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ABSTRACT

Medical applications of treatment, diagnosis and surgery can greatly benefit from the use of optical radiation. Every
biomedical optical technique depends strongly on light propagation. The spatial configuration and the characteristics of
optical radiation at each spatial point greatly influence the outcome of the previously mentioned applications. Light
properties as it traverses biological tissues are particularly relevant in optical diagnosis. Diagnosis by optical radiation is
usually based on pure intensity measurements. Consequently, there is a general lack of enough contrast, as it is based on
pure absorption and scattering differences. Enhanced contrast can be achieved by taking into account other light
parameters, such as coherence or polarization. These parameters present a much more complex evolution, and are strongly
dependent on the incident optical beam properties, as long as on the biological medium characteristics. The statistical
nature of the process makes it convenient to use random beams and even random media in the models. These additional
parameters could represent the possibility to distinguish malignant from healthy biological tissues, when intensity contrast
is not enough. What is more, beam characteristics could be chosen in order to produce desired spatial distributions of
radiation inside biological tissues, or to provide an adequate interpretation of diagnostic parameters. In this work, optical
random beams, mainly Gaussian-based, are employed to model light propagation in turbid biological tissues by Green’s
functions. Coherence and spectral characteristics of the beam are considered. The model is applied to skin pathologies,
such as basocellular or squamous cell carcinoma.

Keywords: propagation of light, optical properties, numerical approaches for light-tissue interactions, scattering in
biological tissues, Green’s functions in optics

1. INTRODUCTION

Medical applications of treatment, diagnosis and surgery can greatly benefit from the use of optical radiation. Biomedical
optical techniques of treatment, characterization and surgery depend on the propagation of light in biological tissues [1].
The accuracy of light propagation and a priori estimates are particularly significant in diagnostic techniques. As biological
tissues are turbid media, with great influence of scattering, it is necessary to adequately analyze its influence on optical
propagation parameters, such as coherence. The influence of a scatterers distribution can be analyzed using Green's
functions [2]. In this work, these functions are used for the analytical study of the complexity of the propagation of light
as electromagnetic radiation in those turbid media that are biological tissues.

2. THEORETICAL MODEL

Scattering in biological media represents one of the most limiting effects for optical diagnostic imaging. Along with light
intensity, coherence is particularly affected by the scattering mechanism [3]. The scattered wave Uy (r, w) from a
monochromatic incident wave U;(r, w) can bee xpressedasa total U(r,w) wav e, a ssumin g the fir st-o rder Born
approximation, as:

U, 0)~Ui(r,w) + [, FO', 0)U;(r', 0)G(Ir — '], w)d>r" ()

In equation (1), F(r, w) is the scattering potential of the medium, and G(|r — r'|, w) is the outgoing free-space Green
function. If incident light is partially coherent, as it is a more general case, with a cross-spectral density function
W;(ry, 1y, w), the cross-spectral density of the scattered wave can be expressed as:
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Wi (ry, 3, ) = [f, Wir{, 75, 0)F" (r{, )F (r3, 0)G* (I, = 111, )G (I, — 13, 0)d>r{ dr; 0]

The cross-spectral density can be expressed as a function of the spectral densities S;(r{, w) and S;(r;, w), and the spectral
degree of coherence p; (11,73, w):

W (r, 1o, ) = [, Si(Y, 0)/Si(r3, )i (1, 13, 0)F* (11, @) F (13, w)G* (Iry = 7{], 0)G(Iry — 73], w)d®rid?r;  (3)
The Gaussian Schell-model (GSM) is based on the cross-spectral density function, which has the structure [4],
— 2
e ()

w @ (p—’l)’?’z;w) = A%(w)e 10i(w) ¢ 28%(w) | (4)

where superscript (G) stands for the Gaussian Schell-model, A% is the maximum value of the spectral density (attained on
the axis) and the root-mean-square (r.m.s.) widths o2 and &2 are independent of position but generally depend on
frequency.

The optical turbulence is well explained by the presence of irregularities in the refractive index or, so-called, “turbulent
eddies,” appearing due to fluctuations in various physical properties of matter, such as temperature, pressure and
concentration of inhomogeneous chemical content. Such eddies are created in different types of matter through certain
physical/chemical/biological mechanisms. Shearing and mixing of different parts of the irregular structures under influence
of winds in atmosphere, currents in the ocean, cell growth and fluid transfer in bio-tissues lead to a mechanism of energy
transfer among eddies of different sizes. The largest possible size of an eddy in the turbulent process is taken as the
definition of the outer scale L, of turbulence. Larger eddies break down further into smaller ones with energy until the size
of the eddy reaches the lower limit when the energy dissipates. The size of the smallest eddy before dissipation defines the
inner scale [, [5].

The solution of Helmholtz’s equation can be found for the field U(#, w) in the form of the extended Huygens-Fresnel
integral,

o oikz — - @-p)
UEw)=—-2—[U(p w)e™ 2 Ve T2y ©)

where ‘P(ﬁ, T w) is the complex phase perturbation caused by the random distribution of the index of refraction in the
medium.

A scalar GSM light beam is incident on a soft anisotropic biological tissue with anisotropy factors py, = U, # Uy inthe

plane z = 0, termed source plane or plane of incidence and propagates through it in the positive half-space z > 0.
For biological tissues with geometrical anisotropy the three-dimensional power spectrum can be written in the following

form, in similarity with other anisotropic random media,

g
2 2

(2”)3Urzlﬂxﬂyﬂze mx Kmy

0) = a
KS_“[K(Z,+47TZ(M,ZCK,ZC+#§,K§,)]2

CDn(KZx, Ky,

3<a<4 (6)

Where « is the power spectrum slope, aﬁ is the variance of the refractive index of the bio-tissue, fy, i,, and p1, are the
anisotropic strength coefficients in each direction. Further, l?o is the large-scale cut-off frequency vector with magnitude

_ 2 2 2 _ 2T _ 27T _ 27T . R
Ko = \/Kxo + K30 + Ko and components Ko = . Kyo = E' Ky = PR with Ly, L,, and L, being the outer
scales along X,y and z, directions, respectively: Ly = pyLo, L, = ptyLy and L, = p,Ly. Small-scale cut-off
— . 21 21
frequency vector K, has magnitude K, = /KZm + K2, + Ky, and components Ky, = o fom = o Kym =

Zl—jwith Le = telo Ly = pyloand L = pyly,
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For an anisotropic turbulent medium and the vector with Cartesian coordinates p = (&, 1), the spectral density is given
by,

52 "2
e 20%8x@p 2058y(2) (7)

s@ )_;
P2 = oo

3. RESULTS AND DISCUSSION

For all the following simulations it has been used as a reference [6]. For all the examples below the numerical values of
parameters are set to: A = 0.6328um, 0, = 3mm, 0 = 4 x 107*, Ly = Sum, ly = 0.2um, p,, = 1, pp, =
3,u, =1, = 3.5, unless different values are specified in figure. In Figure 1 the power spectrum of a typical
anisotropic biological tissue is plotted from Eq. (6) along the x- and y- directions. The discrepancy in the power spectrum
along the two orthogonal directions is clearly seen. Figure 2 is plotted from Eq. (7) and it shows the changes in the spectral
density of the beam along the propagation path, showing that the beam spreads much sooner in the path along the axis with
the smaller anisotropic factor (y-axis) than that with the larger one (x-axis). As the propagation distance increases to values
on the order of 1cm, the ratio of the semi-minor axis and the semi-major axis of the ellipse approaches 1/3 being exactly
the ratio of the anisotropic factors, p,/u,.

Anisotropic power spectrum of the bio-tissue refractive index
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Figure 1. Anisotropic power spectrum of the bio-tissue refractive index along the x- and y- directions.
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Spectral density at z=1cm with different anisotropy ratios p.fu,
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Figure 2. Spectral density of the coherent GSM beam propagating in the bio-tissue at z = 1 cm with different anisotropy
ratios.

4. CONCLUSIONS

Biomedical optical techniques of treatment, characterization and surgery are strongly dependent on light propagation.
Further parameters based on polarization or coherence can provide increased contrast in diagnostic techniques. Light
propagation in static highly scattering biological tissues can be analyzed by Green’s functions, including coherence
phenomena. The extended Huygens-Fresnel method has been applied for the analytical evaluation of the spectral density
of the propagation beam and its coherence state, within the validity of the Markov approach. A variety of numerical
examples have been provided illustrating the effects of the source and tissue parameters on the evolution of the beam. The
results of this study may be useful in the medical diagnosis and treatment of anisotropic bio-tissues by optical radiation.
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