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Physical-Mathematical Model of Optical Radiation Interaction with
Biological Tissues

Tetyana |. Kozlovska, Peter F. Kolisnik, Sergey M. Zlepko, Natalia V. Titova, Volodymyr S. Paviov, Waldemar

Wojcik, Zbigniew Omiotek, Miergul Kozhambardiyeva, Aizhan Zhanpeisova

Abstract. The physical-mathematical model of distribution of optical radiation in biological tissues was developed. It allows determining the change of intensity
of optical radiation depending on such parameters as installation angle of the sensor, biological tissue thickness and the wavelength. Were Obtained graphics
which represent changes of the optical radiation intensity that is registered by photodetector depending on installation angle of the sensor, biological

tissue thickness and the extinction coefficient
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Introduction

Human skin is a complex multilayer medium that
contains blood vessels, through which is passed
continuous blood flow. The main factors that affect on the
distribution of laser radiation in biological tissues are the
skin color, the presence of inhomogeneities and hairy.
And all of them complicate the research of the processes
of interaction of laser radiation with human skin. There
are many mathematical and physical models that allow
representing and describing of these processes and each
of them is focusing on a specific case of studying [1].

The mathematical description of the light scattering and
absorption processes can be made in two ways: by using
analytical theory based on Maxwell's equations, and
using transport theory. The main disadvantage of analytic
theory is complexity of getting the accurate analytical
solutions. Transport theory describes the interaction of
laser radiation with tissue, and considers the transfer of
photons by scattering and absorbing medium, without
using Maxwell's equations [1, 3].

Method

Due to development of methods of laser diagnostics
were expanded opportunities for studying of peripheral
blood circulation. The use of lasers is based on the light
interaction with biological tissues [1, 2], such as
scattering, reflection and absorption. These processes
depend on the pigmentation of the skin, blood
composition and collagen fibers structure that determine
the photons distribution in investigated area of the tissue.
The absorption coefficient of the skin is mainly
determined by the water and such pigments as melanin,
bilirubin, B-carotene and hemoglobin [7]. Melanin is the
base pigment and it is the main epidermal chromophor.
The absorption coefficient of the epidermis and the
corneal layer is determined by the melanin absorption. In
the Figure 1 is represented absorption spectrum of
melanin in the epidermal layer of human skin [9, 10].

The one of important value is the optical density (OD)
which is calculated as:

(1) OD::umel 'he
where u,,,; —the coefficient of the absorption of melanin,
h, —the thickness of the epidermis layer [1]

The amount of melanin depends on the type of skin
and can be changed from 1,5% to 43%.
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Fig. 1 Absorption spectrum of melanin [9, 10]

The dermis structure of the skin is different from the
epidermis structure and its scattering is stronger on the
shorter wavelengths. As the penetration depth of
radiation in dermis at different wavelengths depends on
the scattering, penetration of longer wavelengths is more
deeper than shorter. This is due to presence of melanin,
which is contained in dermis and it absorbs shorter
wavelengths. Propagation of the optical radiation in the
different skin layers is shown in Fig. 2. [4].

Fig. 2 Propagation of the optical radiation in the human skin [4]

The light that irradiates the skin area, takes different
paths in its layers. Part of the incident radiation is
reflected from the skin surface because there is refractive
index difference in the corneal layer and the air and it is
called as total internal reflection. Remain, is not reflected
radiation from the skin surface (about 93-95%), passes
into the epidermis layer. In the epidermal layer radiation
is almost not scattered but is absorbed by melanin. When
the radiation passes through the dermal layer, is
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occurred the multiple scattering by collagen fibers and
absorption by melanin.

The peak absorption of hemoglobin occurs on 280,
420, 540 and 580 nm with threshold wavelengths 600
nm. The main feature of such molecules as hemoglobin
and melanin is their complex threshold structure is
located in 400-600 nm range. But in the near infrared
region their absorption is strongly attenuated. The most
deeply radiation passes into the tissues on the
therapeutic window region (600 — 1300 nm) as a result of
weak absorption and strong scattering. On the
wavelengths over 1500 nm the water is the main
absorption center [6].

In the Fig. 3 is represented dependence of the
coefficient of the absorption and the depth of penetration
of laser radiation on the biological tissue properties. As
we can see from the figure the maximum depth of
penetration is in therapeutic window region. That is why
diode lasers, radiation of which is in the red and near
infrared region is used for photoplethysmographic
investigations.

By the electromagnetic field elastic-charged particles
start moving. When the oscillation frequency of particles
coincides with the frequency of the waves is a significant
absorption due to resonance. When the frequencies of
particles do not coincide with the wave frequencies,
radiation is scattered. One of the reasons of the
scattering is inhomogeneity of the refractive index at the
microscopic level [2, 11].

As the skin is strongly scattered medium, coherent
photons can be multiple scattered, that leads to a large
angular deviation of radiation relative to the initial
direction of the beam. Secondary radiation is incoherent,
broadband and unpolarized. Besides it, secondary laser
radiation provides greater depth of penetration into
biological tissues because its degree of attenuation for
each centimeter of tissue depth is almost 10 times less
than primary [2, 11].

Ar IR Er:YAG CO,

S
2

— —10 nm

Melanin

(=}
iy

1 pm

(=]
)

—1 mm

"
-\

— —10 mm

S

The absorption coefficient, cm’!
=
2>

-4
10 0.1 05 081 2 3 10

The wavelength, um

Fig. 3 Dependence of the absorption coefficient and the depth of
penetration of the water, hemoglobin and melanin on the
wavelengths

After multiple scattering some photons can go back
from the tissue under a random angle that creates
diffusely reflected light. In the case when photon is
repeatedly scattered, probability of the back scattering is
significantly increased. It depends on the wavelengths of
the initial radiation and can be about 30-40 % of the
incident beam. Thus components that go back on the
surface of the tissue as a result of back scattering are
informative and they can determine metabolic,
physiological or structural condition of the tissues. The
main property of scattering tissue is anisotropy that is
determined as g-anisotropy factor [11].

For the most of non-transparent biological tissues
anisotropy factor values are in the range (0.7 + 0.95).
Dependence of the anisotropy factor of the skin (dermis
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and epidermis) can be described by the following
empirical relation [9, 11]

A—=500nm
1)=0,7645+0,2355-| 1 - exp| 2ot
@ &) [ p( 729.1nm H

Dependence of the scattering coefficient of the skin on
the wavelength is described [9, 11]

A j%

@) )= 0) s

The absorption and scattering of photons in tissues are
characterized by the absorption coefficient pa and the
scattering coefficient us. They show attenuation of the
incident beam intensity as a result of absorption and
scattering and depend on the photon path length in the
investigation tissue. Back-scattered photons that go back
on the tissue surface allow analysing and reproducing
images of internal structure of the tissues. It allows
detecting of pathological changes in the tissues,
including tumors.

Results

The intensity of the optical radiation that is registered
by the sensor photodetector depends on the following
parameters as installation angle of the sensor, biological
tissue thickness and wavelength. And it can be
determined such way
(4) 1=1,—(1

1 +1

loss.sens. + loss.scat. loss.abs.) ’

where I, —is the intensity of the incident radiation on
the biological tissue;

Iloss.sen& — loss of radiation intensity depending on
installation angle of the sensor;

Ilomcm, — loss of radiation intensity by the scattering;

Iloss,abs, — loss of radiation intensity by the absorption.

The loss of radiation intensity depending on installation
angle of the sensor on the investigated biological tissue
is determined as [2]

(5) Iloss.sens. = IO - Idetect.a
where
Ty 77T
(6) Lo =15 - 3 cosa: cosf,
where I, — the intensity of the incident radiation on the

biological tissue; (I0 = iz where J - is candle power, [

l
— distance between the light source and the surface of
biological tissue);

Topt — coefficient that characterizes the light passage

through the optical system (0,9 — 0,95);

L — distance between biological tissue and photodetector;
o - angle of the incident light on the photodetector
area;

f - the angle between the normal to a surface and an
incoming light ray.

Loss of the radiation intensity by the scattering is
determined



(7) I

scat. ”

=1,-1

loss.scat.

According to the Lambert law [1, 2, 5, 10]

(8) I .=1, exp(—u, -z),

where |1 — scattering coefficient of the biological tissue,
cm;

z — thickness of the biological tissue, m.

The scattering coefficient depending on the wavelength
is determined

9) M :Hsl (}b)"’l-ls2 (ﬂ)+---+us (ﬂ),

where g () g A) — scattering coefficients of the
1

optical radiation for skin layers (n — number of layers);

A— wavelength.
Equation (7) with (8) and (9) have the following form

(10) Lea=To -{l—exp[- (usl (/1)+|uS2 (/1)+---+usn (ﬂ))lH_

Loss of the radiation intensity by the absorption is
determined

(11) I -1

loss.abs.

Labs. is determined [1, 2, 9-11]
(1 2) Iabs.: IO ' exp(_l"l'a . Z) ’

where n, — absorption coefficient of the biological

tissue, cm™;

Depending on the wavelength the absorption coefficient
is determined as sum of absorption coefficients of each
layer of biological tissue

(13) ua :ual(l)+ua2(ﬂ’)+"'+uan(2’)’

where p (4) ... p,, (A) — absorption coefficients of
different skin layers.

Equation (11) with (12) and (13) have the following
form

(1 4) Iloss.abs.: I() . l_l - expl- (um (ﬂ’) + l’l'az (2’) to.t l’l'an (ﬂ’)) ZJJ'

Equation (4) with (2), (6), (10), (14) and some
transformations have the following form

TOPL~7Z'-I‘2
I=1,-|1-{|1-—————-cosa-cosP |+
(15) 0 L2

o om0, 0) )

where 4, ) . K, (M) _ extinction coefficients for

different skin layers, where 4, (A) =t (A) + u, ().

As a result were obtained graphics and represented
changes of the optical radiation intensity, that is

registered by photodetector depending on installation
angle of the sensor, biological tissue thickness and the
extinction coefficient (Fig. 4, 5).
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Fig. 4 Dependence of the optical radiation intensity that is
registered by photodetector on installation angle of the sensor
and the extinction coefficient
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Fig. 5 Dependence of the optical radiation intensity that is
registered by photodetector on the biological tissue thickness

Conclusions

The developed physical-mathematical model of
investigation of optical radiation propagation in biological
tissues allow to research how radiation is attenuated
depending on such parameters as installation angle of
the sensor, biological tissue thickness and the
wavelength.
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