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ABSTRACT

In this work, optical propagation through turbid media is analyzed by FDTD simulation. In particular, the method is
applied to biological tissues. Continuous light propagation in turbid media has been widely studied, but pulsed light
propagation has received less interest due to its complexity. Therefore, in this work we focus on pulsed light. FDTD
method is applied to several media with optical parameters in the typical range of those observed in biological tissues.
We perform an analysis of the variations of pulsed light propagation as a function of the scatterers characteristics
(namely size, concentration, and optical contrast). The results are compared with those obtained by the use of the
diffusion approximation. The potential of the FDTD method over the diffusion model is given by its high accuracy, its
capacity to perform time-resolved simulations, and the fact that it carries all the information about the phase and
coherence of the wavefront. The results of this work can be applied to a wide range of areas of interest like the time-
resolved study of ultrashort light pulses propagation, the optimization of optical penetration depth, the coherence
properties of pulsed light, and the effect of modified wavefronts in light propagation.
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1. INTRODUCTION

There exist several models for light beam propagation, from which the most widely used ones are the slowly varying
envelope approximation of the wave equation [1], the Radiation Transport Theory (RTT) [2], the Monte-Carlo method
(MC) [3], and the finite-difference time-domain method (FDTD) for direct solution of Maxwell's equations [4].

If the initial intensity of light beam is insufficient to activate nonlinear effects and the propagation distance is less than
the diffractive length, then the slowly varying envelope approximation is valid, and propagation of the light beam can be
considered simply from Beer-Lambert law. The results obtained by means of this approach present low accuracy,
specially when dealing with complex multilayered or strongly anisotropic scattering tissues. Radiation Transport Theory
is usually applied when scattering is dominating over absorption, and it is based on a light-diffusion equation for
calculating the fluence rate. The relationship with the Beer-Lambert law can be established with the use of the so-called
effective attenuation coefficient. In the Monte Carlo method light is treated as a sequence of photons. The number of
photons is related to the accuracy of the solution obtained. After launching a photon, its trajectory is calculated. This
trajectory is affected by scattering and absorption. Monte Carlo method provides a steady-state solution for light
propagation in turbid media, and as a consequence the effects of pulsed propagation are neglected.

The finite-diference time-domain method (FDTD) is a very powerful approach for solving Maxwell’s equations, and is
the focus of this work. The potential of this method is given by its high accuracy and by the fact that it carries all the
information about the phase and coherence of the wavefront. Due to its accuracy, the FDTD method is widely used in
simulating light propagation in optical waveguides like optical fibers or photonic crystals, for example. This method was
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applied to the study of light propagation in biological tissues. Continuous light propagation in turbid media has been
widely studied, but pulsed light propagation has received less interest due to its complexity. Therefore, in this work we
analyse propagation of pulsed light. The parameters of the medium used in the simulations were chosen according to the
typical characteristics of biological tissues [5]. We perform an analysis of the variations of the pulses light propagation
as a function of the scatterers characteristics (namely size, concentration, and optical contrast). The results are compared
with those obtained by the use of the diffusion approximation. The potential of the FDTD method over the diffusion
model is given by its high accuracy, its capacity to perform time-resolved simulations, and the fact that it carries all the
information about the phase and coherence of the wavefront [6,7].

The manuscript is organized as follows. First of all, the light propagation models employed are presented in Section 2.
Section 2.1 is devoted to light diffusion equation, and in section 2.2 the basic equations of the FDTD algorithm are
shown, both for TE and TM mode. The main results of the simulations are included in Section 3, as long as the
discussion. Finally, in Section 4 we summarize the conclusions of this work.

2. MODELS OF LIGHT PROPAGATION IN BIOLOGICAL TISSSUES

In this section we introduce the light propagation models that will be used through the manuscript. Section 2.1 describes
light diffusion equation, and section 2.2 explains the FDTD approach.

2.1 Light diffusion equation

Radiation Transport Theory is a widely used method for modeling light propagation in terms of the specific intensity of
optical radiation. When scattering presents a dominant effect over absorption, the diffusion approximation can be applied
for obtaining the analytical solution of the Radiation Transport Equation. In the diffusion model, tissues are
characterized, from the point of view of optical propagation, by the following parameters: refractive index # ; reduced

scattering coefficient u, = (1— g) M., where g is the anisotropy of scattering and g, is the scattering coefficient; and
absorption coefficient g, . In the scattering-dominant limit, the medium is characterized by the diffusion constant
D= l/ 3( M+ ,u‘) . The diffusion model describes light propagation by a diffusion equation, which can be expressed in
the following way [2]:

1 0¢(F,1)

v Ot

+p1,4(F,t) -V [ DV $(7,1)]=S(F.1). (1)

In this equation, ¢(F,I) represents the irradiance in the tissue, and S (F,I) takes into account the optical source power

per unit volume. Equation (1) provides a spatial-temporal solution for the optical distribution inside an irradiated tissue.
Considering the problem of light pulse propagation in semi-infinite media the boundary conditions for the plane z=0 can
0p(7,t ) . .
be expressed as: ¢(;7,t)—2C RD% =0, where the coefficient C, takes into account Fresnel reflection on the
4

boundary between tissue and air. The intensity distribution in pulsed Gaussian-like light beam presents this form:

2, .2
1(x,y,z=0,t) =1, exp[— al +2y Jlexp[—L] . A finite difference numerical method can be used to obtain a solution
To p tp
for the fluence rate. After normalization we obtain the following equation:
o0 & @ o9 (&.1.¢.7)
Sttt @ 5777,4;7 =q————+a 4 53777;,’1 > (2)
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where fluence ¢, time 7 and spatial (5,77,4’ ) coordinates are normalized variables through: ¢ =¢/1,; 7 =t/t, (f, isa

2 2
characteristic time); & =x/ry; n=y/7; { =z/r; and the dimensionless parameters a; = %v (0 G = Hal D We
0

apply the 3D generalization of the method developed by Du Fort and Frankel [8, 9] for the numerical approximation of
parabolic partial differential equations, which was successfully used in our work previous work [5]. The following finite
different approximation of Eq. (2) was used:
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T+t——+ > . The results of numerical simulations are discussed
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in Section 3.
2.2 FDTD numerical approach

Among the different methods to study light propagation through random media, finite-difference time-domain technique
constitutes a very powerful one, as long as it carries all the information about the phase and coherence of the wavefront.
FDTD is a widely used technique that numerically solves Maxwell’s equations with a high accuracy, entailing a
considerable computing time. We start from Maxwell’s equations for an optical medium [4]:

oH _
g EL=VXE, 4
Ho o 4)
sos(x,y,z)Z—f:Vx[jl. Q)

These equations can be decomposed into the three coordinate components to obtain a set of six differential equations:
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If we consider the TE mode and solve for a plane, then the electrical permitivity can be expressed as ¢ = g(x,y). With
this situation, the differential equations for TE mode are:

A L% (12)
ot Ko Oy
oH
y_ 1O (13)
ot p, Ox
oH
OE, 1 y_oH ] (14)
o ge(x,y)| ox oy

According to FDTD theory, these differential functions can be discretized in both space and time, so that they can be
calculated as:
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In these equations Ax are Ay the spatial mesh steps along the coordinates x and y respectively, At is the time step, and

the functions are discretized as follows: F”" (i, j) = F (iAx, jAy,nAt) = F (x, y,t).

We should solve the problem also for the TM mode. In this case the equations can be written as:

OF 1 OH
X _ z 18
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ot Lol Ox Oy '
Again, discretizing these functions according to FDTD algorithm, we get:
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0 s
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As before, in these equations Ax are Ay the spatial mesh steps along the coordinates x and y respectively, At is the

time step, and the functions are discretized as follows: F” (i, j) = F (iAx, jAy,nAt) = F(x, y,t).

The implementation of the FDTD method was performed in a similar way to the diffusion method. The preferred results
are those corresponding to the TE mode.

3. RESULTS AND DISCUSSION
3.1 Light diffusion equation

Numerical investigations of pulsed light propagation through highly scattering media have been performed for the wide
range of typical optical parameters of biological samples. Let us consider in detail the case when a Gaussian-like light
beam with the typical radius of 7, =0.1cm and pulse duration 7, =20ps propagates in tissue. The tissue is characterized

by absorption coefficient , =lem™, scattering coefficient =50cm™", anisotropy factor g =0.8, and refractive
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index n=1.35. For these parameters the light beam interacts with tissue in quasi steady-state mode, since the typical
2

diffusion time inside the medium 7, = DL ~20ps , and it is comparable with pulse duration 7,,.
%
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Fig. 1. Longitudinal distribution of irradiance in the cross-section of the light beam (), and kinetics of irradiance at different
depths inside the medium (b).

The results of simulation of this task are presented in Fig.1 and Fig.2. Figure la shows the on-axis distribution of the
irradiance ¢(x =0,y=0, z) in the tissue at different time moments. It is seen that the maximum of the irradiance is

related to the pulse duration 7, =20ps, and in the long-time limit the light is diffusively spreading inside the medium.

Let us notice that efficient attenuation coefficient for this case is p,; =, 131, (ua + us) .

The kinetics of the irradiance at different depths inside the scattering medium is presented in Figure 1b for three
reference points: z=0, z=0.05cm , and z =0.1lcm . The maximum value of the irradiance on the surface is formed with

a little time shift regarding to 7,,, and the formation of maxima of irradiance inside the medium depends on the depth

along z -axis. Thus the diffusion wave is observed inside the scattering medium. And finally we consider the influence
of scattering coefficient on spatial distribution of the irradiance inside the sample. Figure 2 shows radial distribution of
irradiance in the cross-section of the light beam for z =0.05¢m (a), and z =0.1cm (b). Increasing scattering coefficient
leads to concentration of the light beam energy close to surface of the medium (Fig. 2a), and relative decreasing of the
irradiance in the deeper cross-sections (Fig. 2b).

@ (x,z=0.05cm) S us=50cm'1 ¢ (x,2=0.1cm) —— ug=50cm"
S
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Fig. 2. Radial distribution of irradiance in the cross-section of the light beam. @ — z=0.05cm, b — z=0.1cm.
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3.2 FDTD numerical approach

A biological tissue model is needed in order to apply the FDTD approach. Optically turbid media are characterized by a
strong scattering, which results in a scattering coefficient much higher than the absorption coefficient. The characteristics
of the samples used in our simulations were chosen according to the typical characteristics of biological tissues [6]. From
these data we have considered a mean spherical scattering particle diameter of 1um, a volume fraction of scattering
particles C=8%, a medium refractive index of ny=1.34 (a volume average between extracellular fluid and cytoplasm) and
a particle refractive index of ny=1.45. The sample size was chosen to be 53.2um by 53.2um in order to obtain a
representative sample, and as the same time maintaining a low calculation time. The square 2D sample matrix generated
is shown in Figure 3a. In order to generate realistic 2D cuts of the spherical particles, we modeled the radius of the
sphere cut as a stochastic process. The probability density function for the position of the cut point in the z axis of the
sphere is simply given by a uniform distribution: f(z)=1/r,,—r, <z <r,, being 0 for the rest of values. In this equation,

r, denotes the radius of the spherical particle, and the reference point for z has been fixed in the center of the sphere. For

1/2
a certain z position, if the cut intercepts a particle, the resulting circle diameter is simply given by: 7, (z) = (rvz - zz) .

From these equations, the average radius of the circles can be readily shown to be <rs (z)> = %rv. Figure 3b shows the

sample matrix generated according to the realistic modeling of turbid media sampling.
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Fig. 3. Examples of scattering media. Number of particles N=433. a) — Spherical particle diameter ¢=1.00um. b) — Mean
cross-sectional particle diameter d=0.798 pum.

Using the theoretical model described in Section 2.2, light propagation thorough a turbid medium was analyzed. The
FDTD results of the simulation of electro-magnetic waves propagation through this sample are shown in Figure 4, for a
wavelength of A =1.06pm , corresponding to a Nd:YAG laser. Figure 4 presents the steady-state distribution of the

optical power density for different concentration of scatterers. The influence of scattering can be clearly observed in the
spatial distribution of optical power. In Figure 4b the spreading of optical radiation is much bigger than in Figure 4a,
where the scatterers concentration is lower, and as a consequence the scattering events are not so often. Although the
scattering is mainly forward-directed, it is evident how it affects the propagating beam, even for this small sample. If no
scatterers were present, then there would be no spreading of the optical radiation as it travels through the biological
sample.
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Fig. 4. Continuous light propagation through a turbid sample simulated with FDTD method. a — C=2%, b — C=8%.

After obtaining some previous results regarding continuous wave propagation, we substitute the continuous laser source
by a pulsed source, and study the output pulse for different concentrations of scattering particles and for different sample
thicknesses. Figure 5a shows the simulated results for a sample of thickness L =53.2um. It can be observed that the

maximum pulse value decreases for larger particles concentrations. This result is in good agreement with the simple
Beer-Lambert law. As well as that, we can also note that the pulse width increases with the scatterers concentration.
These results are corroborated by those shown in Figure 5b, which corresponds to a tissue with twice the thickness,
L =106.4um . Both effects, maximum pulse value decrease and pulse width increase with increasing number of

scatterers, are larger in this second case. Note that the time scale varies in these two plots.
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Fig. 5. Pulsed light propagation through a turbid medium. a) — Output pulses for a sample length of L =53.2um, b)
— Output pulses for a sample length of L =106.4pm .

4. CONCLUSIONS

In this work, optical propagation in biological tissues was analyzed by FDTD simulation. The results were focused on
pulsed light propagation, as the analysis of continuous light propagation has been widely studied. FDTD light
propagation approach was applied to several media with optical parameters in the typical range of those observed in
biological tissues. The results show variations of pulsed light propagation as a function of the scatterers characteristics
(namely size, concentration, and optical contrast). These variations were analyzed and discussed. The results were
compared with those obtained by the diffusion approach, which does not carry all the information about the phase and
coherence of the wavefront, but provide results in a smaller computational time.
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The results of this work can be applied to a wide range of areas of interest like the time-resolved study of ultrashort light
pulses propagation, the optimization of optical penetration depth, the coherence properties of pulsed light, and the effect
of modified wavefronts in light propagation.

(8]
[9]
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