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Modeling of light scattering in biotissue
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Abstract. Different statistical modeling techniques of radiation propagation in epithelial
tissue are considered. The two main approaches are: the modified classical Monte Carlo
method for light propagation in turbid medium and the coherent inverse ray tracing
method. The classical Monte Carlo method was modified to take into account
polarization of propagating radiation and birefringence, which can occur due to tissues
commonly found under epithelium. As a supplementary method, used in the paper was a
modified version of the classical ray tracing technique, which takes into account phase of
radiation during its propagation in tissue.
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1. Introduction

One of approaches for solving the problem of light
propagation in scattering media is the method of Monte
Carlo statistical simulation [1-5]. It is a set of techniques
that enables to find necessary solutions by repetitive
random sampling. Estimates of the unknown quantities
are performed with statistical means.

For the case of radiation transfer in scattering
medium, the Monte Carlo method implies repeated
calculations of the photon trajectory in medium based on
determining environmental parameters. Application of
the Monte Carlo method is based on the use of
macroscopic optical properties of the medium that is
considered to be homogeneous within small volumes of
tissue. The models based on this method can be divided
into two types: the models that take into account
polarization of radiation, and the ones that ignore it.

Simulation based on the previous models usually
discards the details of the radiation energy distribution
within a single scattering particle. This disadvantage can
be ruled out (in the case of scattering particles’ size
exceeding the wavelength) by using another method —
reverse ray tracing. This method, similar to that mentioned

above, is based on passing a large number of photons
through medium that is simulated. The difference is that
each scattering particle has a certain geometric topology,
and scattering is calculated using the Fresnel equations.
The disadvantage of this method is that it can give reliable
results only if the particle size is much greater than the
wavelength (at least by an order of magnitude).

2. Simulation of polarized radiation propagation in
scattering medium by using the Monte Carlo method

The Monte Carlo method is used for implementing the
stochastic model, in which the expected value of the
random variable is equivalent to the value of the
physical quantity that must be determined. This expected
value is determined by averaging many independent
samples of the random variable. To build a series of
independent samples, random numbers are taken from
the probability distribution corresponding to the
distribution of the physical quantity.

Radiation is represented by a set of photons. Each
photon propagating inside medium has a certain amount
of energy, position, direction and polarization [6-9].
When modeling propagation of photons in environment,
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the following assumption is made: events of radiation
scattering by the particles are independent; distributed
environment, in which radiation appears, is one-axis
material with linear birefringence; dispersion in this
environment occurs on spherical particles that are
randomly distributed inside it.

During simulation, two coordinate systems are
used: the laboratory coordinate system that is bound to
the environment of propagation and the local coordinate
system that is bound to photon and changes after each
scattering event.

The geometry of the model is shown in Fig. 1.

Radiation in the form of a thin beam penetrates into
the medium towards the positive direction of the Z axis
(laboratory coordinate system). The slow linear
birefringence axis is directed along the axis X. In the
environment, photons are scattered by spherical
particles. This scattering is described by the Mie theory.
The detector is located in the XY plane of the laboratory
coordinate system and shown in the figure in grey color.
It captures only photons coming out from the
environment.

The whole algorithm is shown in Fig. 2.

The first step in modeling is to launch one of
several million photons in the medium. The reference
plane of polarization is chosen (vectors u and v of the
local coordinate system), and the Stokes vector
describing the polarization state of the incident beam is
selected [1].

Two single vectors are used to set the reference
plane: v = [0, 1, 0] and u = [0, 0, 1]. Vector U indicates
the initial direction of propagation of photon. For any
type of polarization, the incident beam is given by the
Stokes vector S= [IQUV], which plane of reference was
defined above.

Fig. 1. Geometry of the model.
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Fig. 2. Block diagram of the algorithm.

Photon moves a distance AS that is calculated on
the basis of the random number ( that lies within the
range (0, 1].

as=- ). 1)
Mt

Here, p, =p,+us is the interaction coefficient,

1, — absorption coefficient, pg — scattering coefficient.

The photon trajectory is characterized by directing

cosines [ux,uy,uz] . The photon position is changed

from [X,y,Z] to [xy,z] as follows:

X'=X+UAS,
y'=Yy+UuyAS,. 2)
Z'=z+U,AS.

The birefringence effect is taken into account by
using a linear delay represented by the matrix:

1 0 0
0 C, sinz(gj + cos{%) S, sinz(%) -S sin(A)
T(a.p)= oA oA 2 A . ’ 3)
0 S, sin 5 —C,sin 5 +cos 5 C, s1n(A)
1 0 S, sin(A) ~C,sin(A) cos(A)

C, =cos(2B), S, =sin(2B), S, =sin(4p),
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where B is the azimuthal angle of the slow axis of
birefringence in the XY plane local coordinate system of
photon, A — delay that can be obtained as follows:

A:Anz%s. 4

Here An is the difference between the maximum
and minimum refractive indexes in the plane
perpendicular to the direction of photon, S — path that
went photon (react of scattering), A’ — length of light
wave in the medium sample.

If you know the angle between the slow axis of
birefringence and direction of motion of photon, it can
be calculated by the formula:

NsN¢
2 —Nes
\/(nscosa) +(nf sinoc)2

where Ng and ry are the refractive indexes along the slow
and fast axes of birefringence, which satisty the relation:

Ng=n¢ +3, (6)

An= Q)

where 0 is the value of linear birefringence.

The Stokes vector is multiplied by matrix before
each act of scattering. Absorption of radiation in the
environment is caused by the weight of photon W, which
is adjusted after each event of absorption in accordance
with the albedo of the medium.

albedo = —Fs @)
Us+Ha

Albedo is partial probability of photon scattering.
The initial weight of photon is equal to 1. After the n-th

event of absorption, the weight is equal to (albedo)n.

When the photon weight decreases to critical levels, it is
completely absorbed. If photon comes from with a
certain weight W, the corresponding Stokes vector is
multiplied by W to account for photon attenuation.

| I -W
Q| |QW
Ul ([uwl ®)
B| |B-W

Step 2. One of the most important steps in the
process of modeling is choosing the angles a (scattering
angle) and B (angle in the plane of scattering) (Fig. 3).

Choosing these angles is based on the phase
function. For polarized radiation S, = [IO,QO,UO,VO], it

looks like:
0(ce.)=my (01)1 +my () Qy cos(2p) +
+m, (OL)U 0 sin(ZB).

Where my(a) and m,(c) are the elements of the
scattering matrix:

&)

m(a) ma) 0 0
M ()= mzo(a) mléa) mioc) m:)(a) . (10)
0 0 -mya) ma)

The matrix determines the polarization properties
of the scattering element. In the case of spherical
scattering, the particles scattering matrix is symmetrical.
The elements my(a), my(a), my(a) and m4(0c) are

related to the scattering amplitudes:

ma)= IS +Is°).
m(o)=2 (s -is ),
%(G)Z%($S+%S*)n

m(o)-(s8i-557). (i

We introduce some notations:
* particle size X=Kr , where r — radius of the sphere,

* complex index of refraction m=v -k

o0

Sl(mx’e): 2N+l (annn"’bnrn)a
én(nﬂ)

2n+1
n(n+1)

(bun +2nts)- (12)

s

S,(m x,0)=

n=1

Coefficients m,, and 1, are functions of p=cos0 :
2n-1 1
mn(0) = cos 6 an—l(e)_ﬁnn—z(e)v
Tn(e): cos6 [nn(e)_nn—z(e)]_
— (2n — l)sin2 0 Th=1 (9)+ Th=2 (9) 5

0<6<m, (13)
where

n0(6)=0, 7(0)=0,

m(0)=1, 7,(0)=cos0,

m,(0)=3c0s0, 1,(0)=3cos26. (14)

v
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P

Fig. 3. Directions of photon scattering before and after
interaction.
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In the cases of 6 =0 and 0=, these coefficients
are reduced to the following form:

7af0)= 5y(0) = 20+

2
n(n+1).

)= ol)= (1 O

Coefficients a, and by, are functions of mand x:

(15)

an(m,X)— ( (y +njwn ’
(mA ) 2 el ) e, (4]
by (m x) = (16)
[mAhy+2jwn
where
w, () =22 (0w (),

W, (x) = sin (x)—i cos(x),

W_,(x)=cos(x)—isin(x). 17
The expression for A,(y) looks like:
-1
N h_
A=+ 2 A0
_ sin(p)cos(p)+isinh(q)cosh (q)
A)(y)_ sinz(p)+ sinhz(q) ) (18)

The summation in expression (8) is reduced to
N~ X.

Step 3. We calculate the Stokes vector for the back
scattering at the angle v to its reference plane coinciding
with the plane of scattering. This is achieved by rotating
the matrix

1 0 0

0 cos(2B) sin(B2) 0
R(p)= : (26) ( ) o (19)

0 —sin(B2) cos (2[3) 0

0 0 1

Correction of the Stokes vector is as follows:

S=M(a)R()S. (20)
3. Simulation resultsfor different values
of birefringence
In simulation (Figs 4-6), the following system

parameters [10-14] were used: the refractive index of the
scattering particle — 1.57, the refractive index of the
medium around the particles — 1.33, the diameter of the

scattering particles — 0.35 um, the wavelength equal to
0.6328, absorption coefficient — 1cm’®, scattering
coefficient — 90 cm’, the thickness of the material along
the Z-axis — 0.2 cm, the number of photons — 1000000.

Fig. 5. The slow axis of birefringence 10,331, fast axis 1.33.

Fig. 6. Distribution of the intensity of absorbed radiation in the
environment.

© 2014, V. Lashkaryov Ingtitute of Semiconductor Physics, National Academy of Sciences of Ukraine

152



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2014. V. 17, N 2. P. 149-154.

4. Simulation of coherent radiation propagation
by using thereverseray tracing method

The reverse ray tracing method is based on modeling the
passage of light beams (photon packets) from the
detector to the source (i.e. in the opposite direction)
through the scattering medium [15-17] that acts as a set
of polygonal objects. The goal of this simulation is to
obtain an interference pattern on the detector surface
(Figs 7 and 8). This pattern is formed by a set of points,
which are selected randomly on the surface of the
detector with normal probability distribution. At each
this point, the intensity of light is determined as a result
of interference of all rays that intersect in it and reach
the surface of the source. The direction of each ray is
randomly chosen on the surface of the unit sphere. Beam
moving in the environment interacts with the objects
placed in it. After collision with an object, we have two
types of new rays — the reflected ray and refracted one.
The number of necessary rays is largely determined by
the geometrical configuration of the system as well as
the absorption and scattering coefficients of environment
and objects in it. The redistribution of energy between
the reflected and refracted rays is calculated using the
Fresnel formulas:

_[nl cos(6;)—n, cos(et)f’

- n, cos (Gi )+ n, cos (Gt)

(et )-memt))

P n, cos (0, )+ n, cos(6;)
Ts=1-R;,
Tp,=1-R,. (21)

Here, R and T are the reflection and transmission
coefficients, respectively.

The energy changes associated with each photon
beam also occur because of environment absorption
around the objects and inside them. We discard the rays,
contribution of which to the interference pattern at the
detector surface is negligibly small and the rays that do
not reach the source. For each beam that has passed from
the detector to the source, the optical path is calculated.
This is needed to calculate the phase during interference
summation of all the rays.

The advantage of this method is the possibility of
modeling environments that contain objects of arbitrary
topology and the possibility of free positioning the plane
detector in space. Another feature of this design is that
the accuracy of the interference pattern is governed by
the number of rays that are traced from each point on the
detector and the density of registration dots.

Disadvantages include the fact that the size of the
objects should greatly exceed the wavelength (at least by
an order of magnitude) and the considerable time is
required for ray tracing.

Fig. 7. The interference pattern (radiation passing through a
series of cylindrical objects).

Fig. 8. The interference pattern (radiation passing through a
matrix of spherical objects).

The time required for simulation can be reduced by
distributing calculations on multiple data centers, which
can be done because the algorithm allows parallel
computations.

5. Conclusions

Thus, we have implemented two statistical modeling
techniques for radiation propagation in epithelial tissue.
The modeling results are in good agreement with
experimental data. But both models have some
limitations. Monte Carlo simulation is based on the Mie
theory for spherical particles and doesn’t handle
scattering particles of arbitrary geometry, which are
commonly found inside cells (even cell nuclei often have
elliptical form). The ray tracing method works for
scattering particles of arbitrary form, but their size must
be significantly greater than radiation wavelength, and,
since tracing is based on the Fresnel equations, this
model doesn’t take into account such phenomena as
dispersion at all.
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