
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polar () and azimuthal (p) angular intensity distribution of
light approaching the surface from within the tissue can be
presented as

L Tl () La(n)n® + Telren®
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where Ty, and T, are the coefficients of transmission of the
directional radiation by the stratum corneum and the epider-
mis, respectively; n = ny/n, is the relative refractive index; J is
the delta function; 7;, is the intensity of backscattered light;
and the angle 7 is measured from the negative direction of the
z axis and specifies the direction of light incidence on the skin
surface from within the tissue. This angle is related to the
polar angle 0 of the radiation propagation inside the medium
as 0 = arcsin(nsiny) and allows for the refraction in the course
of light propagation from the epidermis having the refractive
index 7, to the skin surface having the refractive index ng.. The
first term is proportional to the product of the luminance
coefficient I4(n) of the light backscattered by the dermis, and
the coefficient /(1) of the transmission of this light by the
optically thin epidermis. The second term is proportional to
the intensity and corresponds to the reflection by the epider-
mis of the radiation that did not reach the dermis. The third
term corresponds to the Fresnel reflection of light from the
interface between the stratum corneum and the epidermis.

In Eqn (3), the reflection from the stratum corneum is not
taken into account because of its small optical thickness. We
also neglect in Eqn (3) the angular divergence of the beam,
normally incident on the rough skin surface, since it weakly
affects the reflection coefficient R* [25]. The spectral depen-
dences of I(n) and I}, were calculated in the small-angle
approximation [30, 31], and /4(n) — in the asymptotic approx-
imation [30, 32] of the transport theory. The applicability of
these approximations to the media having the optical param-
eters similar to those of biotissues has been repeatedly con-
firmed by comparison with the experimental data [30], the
results of Mote Carlo simulations [33] and other numerical
methods [34]. Let us write the functions that enter Eqn (3) in
the explicit form

de ee scPé
1(6) = exp - Bl gl )
_A 1K _ _ _ 1 4 cos
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Here F,=1— (1 — g.)/3 [33]; Uee> Us and g, are the attenuation
and scattering indices and the coefficient of the indicatrix
asymmetry for the radiation scattered by the epidermis,
respectively; A, = g/t 1s the probability of photon survival;
Po(0) = 0.5(1 + 4cosO)/(1 + cosb) is the luminance factor of
the semi-infinite non-absorbing medium [30]; G(0) = 3(1 +
2c080)/7; téq = paq + sa(l — gq) 1s the effective attenuation
index of dermis; and w4, Usq and gy are the attenuation and
scattering indices and the coefficient of the indicatrix asym-

metry for the radiation, scattered by the dermis, respectively.
Due to the weakly expressed angular structure of the indica-
trix of the single scattering by the epidermis aty > /2 [11, 12]
it was assumed that the second term in Eqn (3) does not
depend on the polar angle 6. In other words, the light formed
by backscattering of the incident radiation in the epidermis is
practically diffuse. Note that all above parameters of the ele-
mentary volume depend on the incident light wavelength 4, in
particular, g4 = g. = 0.62 + 0.000294 [11], where A is expressed
in nanometres.

Thus, the technique for modelling the integral characteris-
tics inside and outside a multilayer medium includes two
stages. At the first stage the spectral dependences of R and R”
are calculated [25] under the variation of the structural and
biophysical parameters of the tissue using Eqns (1)—(6), and
then, using the technique of Refs [27, 28], the desired charac-
teristics at the chosen values of the above medium parameters
are calculated. The calculations that take fractions of a min-
ute do not require particularly large computer memory. Note
that when D, changes within the range 0—-0.44 [22], the reflec-
tion coefficient of the medium illuminated from outside along
the normal to the macroscopic surface (z = 0) changes weakly,
R = 0.047-0.027 [25] and, therefore, practically does not
affect the photometric characteristics inside and outside the
biotissue.

4. Results and discussion

4.1. Reflection coefficient of skin surface illuminated
from within the medium

As mentioned above, probability densities (1) and (2) were
used to describe the roughness properties of the surface. The
earlier calculations have shown [25] that if the variance values
for the tilt angles of the relief elements in Eqns (1) and (2) are
set to be similar, i.e., D, = y% /2, then the relative difference
in the reflection coefficient R* does not exceed 5%—7% within
a wide interval of D,, typical for human skin [22]. Therefore,
below we consider only the Gaussian rough surface with the
probability density (1).

By definition, the quantity R" is equal to the ratio of the
total reflected radiation flux to the incident one:

f r*(n*) I[arcsin(nsinn)]siny cosndw
* o2n

R = , (7)
f I[arcsin(nsiny)]siny cosndw
2n

where r(n") is the reflection coefficient of the skin surface illu-
minated from within the tissue at the local angle " of light
incidence on surface elements; and dw = sinydnde. The rela-
tion between the angles #” and # is given in Refs [24, 25]. As
seen from Eqns (3)—(7), the coefficient R" is formed by three
fluxes with different angular patterns, the partially and com-
pletely diffuse light [the first and the second terms in Eqn (3),
respectively], and the normally directed radiation (the third
term). Obviously, for the above three components of intensity
(3) the reflection coefficient is maximal for the second flux
and minimal for the third one. This is due to the appropriate
dependences of the Fresnel reflection coefficient on the angle
of incidence 5. To clarify the physical mechanisms of interac-
tion between the multiply scattered radiation and the rough
surface, and their influence on the formation of the fluence
rate in the medium, let us analyse the contributions to R"



374

V.V. Barun, A.P. Ivanov

from the three terms in Eqn (3) at different wavelengths, i.e.,
from the radiation fluxes, backscattered in the dermis (@), in
the epidermis (®,), and at the interface between the epidermis
and the stratum corneum (@5). By definition, the fluxes @;_3
are such:

D = f (") T T L [arcsin(n siny)] Iy[arcsin(n sin )] n?
2n
Xsiny cosndw, ®)

D, :f (") T Ly .n*sinn cosndw, )
2n

= (A1) b = 0N

n+ (10)

where in Eqn (10) the reflection coefficient r” is calculated for
the incidence angle 7" corresponding to 7 = 0, and the inter-
face between the epidermis and the stratum corneum is
assumed to be plane. In particular, for the smooth skin sur-
face r* = [(ny, — 1)/(ng + 1)]>. Note that the third term in Eqn
(3) weakly affects the reflection coefficient R”, and its contri-
bution @5 (0.0002-0.0005 depending on the surface rough-
ness) is small compared to the contributions @; and @;.

The spectral dependences of @, and @, are presented in
Fig. la. Itis seen that in the short-wavelength region the main
contribution to the reflection coefficient R* is made by the
radiation backscattered from the epidermis (®,). This is due
to the strong absorption of light by melanin in the near-UV
and blue regions of the spectrum, so that a considerably
attenuated flux reaches the dermis, which practically does not
affect the values of R*. The greater is the concentration f;, and
the thickness d, of the epidermis, the more the dermis contri-
bution @, to R* exceeds that of @,, starting from some greater
wavelengths A. Thus, for 1, = 0.04 we have @, > @, for 1 >
500 nm, and for f;, = 0.16 the above inequality is valid for A >
550-600 nm. In the red spectral region at A > 650 nm the
reflection coefficient R” is mainly affected by the light (@),
multiply scattered by the dermis. In the spectra of the flux @,
the absorption bands of blood haemoglobin derivates mani-
fest themselves at 4 ~ 418 and 540-580 nm. As follows from
Eqn (6), in the maxima of these bands the light backscattered
by the dermis is concentrated near 6 = 0, which leads to a
slower growth of the flux @, with an increase in 4 as com-
pared to the wavelengths beyond the above absorption peaks,
particularly at low concentrations f,,,. The reason is a decrease
in the reflection coefficient r* at the light incidence near the
normal to the macroscopic surface (z = 0).

The above features of formation of the fluxes @,_3, natu-
rally, manifest themselves in the spectrum of R”. We consider
them below by analysing the dependences of R* on the wave-
length (Fig. 1b), calculated using Eqns (3)—(7) with the
mutual shadowing of the relief elements taken into account
[25]. Attention should be payed to both the spectral behav-
iour of the reflection coefficient R" and its magnitude. Above
we mentioned two simplifying assumptions, frequently used
to solve the problems of biomedical optics. First, they neglect
the surface roughness. Second, they assume () = const
(absolutely diffuse illumination). Then R* = 0.625 and does
not depend on A. As seen from Fig. 1b, with the angular struc-
ture of radiation /(n) and roughness taken into account, the
values of R* are essentially smaller. In the near UV and blue

0.01

0.001

800 A/nm

0.2

1 1 1
400 600 800 A/mm

Figure 1. Dependences of (a) (1, 3) @, @, (2, 4) and (b) R" on A for

Jm = 10.16 (solid curves) and 0.04 (dashed curves); (a) D, = (1, 2) 0.0256

and (3, 4) 0.444; (b) D, = (1) 0, (3) 0.2 and (4) 0.444.

spectral regions (A < 450 nm) the reflection coefficient R is
formed by entirely diffuse fluxes backscattered in the epider-
mis. However, due to the refraction near the skin surface,
these fluxes are concentrated in the cone with the half apex
angle n, = arcsin(1/n) ~ 60°. As a result, the absolute values
of R" are essentially smaller than in the case I(37) = const even
for a smooth surface [curves (7)]. As the variance D, grows,
such a decrease in R" becomes even more significant.

With increasing 4, the scattering index of epidermis con-
siderably decreases [12, 15, 31]. Hence, the flux @, related to
the reflection of light from the epidermis also decreases.
Simultaneously, the flux from the dermis approaching the
internal surface of skin rapidly increases. As seen from
Eqn (6), the luminance of this light has a maximum at 6 = 0.
Besides that, in the short-wavelength spectral region, where
the epidermis melanin strongly absorbs light, the oblique
beams (large angles 0) are visibly weakened [see Eqn (4)], so
that the radiation, incident on the interface from within the
medium, is concentrated near # = 0. The Fresnel reflection
coefficient of light incident on the skin surface near the nor-
mal is not large. For these reasons, mathematically expressed
by Eqns (4) and (6), as well as due to the reduction of the scat-
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tering index of epidermis, the values of R(1) in the short-
wavelenght spectral region become smaller. In the case of
small variance D, [curves (/) and (2)] the spectral behaviour
of the albedo R" is evident. The position of the R* minimum
corresponds to 4 = 500-600 nm depending on the melanin
concentration. With an increase in D, the concentration of
the incident light near the normal to the surface becomes not
so essential, since the fraction of oblique surface elements
increases, and the spectral behaviour of R” is smoothed. With
an increase in A and a decrease in f;,, the epidermis absorbs
weaker, and the angular radiation pattern near the surface is
wider. The Fresnel reflection coefficient of the interface
increases and, therefore, R" increases as well.

Let us estimate, which of the three factors, the angular
structure of the dermis luminance coefficient [the first term in
Eqn (3)], the attenuation of oblique beams in the epidermis
(the second term), or the refraction in the stratum corneum,
stronger affects the reflection coefficient R*. The results of R”
calculations (not presented in Fig. 1) for the red and near-IR
spectral regions at /3(0) = 1 have shown that the angular
dependence I,(0) affects the albedo R* weaker than the other
factors mentioned above, especially at large D,. Therefore,
the variations of the volume concentration C, of the dermis
capillaries within 0.02—0.08 and the values of .S within 0.5-1
cause almost no change in the reflection coefficient R*. The
calculations with 7,(6) = 1 and the dependence /4(0), calcu-
lated according to Eqn (6), show that R is virtually indepen-
dent of 1: R* ~ 0.44, 0.37, and 0.22 for D,=0,0.2,and 0.44,
respectively. It follows that refraction is the main factor
affecting the spectral behaviour and magnitude of R".

Figure 2 presents the dependences of the reflection coeffi-
cient R* on the variance of the tilt angle of the rough skin
surface at different wavelengths. It is seen that depending on
A [curves (2) and (3)] for small D, (practically smooth sur-
face) a weakly expressed maximum of R* can be observed.
With the increase in the variance, the effect of mutual shad-
owing of microscopic relief elements becomes more evident,
and the reflection coefficient R* monotonically decreases. For
a rough surface with D, > 0.15, the relative variations of R*
within the wavelength interval 300—1000 nm amount to
nearly 5%-10% under a wide-range variation of the struc-

R*

0.4

0.3

0.2F

0 0.1 0.2 0.3 04 D,

Figure 2. Dependences of R* on D, for f;, = 0.16 (solid curves) and 0.04
(dashed curves); A = (1) 400, (2) 600 and (3) 800 nm.

tural and biophysical parameters of the tissue, so that for
many problems the reflection coefficient can be considered
nearly constant in this spectral region and dependent only on
the variance D,,.

4.2. Fluence rate distribution over the biotissue depth

It was shown above that the coefficient R* of the diffuse
reflection of light by the skin surface essentially depends on
the degree of its roughness and the angular structure () of
the radiation, approaching the surface from within the tissue.
The dependence 1(7) is determined by three factors, the major
of which is the refraction in the stratum corneum. Commonly,
this refraction as well as the growth of the variance D, lead to
the reduction of R*. Therefore, the refraction and the inter-
face roughness taken into account must lead to smaller values
of W near the skin surface. Such a behaviour of W is clearly
seen in Fig. 3, where the depth profiles of the fluence rate at
the wavelength 800 nm are presented. In the upper layers of
the dermis, the values of W are really decreasing under the
effect of the roughness degree and the refraction. This is par-
ticularly clearly seen in the maximum of the W/(z) profiles at
low melanin concentrations f,,,. However, inside the tissue at
relatively large depths z, neither the surface roughness degree
nor the refraction exert practical influence on the value of .
The physical reason is clear. The light, scattered by the sur-
face, is sufficiently diffuse, and its intensity decreases with the
growth of z faster than the intensity of the directed incident
radiation and the radiation, scattered mainly in the forward
direction. In particular, it follows that with the interface
roughness and the refraction in the stratum corneum taken
into account the light penetration depth remains practically
unchanged.

Wi m
n
4r n
/.\_\
[r~ 3
J 1 \i\ n 2
3FC e A \A\j
ASN
2 « O\,
AN
2k
1_
0.1 0.3 1 z/mm

Figure 3. Dependences of W on z for f,, = 0.16 (solid curves, @) and 0.04
(dashed curves, m) with (lines) and without (e, m) refraction taken into
account; D, = (/) 0 and (2) 0.44, 1 = 800 nm.

The data of Fig. 3 are indirectly confirmed by the results
of Ref. [6] (for a rough surface) and Ref. [35] (for a smooth
surface), where it is shown that the detected unpolarised sig-
nal is localised mainly in the upper layer of the tissue both for
the change of the relief parameters [6] and for the variation of
R*[35].
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4.3. Coefficient of diffuse reflection of light by biotissue
with the skin surface roughness taken into account

Obviously, the change in the light diffuse reflection coefficient
R" is accompanied with the variation of the transmission coef-
ficient 7° = 1 — R*. The interface roughness and refraction
lead to the reduction of R" and, therefore, the increase in 7°
or the light flux that leaves the biotissue volume. The spectra
of the skin reflection coefficient Ry, obtained with the influ-
ence of the surface roughness, the angular pattern of the radi-
ation intensity /(57), Eqn (3), and the multiply repeated reflec-
tion between the tissue layers taken into account, are pre-
sented in Fig. 4. Here the points show the results of the
calculation with /() = 1 and the refraction neglected. It is
seen that the skin surface roughness and the refraction lead to
considerable transformation of both the shape of the spectra
and the absolute values of Ry. The albedo Ry generally
increases with increasing D, due to a smaller part of light
reflected by the surface into the tissue. Particularly clear man-
ifestation of this effect is observed in the red and near-IR
wavelength ranges. Note also that at a large melanin concen-
tration (solid curves) the specific features related to the
absorption by blood at 400—600 nm vanish in the spectrum
Ry (4). The reason is the strong shielding of dermis by epider-
mis in this case.

800 A/nm

Figure 4. Spectrum of the coefficient of diffuse light reflection by skin
for f,, = 0.16 (solid curves, ) and 0.04 (dashed curves, m); points — with-
out refraction, D, = (1) 0, (2) 0.2 and (3) 0.44.

The dependences Ry (4) are often used to solve the inverse
problem aimed at the reconstruction of different parameters
of soft tissues [36]. In this case, both the absolute values of the
reflection coefficient and its spectral behaviour are important.
The theoretical base of the solution is formed by the model
calculations. Various analytical and numerical methods for
calculating Ry (A)areknown. First, thisis the Kubelka— Munk
approximation (see, e.g., [37, 38]) and the approach
[27, 28, 39] where R is a fitting parameter. We are not aware
of any publications, where the analytical solution scheme
would account for the refraction of light in the biotissue and
the roughness of the skin surface. In the numerical solution of
the transport equation using the Monte Carlo method with
the different refractive indices specified and the layer bound-

aries [5—9], the refraction is automatically taken into account
in the course of drawing the photon trajectories. However, in
the majority of published papers (see, e.g., the references in
[36]) the surface roughness is not considered. What are the
consequences? To answer this question let us consider, e.g.,
curves (/) and (3) in Fig. 4, corresponding to D, = 0 and
0.44. In the visible spectral region at 4 < 600 nm the absolute
value of the difference of ordinates of these curves amounts to
nearly 0.01-0.03, i.e., is comparable with the measurement
error of the reflection coefficient. However, in the red and
near infrared ranges the difference can approach 0.15 (par-
ticularly at small melanin concentrations). This is obviously
unacceptable for solving the inverse problems.

5. Conclusions

The presented results allow the answer to the question, when
in the solution of direct and inverse problems of biomedical
optics one should account for the skin surface roughness. In
the assessment of the radiation effect on the tissue chromo-
phores (direct problem), the interest is commonly focused at
the integral characteristics of light inside the medium. The
data of Fig. 3 unambiguously confirm that in the study of
light power absorbed by blood erythrocytes and the accom-
panying effects the surface roughness is practically not essen-
tial. The similar conclusion follows for the depth of light pen-
etration into the medium. A different situation takes place in
the study of tissue heating using the radiation in the red or
near-IR spectral region. Thus, as shown in Ref. [31], in this
case the major heating mechanism is the heat transfer from
epidermis to dermis. In the epidermis, the thin near-surface
layer of skin, the radiation density W decreases with increas-
ing surface roughness degree due to the reduction of the coef-
ficient R” of light reflection into the medium. This is particu-
larly evident at small concentrations of melanin. Such a
reduction of W leads to smaller heating of the epidermis and,
therefore, less intense heat transfer from this layer. As a result,
the growth of the dermis temperature will be smaller than in
the case of a smooth interface.

In the solution of inverse problems, special attention is
paid to noninvasive methods, i.e., those, producing no
destruction. Various methods of reconstructing the structural
and biophysical parameters of soft tissues from the para-
meters of backscattered light are known. For example, in
Ref. [39] the method of noninvasive determination of f,,, d.,
C,, and S from the measurements of albedo Ry is proposed.
From the above consideration it unambiguously follows that
for the solution of the inverse problem it is necessary to take
the skin surface roughness and the light refraction in the stra-
tum corneum, or the angular pattern I(x), into account. In
this case, the solution is complicated by two factors: the
appearance of an additional unknown D,, and the depen-
dence of R* and, therefore, the measured quantity R, on the
sought structural and biophysical parameters of epidermis
and dermis. In this context, the slight effect of C,, and S on R"
is favourable, so that one can put 74(6) = 1. Then the function
I(n) will depend only on the product f,,d., and one can develop
a technique similar to that of Ref. [39] to determine C,
together with S from the measurements of Ry at few wave-
lengths. Note that the reconstruction of the parameter D,,
characterising the degree of the skin surface roughness, can be
of interest in dermatology and cosmetology. However, the
detailed consideration of this issue is beyond the scope of the
present paper.
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To summarise, we emphasise that the skin surface rough-
ness practically does not affect the energy characteristics of
the scattered light in the deep (more than 1 mm) layers of der-
mis. At z < 1 mm the spatial illuminance decreases and its
reduction is particularly affected by the model parameters D,,
fm» d., as well as the wavelength A. On the contrary, outside
the medium the refraction of radiation and the surface rough-
ness lead to the growth of the skin reflection coefficient, which
should be taken into account in the solution of a number of
problems of biomedical optics.
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