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Study of scattering and polarization of light in biological tissue

Abstract

Tissue optics becomes a rapidly expanding field of great interest and a precise
knowledge of optical properties of biological tissues is essential for biomedical
investigation and food quality control.

If the sample of tissue is illuminated, the multiple scattering occurs. In the case of the
postmortem tissue (meat) the cell dimensions are larger than the wavelength. Mie
scattering of transmitted or reflected light arises and produces various polarization
states.

Polarization properties of light scattered from a scattering medium have been studied
with experiments and modeling. Two modified experiments were performed: scattering
of polarized light passing twice the sample (forward and backward) and only
transmitted light. The measurements of scattered light display depolarization and
rotation of polarized light, which depend both on orientation of the muscle fibers and
ageing process of meat. Theoretical description of turbid biological tissue and
computing of radiative transfer equation by modified Polarized Light Monte Carlo
(PLMC) method has also been executed.

It is shown that the degree of polarization is sensitive to the optical properties of the
turbid medium. The results demonstrate that polarized light scattered from a scattering
medium is sensitive to the state of input polarization and the optical properties and
thickness of the tissue during the ageing. The correlations of polarization changes and
freshness of meat, as well as dynamic behavior of the polarization in ageing meat are
shown.

Keywords

biological tissue, light, scattering, polarization, Stokes vector, Mueller matrix, Monte
Carlo, ageing, computing, measurement
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Abstrakt

Tkénova optika nabyva rychle na vyznamu a presnd znalost optickych vlastnosti
biologickych tkani je podstatnd pro vyzkum v biomediciné i pro kontrolu kvality
potravin.

Jestlize je vzorek tkané osvétlen, dochazi k mnohondsobnému odrazu svétla. V piipadé
postmortem nezivych tkani (maso) je rozmér bunék vétsi nez vinova délka pouzitého
svétla. Dochazi k Mieovu rozptylu proslého nebo zpét odrazeného svétla, v dasledku
¢ehoz se objevuji rtizné polariza¢ni stavy svétla.

Polariza¢ni stavy svétla rozptyleného na difuznim prostiedi jsou experimentilné
zkoumdny a modelovany. V praci jsme provedli dva modifikované experimenty: rozptyl
polarizovaného svétla, které dvakrat prochdzi vzorkem (vpied a vzad) a jen svétla,
které jen prochazi vzorkem. Méfeni rozptyleného svétla ukazuje, Ze dochdzi k
depolarizaci a ke staceni polarizac¢ni roviny, coz oboji zavisi na orientaci svalovych
vlaken a starnuti tkdni postmortem. Mimo experimentd byl také proveden teoreticky
popis difuzni biologické tkan¢ a byla vypoctena radia¢ni pfenosova rovnice pomoci
modifikované Monte Carlo metody, ktera zahrnuje polarizacni stav svétla (PLMC).

Je ukdzano, ze stupenn polarizace podstatné zavisi na optickych vlastnostech
rozptylového prostredi. Vysledky ukazuji, Ze stav polarizace svétla na vystupu zavisi na
stavu polarizace svétla pied vzorkem a na optickych vlastnostech a tlouSt’ce vrstvy
prostfedi v pribéhu jejiho starnuti. Je také provedena korelace zmén polarizace na
cerstvosti masa, i popis dynamického chovani polarizace pfi starnuti masa.

Klicova slova

Biologicka tkan, svétlo, rozptyl, polarizace, Stokestiv vektor, Muellerova matice, Monte
Carlo, starnuti, vypocet, méfeni
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1 INTRODUCTION

The objects or structures existing in the nature and forming object fields can be divided
into deterministic (regular), random (statistic) and fractal (self-similar) ones. As a
consequence, the set of parameters used to characterize such the structures, would differ
considerably. As a good example, the biological tissues or food materials display large
compositional variations, inhomogeneities, and anisotropic structures. Tissue optics is a
rapidly expanding field of great interest to those involved mainly in the development of
optical medical technologies and food control. The composition of tissue can be
affected by process conditions and material history. It is difficult to define what exactly
constitutes an engineering property of a certain food. In general, however, any attribute
affecting the processing or handling of a food can be defined as engineering properties

[1].

Traditionally, these properties are divided into the following categories:
- mechanical (structural, geometrical, and strength),

- thermal (specific heat, thermal conductivity, and diffusivity),

- electrical (conductivity and permittivity),

- optical (color, gloss, and translucency) properties.

Most of them indicate changes in the chemical composition and structural organization
of tissues or foods ranging from the molecular to the macroscopic level. A change in
either composition or structure usually results in a simultaneous change in several
properties.

The variety of methods and instruments for in-line process and quality control and for
rapid measurements in the biomedicine and food industry has rapidly expanded [2,3,4].
Many different measuring setups, as well as sensors have been investigated. The
refractive index of biological tissue is a fundamental parameter in applications of optical
diagnosis and laser treatments [5]. Chemical sensors and biosensors, including
semiconductor, acoustic and optical devices as well as direct electric measurement,
offer considerable potential for the monitoring of food composition and the prediction
of microbial and rancid degradation. The water activity of foods is one of the
parameters used to predict their stability during storage. Compositional analysis with
infrared, microwave and ultrasonic techniques offers the advantage of non-invasive
hygienic in-line monitoring. Based on a knowledge of the dielectric and acoustic
properties of foods, these techniques can be applied to a range of in-line analysis tasks
[3, 6].
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Since the topics of the thesis deal with optical properties of postmortem processed meat,
we targeted them, particularly the scattering and polarization of light in interaction with
matter.

So, the optical imaging is a powerful approach for visualizing tissue structure and
function across spatial scales ranging from micrometers to centimeters. Tissue optical
imaging technologies are generally discussed in two broad regimes, microscopic and
macroscopic, which are based on controlling and measuring coherent and diffuse light-
tissue interactions, respectively.

When an obstacle is illuminated by an electromagnetic (EM) wave, electric charges in
the obstacle are set into oscillatory motion by the electric field of the incident wave [7].
The accelerated charges re-radiate EM energy in all directions. This secondary radiation
is called the radiation scattered by obstacle. If the frequency of scattered light is the
same as that of incident light, then the scattering event is caller as elastic scattering. If
the incident EM energy is transformed into thermal energy, then the process is labeled
as inelastic scattering and is called as absorption [9].

Light scattering and polarization are widely used in biological research to determine
particle numbers, particle sizes, axial ratios, size distributions, particle mobility, and
indices of refraction. Light scattering in biological tissues originates from the tissue
inhomogeneities such as cellular organelles, extracellular matrix, blood vessels, etc [4].
This often translates into unique angular, polarization, and spectroscopic features of
scattered light emerging from tissue, and therefore information about tissue
macroscopic and microscopic structure can be obtained from the characteristics of
scattered light [9]. Recognition of this fact has led to a long history of the studies of
light scattering by biological structures such as cells and connective tissues.

Polarized light plays important roles in the understanding of the nature of
electromagnetic waves [7], elucidating the three-dimensional characteristics of chemical
bonds [10], uncovering the asymmetric (chiral) nature of biological molecules [11],
determining sugar concentrations in industrial processes [12], quantifying protein
properties in solutions [13], supplying a variety of nondestructive evaluation methods
[6], developing advanced concepts such as polarization entropy [14], contributing to
remote sensing in meteorology and astronomy [15], and differentiating between normal
and precancerous cells in superficial tissue layers [16], as well as other biomedical
applications [17].

The biological tissue is a turbid medium where significant depolarization is provided
due to strong multiple scattering effects, inhomogeneities in the media cause scattering
which may alter the direction of propagation, polarization and phase of the light [4]. The
propagation of light through such media may be analyzed either by means of the wave
or the photon theory, respectively [7]. Photons travel in straight line paths until they
encounter an inhomogeneity, where they are scattered in random directions. Most of
studies measure only the small-angle differential scattered light intensity even though



Study of scattering and polarization of light in biological tissue

much more additional information is contained in the polarization states of the
differentially scattered light.

Traditional optical spectroscopic techniques are rigorous and are well established in
simple, homogeneous, optically thin samples. On the other hand, diffuse optical
imaging and spectroscopy aims to investigate tissue physiology millimeters to
centimeters below the tissue surface [2, 18]. Traditional optical spectroscopy can not be
used for this purpose, since light is strongly scattered in tissue. In addition, in order to
reach tissue located centimeters below the surface there must be significant light
penetration. Fortunately, a spectral window exists in the near-infrared, wherein the
reduced absorption coefficients of water and hemoglobins enable photons travel deep
into tissue. Therefore, near-infrared photon transport in tissues is dominated by
scattering rather than absorption [18].

The multiple scattering of light within a material is an area of considerable interest
[4,6]. In medical diagnostics, the analysis of scattered laser light from tissue samples is
increasingly being used as a diagnostic tool [19]. Some attemps in biomedical
polarimetry have been made in the context of optical imaging, specifically using
polarization gating to separate out and potentially remove the multiply scattered
(depolarized) component of the light beam in order to enhance contrast and to improve
tissue imaging resolution [20]. This has proven moderately successful in selected
applications, provided that proper attention is paid to the optimal choice of incident
polarization states (e.g., linear versus circular), polarization detection schemes (e.g.,
Stokes versus Mueller polarimetry) [21-24], geometry of detection (e.g., transmission
versus reflection) [25], etc.

Early physical property analyses of food products required constant uniform values and
were often oversimplified and inaccurate. Unfortunately, the biological tissue is a
complex medium, so some simulation is necessary. Nowadays, computational
engineering techniques, such as the finite element or Monte Carlo methods [26, 27], are
much more sophisticated and can be used to evaluate non-uniform properties (for
example, thermal properties) that change with time, temperature, and location in food
products that are heated or cooled when stored.

Mathematical models have been fitted to data as a function of one or several
experimental parameters, such as temperature, water content, porosity, or other food
characteristics [28]. Both modern and more conventional measurement methods allow
computation of these properties, which can provide information about the
macrostructural effects of processing conditions in fresh and manufactured foods.

Nevertheless a little attention was paid to the ageing process in the meat structure.

This thesis reports the polarization curling properties of light transmitting through or
back-scattered from some slices of meat for food, corresponding to the rotation angle of
polarizer. This property points out to the existence of polarization shifts in function of
meat ageing process.

-10 -
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1.1  Objectives of dissertation thesis

In this dissertation we want to characterize the bio-materials (different kinds of meat)
going to the ageing with Stokes and Mueller matrix optical polarimetry. To seriously
tackle the problem we need first to examine the physical nature of the scattering of
polarized light and to see how multiple scattering affects the degree of polarization.
Knowledge of this fact would aid in determining the validity of using scalar theories in
analyzing the multiple scattering of polarized light.

The images and matrix elements with Mueller calculus provides a comprehensive
information of samples due to which it is possible to combine all the necessary
parameters for describing a beam of light into a single image. The resultant describing
the light beam is simply the four-parameter Stokes vector and determined by measuring
a flux transmitted through a set of polarization optics: polarization generating optics
provide linear and/or circular polarized light to sample and polarization analyzing optics
collect polarized output light from sample to detecting devices. The characteristic
Mueller matrix in all experiments contains 16 elements, having total 49 intensity
measurements at different polarization states. In practice, all 16 elements may not be
independent. Only seven of sixteen Mueller matrix elements are independent and others
depending on the symmetry and certain properties of the optical medium.

Therefore objectives of the dissertation are to provide

- better understanding of nature of various physical phenomena (polarization, scattering,
birefringence) in turbid media and in biological tissue, and

- measurement of temporal changes of polarization states due to multiple scattering of
light in biological tissues going to ageing.

These objectives also include a detailed study of:

1. complicated nature of polarization effects in tissue, including simultaneous multiple
effects,

depolarization of signal generated by tissue multiple scattering,

difficulties in measuring typically small tissue polarization signals,

analysis and quantification of measured signals or images, and mainly

A

complexity in understanding and interpreting tissue polarimetry results.

1.2 Organization of thesis

Having introduced the main objectives of the project, this section will give an overview
of the development of the thesis towards the goal of non-invasive tissue measurement.

Chapters 2 to 4 represent the introduction to the field. Due to the complexity of the
biological tissue, they not only bring a review of state of-the-art, but also represent their
modifications which we have made for our purpose.

-11 -
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In Chapter 2, the concept of light propagation in biological tissue is first introduced and
optical properties of biological tissue are discussed, stressing the scattering and
polarization of light by different tissue components and in whole tissues. Then the direct
and indirect methods of optical properties measurement are schematically overviewed,
and different models of light transport based on modified Beer-Lambert law, Kubelka-
Munk model, radiative transfer theory are described, and their use in determining the
optical properties of tissue is established.

Very short Chapter 3 describes different types of biological tissue and introduces the
Rayleigh and Mie elastic scattering on small particles. Then shortly explains three basic
classes of photons passing through random media.

Chapter 4 discusses the principles of scattering and polarization properties of biological
tissue. The single and multiple scattering of the light in turbid medium are described by
scattering matrix. Due to the measurements in forward and backward propagation
direction of light, the problem of multiple scattering is introduced. First, the description
of polarized light in terms of Stokes vectors is outlined. Subsequently, the interaction of
polarized light with a scattering medium is characterized in terms of a Jones and
Mueller matrices. The degree of polarization (DOP), which is important characteristic in
ageing measurement, is also introduced.

Chapter 5 describes experimental setups used for measurements of polarization
properties of light scattered in forward and backward directions, respectively, which
accurately allow determine various characteristics of biological tissue.

Chapter 6 gives the results and discussion of computed and experimental results. Monte
Carlo analysis of multiscattered light using introduced polarized light (PLMC) method
is considered and the intensity of transmitted and back-scattered light is computed: first
four elements of Mie phase matrix, then normalized intensities vs. distance of detector
for a number of size parameters x and optical thicknesses L are computed. The
difference between the vector and scalar radiative transfer solutions for diffuse light
field in distance » and computed Degree of linear and circular polarization for the same
parameters x and L are also presented. The experimental measurements of polarization
rotation in dynamic temporal and thermal changes in processed meat are shown, and the
comparison of simulated and measured bask-scattered Mueller matrices for pork chop
fibers is provided.

Chapter 7 summarizes obtained methods, results, shows the problems raised in the study
of very complex media, which we met during the thesis work. Finally it suggests
outlines for further work, highlighting the direction towards more automatic
measurement of biological tissue ageing.
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2 LIGHT — MATTER INTERACTION

2.1 Wauves as information carriers

Light is used for sensing a variety of parameters, and its domain of applications is so
vast that it pervades all branches of science, engineering, and technology, biomedicine,
agriculture, etc. Devices that use light for sensing, measurement, and control are termed
optical sensors. Optical sensing is generally noncontact and noninvasive, and provides
very accurate measurement. In many cases, accuracy can be varied over a wide range.
In these sensors, an optical wave is an information sensor and carrier of information.

Any one of the following characteristics of a wave can be modulated by the measured
property (the measurand) [7]:

» Amplitude or intensity

* Phase

* Polarization

* Frequency

* Direction of propagation.

However, the detected quantity is always intensity, as the detectors cannot follow the
optical frequency. The measured property modifies the characteristics of the wave in
such a way that, on demodulation, a change in intensity results. This change in intensity
is related to the measured property. In some measurements, the wave intensity is
modulated directly, and hence no demodulation is used before detection.

2.2. Optical properties of biological tissues

Light traveling through tissue experiences two main types of interaction: absorption and
scattering. Other forms of radiation are also absorbed by tissue. Indeed it is the
absorption of x-rays that enables an image to be created. Scatter, however, is a property
that is far more dominant for light and so cannot be ignored as it is for other imaging
modalities [4]. The principal optical properties in biological tissue to be discussed are:

- reflection,

- transmission,

- absorption,

- scattering,

- anisotropy,

- refractive index,
and some of them are shown schematically in Fig. 2.1.
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Fig. 2.1 Schematic diagram for the interaction of light with matter.

All of these properties are dependent on the wavelength of the light probing the tissue.
Additional optical characteristics of tissues include their fluorescence and inelastic
scatter properties.

2.2.1 Transmission

When light passes through an object, it is called transmission (Fig.2.1). Absorption,
reflection, refraction, and diffusion (explained in the following sections) all affect light
transmission components, thus revealing the effects of dispersion.

2.2.2 Absorption

An object can absorb part or all of incident light, usually by converting it into heat.
Many materials absorb some wavelengths while transmitting others, which is called
selective absorption.

Absorption is the transfer of energy from incident radiation to the surrounding tissue. If
a non-scattering medium is illuminated with a collimated beam of light with intensity /
and wavelength /, the intensity of the emerging light is given by Lambert’s law [29]

I=1e" (2.1)
where / is the intensity of transmitted light, /, intensity of light entering the material, u,
is the absorption coefficient of the medium and d is the thickness of the sample.

Lambert’s law of absorption states that equal thicknesses of a given homogenous
material absorb the same fraction of light.
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The absorption coefficient is the number of absorption events per unit length (mm™ or
cm™). It follows that its reciprocal 1/u,, often called the absorption mean free path, is
the distance required for the intensity to fall to //e of the original value.

Beer’s law further breaks down the absorption coefficient y, into two variables: particle
density (or volume density) p of an absorber as the number of absorbing particles per
unit volume, and the absorption cross section g, as the cross section area that a perfect
absorber would have to cause the equivalent attenuation to a collimated light beam, then
we can also express the absorption coefficient as the cross-sectional area of absorption
per unit volume medium.

M, = po, (2.2)

Thus by substituting equation (2.5) into equation (2.4) we obtain Beer-Lambert’s law:
=1, (2.3)

Within biological tissue there are various substances that contribute to the absorption of
light, known as chromophores. Figure 2.2 shows the absorption spectra of some
common chromophores from the UV to the mid infrared region of the electromagnetic
spectrum, as well as the absorption spectra for water [17].

100 000
Er:YAG
10 000 : - -
I Melanin
UL \_\
100 [ Hemoglobin
10

0

Oxyhemoglobin

0.1
0.01

Absorption coeeficient /percm

0.001

0.0001
02 Bl o 30 10,0 200

Wavelength tm

Fig. 2.2 The absorption spectra for the main chromophores found within tissue [17].

As can be seen, the water (which is contained in biological tissue) has a low absorption
over the NIR range. Water can, nevertheless, strongly influence measurements due to
the high concentration. In most tissues water is the major constituent with 30 - 60%, this
means that the accumulative absorption effect cannot be ignored.
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2.2.3 Scattering - Diffusion

When light strikes a perfectly smooth surface, the reflection is specular. When light
strikes a rough surface, the light is reflected or transmitted in many different directions
at once, which is called diffusion or scattering (Fig. 2.1).

The amount of diffuse transmission or reflection that occurs when light moves through
one material to strike another material depends on two factors:

- the difference in refractive index between the two materials, and on

- the size and shape of the particles in the diffusing material compared to the
wavelength of the light.

For example, the molecules in air happen to be the right size to scatter light with
shorter wavelengths, giving us blue sky. One method of describing diffusion is the
bidirectional scatter distribution function (BSDF), which quantifies scatter and its
effects.

When an obstacle is illuminated by an EM wave, electric charges in the obstacle are set
into oscillatory motion by the electric field of the incident wave. The accelerated
charges re-radiate EM energy in all directions. This secondary radiation is called the
radiation scattered by the obstacle. If the frequency of the scattered light is the same as
that of the incident light, then the scattering event is called as elastic scattering. If the
incident EM energy is transformed into thermal energy, then the process is called as
absorption. Scattering and absorption are not mutually independent processes, though,
depending on the situation, one may be more prominent than the other.

Optical scattering is caused by inhomogeneity in the refractive index n of a medium.
The intensity and spatial distribution of the scattering light depends on the size and
shape of the inhomogeneity relative to the optical wavelength and disparity of the
refractive index. Two cases of scattering are usually considered. Rayleigh scattering
relates to scattering particles whose radius a is considerably smaller than wavelength A
of the incident light. The Mie scattering occurs normally when the size of a particle
illuminated by visible or near-infrared light is larger than one micrometer. The effect of
scattering can be thought of as a removal of a proportion of the incident intensity from
the propagating beam, in much the same way as the effect of absorption [4].

Scatter is the phenomenon that causes the direction of radiation within a medium to be
changed. Just as the absorbing properties of a medium can be described by its
absorption coefficient u, so the scattering coefficient u, can describe its scattering
properties. In the case of a collimated source and single scattering this is given by:

[ =1, (2.4)

where [ is the non-scattered component of light after traversing a non-absorbing
medium of thickness x. The scattering coefficient can also be described in terms of the
particle density p and the scattering cross section o such that:
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The scattering coefficient u, represents the probability per unit length of a photon being
scattered.

2.2.4 Anisotropy

The scattering properties of bulk media (like biological tissue) are often described in
terms of the reduced scattering coefficient ;.

#o=p(1-g) (2.6)
where the anisotropy function g is given as:
g= Ip”(®)cos(t9)cos((o)d(p. (2.7)
4z

The phase function p;;(®) is a function of the angle between the incident and scattered
light, and in the following it is known as a scalar Mie function. It is assumed that @ is
independent of 6, the orientation of the scatterer.

2.2.5 Polarization

Since the thesis deals with imaging using polarized light, we begin with the most basic
notion of polarization of light, its representation and measurement. Polarization is a
property which arises out of the transverse nature of the electromagnetic (EM) radiation,
and is related to the orientation of the plane of vibration of its electric field. The
magnetic field associated with the radiation is not taken into account to denote
polarization.

All light waves are composed of electric E and magnetic B field vectors and are
mutually orthogonal to each other and the direction of propagation. We take only
electric field. In the electric field the polarization states (i.e. vertical or horizontal) refer
to the orientation of E, it is assumed that the direction of propagation K is in the z
direction. Polarization states arise from relationship between the magnitude and phase
of the orthogonal components of E (i.e. £, and E,).

The most general form if polarized light is elliptical polarization. Linear and circular
polarizations are simply special degenerate cases of elliptical polarization (Fig.2.3).
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Fig. 2.3 Degenerate polarization states (from [4]).
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The type of polarization is determined by the relative magnitude and phase difference
between the two orthogonal components of E. In general, E can be described
mathematically by [29]:

E=E(z,t)+E (z.1) (2.8)

where E, and E, are given by
E (z,t)= E, cos(r +35,) (2.9)
E (2,1)= E,, cos(z +6,) (2.10)

where 7 =t — kz is the propagation term and w= 27f is the angular frequency, and 7 is
time, ox and Jy are the phase angles of Ey and Ey respectively, and Ey, and E, are the
peak magnitudes in the x and y directions.

Randomly polarized light refers to light whose polarization is completely symmetric
about the direction of propagation. The terms unpolarized and naturally polarized are
often used to refer to randomly polarized light. The simplest form of polarized light is
linear polarization. Light is said to be linearly polarized, or plane-polarized, when the
electric field remains in a fixed plain that contains both E and k. For light to be linearly
polarized, the following has to hold true

§=6,-8,=0 2.11)

Substituting (2.11) into (2.9) and (2.10) results in identical cosine terms for E, and E,
we receive

E= (E()x +E,, )cos(z’ + 5). (2.12)

The next simplest case is circular polarization which arises under the following
conditions:

5=%+2m7r where (m=0,£1,%2,...) (2.13)

For circularly polarized light, equations (2.9) and (2.10) become
E (z,t)=E,cos(r) E (z,t)=E,sin(r) (2.14)

2

where ox has been arbitrarily set to zero without loss of generality. Combining equation
(2.14) gives the following for equation (2.8)

E=E, [cos(r)—ksin(r)]. (2.15)
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Notice that in the case of circular polarization, the magnitude of E remains constant
while the direction of E is time varying. This is the exact opposite of the case of linear
polarization.

In fact, linear and circular polarizations are simply special cases of elliptical
polarization. In the case of elliptical polarization, both the magnitude and direction of E
are time varying. The equation for the polarization ellipse has the following form

E?. E? 2E E coso

y

+ =sin’ & 2.16
E’.  E’oy E\E,, ( )

2

which shows that the polarization can be characterized in terms of the parameters Ey;,
Ey,, and o. Collett [24] derives the following relationship between y and the parameters
E()x, E()y, and 0

a2 2EE, coso’ 2.17)
an2y = ————— .
l// E20x - E20y .
He also derives the relationship between v, a, and 6
tan 2y = (tan 2a)cos5 _ (2.18)
In the case of linear polarization (6 = 0 or x) equation (2.18) reduces to
y==%a (2.19)

In the case of circular polarization (0 = m or 37) equation (2.16) reduces to =0

indicating that there is no rotation. This makes sense since a circle is rotationally
symmetric. Finally, the angle of ellipticity, y, is defined as:

+
any=2l, Fcy ¥ (2.20)
a 4 4

where a and b, the major and minor axis, are given by

a= \/EZOx cosy + Eoysin’ iy + 2E, E,, cosy siny cosd

b= \/E20x siny + E%o, cos’ y —2E, E, cosy siny coss . (2.21)

2.2.6 Polarization properties
2.2.6.1 Depolarization

Physically, depolarization (or degree of polarization — DOP) of light by a sample of
matter can be a result of multiple scattering of photons, or a rapid or random change in
the phase or wavelength of the emitted photons that result in a scrambling of the output
polarization of the emitted light beam such that it does not favor any polarization state
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over the others. Practically, all matter depolarizes light to a degree established by its
asymmetric and inhomogeneous makeup.

2.2.6.2 Dichroism

Dichroism is the selective absorption of one of the two orthogonal polarization
components (x,y) of an incident light wave. A dichroic polarizer is physically
anisotropic; producing a preferential absorption of one field component while being
essentially transparent to the other. The simplest form of a dichroic polarizer is a grid of
parallel conducting wires. There are also certain materials which are inherently dichroic
due to the anisotropy which exists in their crystal structure. One of the best known
naturally occurring examples is the mineral tourmaline. Certainly the most famous
dichroic material is the Polaroid sheet [7].

2.2.6.3 Birefringence

Many crystalline substances are optically anisotropic. We know that the light excites the
electrons within the medium. The electrons are driven by the electric field, they re-
radiate secondary wavelets, which then recombine and the resultant wave continues on.
The speed of the wave, and thus the index of refraction, is determined by the difference
between the frequency of the electric field and the natural, or characteristic, frequency
of the electrons. An anisotropy in the binding force will therefore be manifest in an
anisotropy in the index of refraction. A material of this sort, which displays two
different indices of refraction, is said to be birefringent [4, 29].

2.2.6.4 Polarizance

For a sample to exhibit polarizance, it has to have a structural arrangement that enables
it to reflect, absorb and re-emit, light at oblique angles, or one that results in either the
differentially absorption of orthogonal polarization components of light or in the
differentially absorption of linear versus circularly polarized light [2].

2.3 Measurements of optical properties

A number of methods have been proposed for measuring the optical properties of
tissues. These can be separated into two classes: direct and indirect.

In direct techniques, optical properties are found using nothing more complicated than
Beer’s law. Unscattered transmission measurements [29], effective attenuation
measurements [30], and goniophotometric measurements of the single scattering phase
function [31, 32] are direct techniques.

In indirect techniques, a theoretical model of light scattering is used. Indirect techniques
can be subdivided into interactive and non-iterative methods. A non-iterative method
uses equations in which the optical properties are explicitly given in terms of the
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measured quantities. The Kubelka-Munk and two or four-flux models are non-iterative
indirect methods [34, 35]. In indirect iterative methods, the optical properties are
implicitly related to measured quantities. The values for the optical properties are
iterated until the calculated reflection and transmission match the measured values.
These methods are the most cumbersome to use, but the optical model employed can be
much more sophisticated than in the non-iterative methods.

2.3.1 Direct methods

Direct techniques do not depend on any specific model to obtain the optical parameter
from measurements. Two optical parameters that are not dependent upon any

specific model are the total attenuation coefficient z» and the effective attenuation
coefficient s.¢r. These parameters are determined using the following methods.

1) The total attenuation coefficient z4 is obtained from measurements of unscattered
transmission, as depicted in Fig. 2.4. Thin slabs (0.1 to 1.0 mm) are generally
employed. Experimental data are most affected by beam geometry, sample
characteristics, detection schemes, and multiple reflections at boundaries. This
measurement is conceptually simple, but difficult to implement because of
problems in separating on-axis scattered light from unscattered light.

Sample Measurements Model Optical property

ol Te0) gl Beers —am

Collimated
irradiance
on slab

Fig. 2.4 Measured values from the unscattered transmission 7, through a sample of
thickness ¢ are analyzed using Beer’s law to provide estimates of the total attenuation
coefficient 4.

2) The effective scattering coefficient s or effective penetration depth Oegr = 1/ 141t 18
estimated from flux measured by interstitial detectors (Fig. 2.5). This is the simplest
and most commonly determined parameter. Fiber-optic detectors must be located
inside the diffusion region of irradiated bulk samples, far from sources and
boundaries. It is crucial that the measurement field be in the diffusion region.
Otherwise the orientation of the fiber with respect to incoming beam and its
numerical aperture would introduce measurement errors.
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Fig.2.5 Insterstitial measurements of flux inside a sample with or without an added
absorber yield an estimate of the effective attenuation coefficient s or the effective
penetration depth Oegr = 1/ ety

2.3.2 Non-iterative indirect methods

Such approaches require simple expressions relating the optical properties to measured
transmission and reflection (e.g., Kubelka-Munk equations). The first method employs
calculations of Kubelka-Munk absorption and scattering coefficients (Axm, Skm from
measurements of diffuse reflection and transmission for diffuse irradiance, as depicted
in Fig. 2.6. This method is strongly limited because a perfectly diffuse irradiating source
is not easily available.

Sample Measurements Model Optical properties
Ry Direct Apn
Ty —p» Kubelka-Munk [e=—j- S
t computation “km
Diffuse
irradiance

on slab

Fig.2.6 Measurements of diffuse reflection Rq4, and diffuse transmission 7y, and the
sample thickness x, for diffuse irradiance are used to compute Kubelka-Munk
absorption Ay, and scattering Sy, coefficients.

The second method utilizes determination of absorption, scattering, and anisotropy
coefficients from diffuse transmission and reflection measurements. Kubelka-Munk
coefficients are first computed, then transformed into transport coefficients, and finally
combined with a measurement of unscattered transmission to yield the three optical
coefficients. The same limitations of method as for first method are applied here.

Other non-iterative methods have also been used. An example is the combination of the
absorbance of a sample placed in an integrating sphere and angular phase function
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measurements [35]. Similar methods [4] combine measurements of angular radiance
patterns with measurements of s to deduce g4, 14, and g (fig.2.7).

Sample Measurements Model Optical properties
Ry ) Direct A "
T; || Kubelka-Munk = = (1-2)
t computation Sim | He(l-8
broad diffuse I
irradiance !
I
on slab |
1
I
Ha
T,
¢ | Beer's Law p====== ’+ Mg
narrow t g
collimated beam

Fig.2.7 Measurements of diffuse reflection and transmission for diffuse irradiance lead
to Kubelka-Munk coefficients; these are then converted to transport parameters. When
collimated transmission is available, /4, 44, and g can be calculated.

2.3.3 Iterative indirect methods

Unlike noniterative techniques, iterative procedures can use complicated solutions to the
transport equations. Examples are diffusion theory, adding-doubling models [36], and
Monte Carlo [37]. Typically, 1, and z4(1-g) can be obtained if only total reflection and
transmission are measured as shown in Fig. 2.8.

Sample Measurements Model Optical properties
broad beam
- %‘ | Iterative Ha
tt theol'_v l ”’g(l'g)

collimated :
irradiance (
on slab I
|

T.and t Beer's law i u,

QT = . -* or -’ or - - _’ ug

narrow beam p(s,s’) phase function g

Fig.2.8 If only total reflection and transmission are available, the absorption coefficient
L, and reduced scattering coefficient z4(1-g) can be determined with an iterative light
transport model. An additional measurement (collimated transmission or the phase
function) permits separate estimation of s, 14, and g.

If a third measurement or either the unscattered transmission or the phase function is
available, the values for g4, 14, and g [or p(s,s")] can be determined. Iterative solutions
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usually include corrections for mismatched boundary conditions and/or for multiple
layers. These methods often require two or more of the following measurements on a
sample of known uniform thickness:

1) total (or diffuse) transmission for collimated or diffuse irradiance,

2) total (or diffuse) reflection for collimated or diffuse irradiance,

3) absorbance of the sample, placed inside an integrating sphere,

4) unscattered (collimated) transmission for collimated irradiation, and

5) angular distribution of emitted light from an irradiated sample.

Any three measurements from 1) to 5) would be sufficient to determine the three optical
properties.

The use of electromagnetic theory with Maxwell’s equations is the most mathematically
rigorous and best suited method for polarimetry analysis, at least in clear media with
well-defined optical interfaces. The advantage is that all effects of multiple scattering,
diffraction, and interference can be included. Their disadvantage - direct solutions from
Maxwell’s equations have hardly been attempted for multiple scattering media like
tissue. However, unlike optically clear media, tissue is a turbid medium possessing
microscopically inhomogeneous complex dielectric structures (macromolecule, cell
organelles, organized cell structures, blood and lymphatic networks, extra-cellular
matrix, interstitial layers, etc.). Due to the ensuing complexity, the Maxwell’s equations
approach for polarized light propagation in such a complex turbid medium is
impractical and is not presently feasible [2, 4]. Instead, light propagation through such
media is often modeled using the radiative transport theory [2, 4, 38]. Although the
scalar radiative transport theory and its simplified approximation, the diffusion
equation, has been successfully used to model light transport in tissue (specifically light
intensity distribution in tissue volume, diffuse reflectance, etc.), both are intensity based
techniques, and hence typically neglect polarization [29].

24.1 Modified Beer-Lambert law

Scattering causes light to travel extra distance in tissue, increasing the probability of
photon absorption. The differential path-length DP, the real optical path-length, can be
obtained from the differential path-length factor DPF, given by:

DP=DPF.r (2.22)

where 7 is a geometrical distance between the source and detector. The differential path-
length factor or scaling factor will depend on the number of scattering events that occur.
The DPF will in practice be a function of the scattering coefficient (it will increase with
increasing ), the anisotropy g, the absorption coefficient (it will decrease with
increasing 4,), and the geometry of the medium. It must be included in the Beer-
Lambert law to describe attenuation in a scattering medium. The DPF can be considered
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approximately constant for a given tissue, since the measured difference in attenuation
is small compared with the large constant background attenuation in tissue. It is also
necessary to introduce an additive term G due to the scattering losses. Thus,

_ (-4, -DPF .r+G)
I, =1e™" _ (2.23)

This is known as the modified Beer-Lambert Law. G is dependent on the measurement
geometry and the scattering coefficient of the tissue under study and is largely
unknown. Consequently, spectroscopic measurements generally assume that G is
constant during the measurement period and attempt to quantify changes in the
absorption instead of absolute values:

[1
AA, = A, — A, = an: DPF.r.Au,, = DPF.r.a(k).A[C], 02
The differences in attenuation measured between two oxygenation states is given by A4»;
corresponding to an absorption change of Aua;. The DPF can be measured by two

methods: intensity modulated optical spectroscopy or time of flight.
242  Kubelka-Munk model

Kubelka and Munk [39] developed a simple relationship between the scattering and
absorption coefficients of layers of paint and its overall reflectance.

The Kubelka-Munk (K-M) equation is expressed as follows:

1-R)
S (R)=% = %, (2.25)

km

where R is the absolute reflectance of the sampled layer, A, is K-M absorption
coefficient and Sim is K-M scattering coefficient. This relationship, applies energy
transport equations to describe the radiation transfer in diffuse scattering media. Two
parameters are used in the description: scattering and the absorption coefficients. The
absorption and scattering coefficients represent the product of the actual absorption (or
scattering) cross section by the density of the absorbers (or scatterers). The absorption
and scattering cross sections of a particle have the dimension of area, and, generally,
they are functions of the orientation of the particle and the state of polarization of the
incident light.

The K-M theory, as originally stated, is considered to be a two-flux theory, since only
two types of diffuse radiant flux are involved: a diffuse downward flux and a diffuse
upward flux. The relationship between the fluxes are expressed by two simultaneous
linear differential equations
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% =—A, 1" -8, 1"+S,1I
) . (2.26)
_ddiz == Akml_ _Skm]_ +Skm1+

Here [ is intensity in forward direction z, while I in backward direction. The first term
on the right hand side is absorption, second is intensity scattered into opposite direction,
and third term is a contribution to the intensity, scattered from the opposite direction.

The original K-M theory also assumes that the medium presents inhomogeneities which
are small compared to its thickness. The K-M theory based models used in tissue optics,
also called flux models [34], use K-M equations relating tissue optical properties to
measured reflectance R and transmittance 7.

2.4.3  Radiative transfer equation

In the Radiative transfer equation (RTE) [2, 38] approach light is treated as composed
of distinct particles (photons) propagating through a medium. The model is restricted to
interactions between light particles themselves and is derived by considering changes in
energy flow due to incoming, outgoing, absorbed and emitted photons within an
infinitesimal volume d/ in the medium (energy balance).

The model considers a small packet of light energy defined by its position r, direction
of propagation §, over a time interval d¢, and with propagation speed ¢ (Fig. 2.9).

Photoninlg Photons out |
to direction of interest | Apsorbed in direction of interest
- — photons - EE—
dv Photon scattered to

Photons scattered from anather/ another direction
direction to direction of interest r z
; y
X

Fig. 2.9 Model for RTE.

The change in energy radiance /(7,t,5) is equal to the loss in energy due to absorption
and scattering out of §, plus the gains in energy from light scattered into the s-directed
packet from other directions and from any local source of the light at . This energy
balance is represented by the individual terms in the RTE:

101(r,1,5)
c Ot
= _[(l"l’a + “’ys)'](rﬂtﬁ‘;:)] + l’ls' -[ p(§5§')'](r5t’§')' 2§' + q(rﬁt5§) (2'27)
4

+8VI(r,ts)=

Each term in equation (2.27) represents in time domain a certain quantity (Figs. 2.11).
So
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LACLSD) | evr(r,15) (2.28)
c Ot

is the difference between the number of photons entering the volume and the number of
photons leaving it per unit time (Fig. 2.10),

Photonin Photons out

- —

dv direction s~

Fig. 2.10 Difference between the number of photons entering the volume and the
number of photons leaving it per unit time.

(b, +1)I(r,8,9) (2.29)

is attenuation given to light due to absorption and scattering (Fig. 2.11),

dv

- E—
\ Photon scattered to
another direction

Photons absorbed
in volume dVv

Fig. 2.11 Attenuation of light due to absorption and scattering.

w' I p(8,8).0(r0,8).d*§ (2.30)
4n

is increase in the light due to scatter from all directions to the final direction given by
unity vector s’ (Fig. 2.12)

Photons out |

—

dv

Photons scattered from another //
direction to direction of interest

Fig. 2.12 Increase in the light due to scatter from all directions to the final direction.

and ¢(r,2,5") is a local source of light in material (i.e. fluorescence) (Fig. 2.13).
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S e — .
- direction s~

Local sources

Fig. 2.13 Local sources of light in material.

Here, two important parameters are ®(7,7) which represents photon density or diffuse
photon fluence (inside the element), and J(7,#) which is the photon flux or current (at its
boundary). The latter is a measurable parameter and allows equation (2.27) to be solved
for us’ and p,, respectively [40]

O(r,t) = 4! I(r,t,5).ds (2.31)

Ity =1 81(r,0,8)dS (2.32)

Ly 4

Exact solutions for the RTE exist for simple cases such as isotropic scattering in simple
geometries.

2.4.3.1 The diffusion approximation

Three variables in the RTE depend on direction §: the radiance [(7,#$), the phase
function p($,§”) and the source term g¢(r,t$). If these are expanded into spherical
harmonics, an infinite series of equations which approximate to the RTE is obtained.
The PN approximation is obtained by taking the first N spherical harmonics, of which
the simplest is the time-dependent P1 approximation. If the following assumptions are
made:

- scatter is the dominant interaction: us” >> u,,

- phase function p(8,$°) is independent of the absolute angle,
- photon flux J(r,t) changes slowly dJ(r,t)/dt = 0 and
- all sources are isotropic, the result is the time-dependent diffusion equation:
1 0D(r,t¢
LD V)V + 1, (NO(0) = (70 (232)
c
where
J(r,t) =—x(r)VO(r,t) (2.33)
1s first Fick’s Law, and x(7) is the diffusion coefficient defined as:

1

OS]

(2.34)
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The diffusion equation (2.33) has been widely used to model light transport in tissue,
although it is necessary to assume that light propagates diffusively (which is generally
the case in bulk tissue), and the source and detector are separated in space and time, to
ensure that the light is diffuse when it reaches the detector. By contrast, these
assumptions generally do not hold near the source, near the surface and internal
boundaries and in anisotropic tissues, and in regions of either high absorption or low
scatter (voids regions). For these cases, higher order approximations to the RTE may be
required [41], and models which incorporate void regions within a diffusing model.

2.4.4 Green’s functions

A general method for solving partial differential equations (PDE) such as the diffusion
equation is the application of Green’s functions, where the source term ¢g(7,z) consists of
an infinitely short pulse or d-function (any other source can be obtained by convolution
[42]. An example of analytical solution was developed for a homogeneous slab where
boundaries are described using the so-called method of images. This yields time-
resolved reflectance and transmittance equations, and least-squared fitting to
experimental data allows the optical coefficients to be determined. For instance, during
the determination of the optical properties of a liquid slab of intralipid solution, a
rectangular transparent receptacle is filled with the homogenous solution (nominal
properties of the mixture are u,” = 1 mm™, x4, = 0.0l mm™). A connector for a light
source 1s attached on one of the faces, and another for a detector is attached on the
opposite face. Both connectors are at the same height and located in the middle of each
face. A representation of the experiment is shown in Fig. 5.3. A short pulse from a laser
source is applied and the time-resolved transmitted intensity across the solution is
detected (50 mm of thickness). The values of the absorption and scattering coefficients
are obtained from the temporal distribution of transmitted light due by fitting with the
corresponding Green function.

Other analytical solutions for simple geometries, such as spheres and cylinders, as well
as the frequency domain equivalents of the equations, are given in [43]. For more
complex geometries, the solutions are solved numerically.

2.45 Finite element method

The finite element method (FEM) can be applied in order to solve numerically the
partial differential equations (such as diffusion equation) for arbitrary and complex
geometries. FEM can be applied anywhere where a differential equation formulation is
available for the transport model [44]. The method involves dividing a region of interest
(or domain) into a finite number of volume or area elements.
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Mesh characteristics

11404 points of nodes
2} 1459 elements (tetrahedral)
3) 546 surface elements (triangles)

Fig. 2.14 Head-shaped finite element mesh (left) and the surface cut away to show
internal structures (right).

The boundary of one element consists of discrete points called nodes (or connecting
points). Surface domains may be subdivided into triangles and volumes may be
subdivided into tetrahedral (polyhedrons) shapes. Each element has its individual set of
optical properties (1, and u;’). The shape and distribution of the elements is ideally
defined by automatic meshing algorithms (e.g. NETGEN [45]). Figure 2.14 shows a
finite element (volume) mesh generated using automatic meshing algorithms
(NETGEN).

The photon density approximation @®;(?) is then calculated at each node i, and summed
over all N nodes in the region. It can be expressed using the piecewise polynomial
function:

D" (r,1) = ﬁ:cpi(r)ui(r). (2.35)

The & superscript denotes the iterative process that is calculated at the nodes and which
provides an approximate solution for photon density @(#). The u;(r) is a basis function
and it describes the way that the function ®;(?) is allowed to vary over an element
(between nodes). Its simplest form is to be a constant, although a variety of basis
functions can be used The advantages of this method are its computational speed, the
high flexibility (as for the Monte Carlo method) when applied to complex geometries
and it can model photon density and flux everywhere. The disadvantages are that there
1s no means of deriving individual photon histories and it is subject to the same
limitations as the diffusion equation [44].

2.4.6 Monte Carlo based models

The Monte Carlo method was originally proposed by Metropolis and Ulam [46] to
simulate radiative transfer which was accomplished by a stochastic model keeping track
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of photon trajectories. Since then, many simulation problems have been studied using
Monte Carlo techniques, including the transport of light in tissue [47, 48].

Many problems of practical interest often involve a range of light sources, multiple
tissues types, and complex geometries. The essence of the Monte Carlo approach is to
launch a photon at an interface, and once launched, the photon is continually propagated
and scattering until it is either absorbed by the tissue or escapes from the tissue from
some boundary. Analytical solutions for realistic scenarios are complicated, even when
possible. These more realistic cases are instead solved with numerical techniques.

The Monte Carlo (MC) method, as applied to the transport of light radiation, is based on
the RTE and involves computer-simulated calculations of photon propagation in
scattering media. As with radiative transfer theory, MC simulations treat the photons as
particles, ignoring their wave-like nature. Therefore, parameters such as the phase and
polarization of the light are usually omitted, mainly due to the multiple scattering of the
photons, the results is that these properties are quickly randomized. In the simplest of
MC simulations photons are injected into a medium individually and their paths traced
until they are either absorbed or permanently scattered out of the region of interest. The
rules of photon propagation are expressed as probability distributions (hence the name
‘Monte Carlo’), which are based on the geometry and optical properties of the medium.

Monte Carlo models have been used extensively in the simulation of biological tissues.
The models are easy to implement and provide rigorous solutions for even complex
tissues. Since Monte Carlo methods converge to a solution within some acceptable error
definition, theoretically, any level of accuracy can be achieved [49]. However, in
practice, the accuracy of a model is limited by the accuracy and validity of the input
parameters as well as the mechanisms for accounting for scattering and absorption. To
the best of our knowledge, Monte Carlo models in biomedicine.

The advantages of MC simulation over the diffusion approximation are that MC
simulations do not require that u ., and accurate results can be obtained close to
sources and boundaries. In addition, complicated geometries and multi-layered tissues
in which the optical properties vary spatially can be modeled easily [37].

However, although potentially highly accurate, the simulations can be expensive due to
the long computational times required to achieve such accuracy. For example, for a 1%
accuracy the paths of 10,000 photons must be detected.

There are two methods in which to perform this process. The first, called fixed step-size,
evaluates whether a photon is absorbed, scattered or propagated with no interaction at
fixed intervals through the medium. Prahl [2] suggests one-tenth of a mean free path as
a good step-size. At each step in the evaluation, the events of absorption and scattered
are assumed to be independent and thus only one such event can occur. The second
method, called variable step-size, forces a photon to be either absorbed or scattered at
each interaction.
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The basic steps of a single photon through this type of MC simulation are as follows
[49]:

1. The photon is incident on the tissue boundary at an angle of & and with a weight of
W=1.

2. The photon weight is reduced by an amount equivalent to the reflected component
at the boundary, AW.

3. The new direction of the photon is calculated from the incident angle a and the
refractive index at the tissue boundary.

4. The photon step size / is calculated as follows:

[= _In©) (2.36)
H,
where ¢ is a randomly generated number between 0 and 1 and g is the total
attenuation coefficient. It can be shown that on average the step size / is equal to the
mean free path, 12, ', as expected.

5. The photon weight is reduced again, due to absorption, by an amount

AW =t (2.37)
#,

where W is now the weight at the end of step 2.

6. A random number, 0 or 1, is then generated to determine if the photon will be
scattered. If the number generated is O then no scatter occurs and the procedure is
repeated from step 3. For a value of 1 the photon is scattered.

7. The new direction of the scattered photon is calculated using two angles:
-the deflection angle ¢, which has values between 0 and =z, and
- the azimuthal angle ¢ with values between 0 and 2z. The deflection angle is
calculated from the normalized, cumulatively integrated scattering phase function
using ¢. The azimuthal angle is uniformly distributed over the interval 0-2z and is
therefore calculated by ¢ = 2xz¢.

Steps 3—6 are repeated for the desired number of photons. If the simulation involves a
more complex heterogeneous model the process returns to step 1 when a tissue
boundary is reached, proceeding in the same manner but using the optical properties for
the new region.
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3 BIOLOGICAL TISSUE

Biological or living tissue is made up of cells. There are many different types of cells,
but all have the same basic structure. Tissues are layers of similar cells that perform a
specific function. The different kinds of tissues are grouped together to form organs.

There are four basic types of biological tissue:

e Connective tissue supports other tissues and binds them together. This includes
bone, blood, and lymph tissues, as well as the tissues that give support and structure
to the skin and internal organs.

o Epithelial tissue provides a covering for deeper body layers. The skin and the
linings of the passages inside the body, such as the gastrointestinal system, are made
of epithelial tissue.

e Nerve tissue is made up of nerve cells (neurons) and is used to carry messages to
and from various parts of the body. The brain, spinal cord, and peripheral nerves are
made of nerve tissue.

e Muscle tissue includes three types of tissue:

o Striated muscles, such as those that that move the skeleton (also called voluntary
muscle).

o Smooth muscles (also called involuntary muscle), such as the muscles contained in
the stomach and other internal organs.

o Cardiac muscle, which makes up most of the heart wall (also an involuntary
muscle).

Among these basic types of tissue the muscle tissue is best for investigation and
measurement of the ageing process [3, 6]. More precisely, among three types of muscles
tissues — striated, smooth and cardiac — only first ones that move the skeleton are
appropriated for this kind of investigation due to their fibrous nature.

Due to the fact that biological tissue is complex random material showing
inhomogeneity, anisotropy and nonlinearity in the structure, its rigorous characterization
is almost impossible. On the other hand, this complexity involves an important amount
of information. Therefore, the research of polarization states of scattered light is one of
emerging novel techniques in biomedical science and food control.

Inhomogeneities in the media cause scattering which may alter the direction of
propagation, polarization and phase of light. While the propagation of light through
such media may be analyzed either by means of the wave picture or the photon picture,
the latter is more appealing. Photons travel in straight line paths until they encounter an
inhomogeneity, when they are scattered in random directions.
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The light scattered by a tissue has interacted with the ultrastructure of the tissue, and
tissue ultrastructure extends from membranes to membrane aggregates to collagen fibers
to nuclei to cells. Size range of tissue ultrastructure will determine if it is a Mie or
Rayleigh scatterer.

The scattering parameters of such media depend on
« refractive index fluctuations

* used wavelength

* particle size and shape.

The scattering is said to be in the Rayleigh regime when the radius a of the scatterer is
less than the wavelength of light (small size particles: Rayleigh theory a < A /10).

The intensity of detected light in the direction &is expressed by

8’ Na
I:10W(1+cosz 0) (3.1)
where 7 is the intensity of the scattered light, A wavelength of incident light /,, N
number of scatterers, a their polarizability, » distance from scatterer, € scattering angle.
Rayleigh scattering is inversely related to fourth power of the wavelength of the

incident light.

Gustav Mie in 1908 published a solution to the problem of light scattering by
homogeneous spherical particles of any size. Mie theory describes the way in which
spherical, homogeneous particles interact with electromagnetic radiation (Fig. 3.1).

Here, the particle means material that constitutes a region with refractive index n, that
differs from the refractive index of its surroundings #n;. Mie scattering is not strongly
wavelength dependent, therefore it is possible to use it in the calculus of biological
tissue.

In the case, the intensity of scattered light is equal in both the forward and backward
directions. As the size of the particle increases, the scattering is more peaked in the
forward direction. The case of a > 1, known as the Mie regime, (matching size particles:
Mie theory > L) shows peaking in some angles (Fig. 3.1) [2, 4].

Rayleigh scattering Mie scattering Mie scattering,

» large particles
A ‘w
——
Y

— = Direction of incident light

Fig. 3.1 Rayleigh and Mie scattering.
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Which are sources of scattering in tissue?

Refractive index mismatch between lipid and surrounding aqueous medium (Fig. 3.2).

— Soft tissues are dominated by lipid contents

— Cellular membranes, membrane folds, and membranous structure, d ~ 0.1 pm

* Mitochondria, d ~ 1 um

— Intracelluar organelle composed of many folded membrane, cristae

 Collagen fibers, d €(2 to 3) pm

— Collagen fibrils, d = 0.3 um

— Periodic fluctuation in collagen ultrastructure — source of Rayleigh scattering in UV
and visible range (d ~ 70 nm)

* Cells.

| Hierarchy of ultrastructure ]

10 um | cells

nuclei

x ™\ mitochondria
|I I|

Mie scattering | |

1um
lysosomes, vesicles

| striations in collagen fibrils

/] |\ macromolecular aggreagates

Rayleigh scattering | | |

' /

0.01 pm —. . membranes

0.1 um

Fig. 3.2 Review of elastic scattering on biological scatterers.

Hence in a turbid medium made up of a random aggregate of scatterers, the photons
undergo repeated multiple scattering in forward and backward directions. The turbid
medium is characterized by the scattering mean free path, /;, which is the mean distance
the photons travel before getting scattered, and the transport mean free path /* which is
the mean distance photons travel before the direction of propagation is randomized.
Since it is quite possible that photons are forward scattered (and continue to travel in the
same direction), I"> I, The transport mean free path depends upon the number density
of scatterers, refractive index contrast between the medium and the scatterers, and the
anisotropy factor, i.e. a factor quantifying the directional distribution of scattering.
Typical value of /” for infrared light in tissues are 1-2 mm. The light emerging from a
turbid medium consists of three components: the unscattered - ballistic, the slightly
scattered - snake and scattered - diffusive photons (Fig 3.3). These differ in their paths
through the medium, and consequently in their imaging properties. The unscattered or
forward scattered photons travel un-deviated and emerge the first, having traveled the
shortest distance through the medium. These preserve the characteristics of the incident
light, namely direction of propagation, polarization and are hence best for imaging.
However, they are few in number, their intensity falling off as
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—-X
I=1, exp( 3 j (3.2)
where /) is the input intensity, and x is the distance traveled.
s
. e — . ake
- _SIE--

v

+ /N e ballistic

FL I ™ -
VN
L ]
»

Fig. 3.3 Trajectories of photons in a random medium.

The diffuse component, which forms the bulk of the emergent light in turbid media is
made up of photons that have undergone random multiple scattering, and these emerge
later than the ballistic photons because of their increased path lengths. Their
polarization, direction of propagation and phase are completely randomized. Snake
photons are those that travel in near-forward paths, having undergone few scattering
events, all of which are in the forward or near-forward direction. Consequently, they
retain the image bearing characteristics to some extent. Due to the scattering a pulse of
light incident on a turbid medium emerges elongated. Typically, a femtosecond pulse is
stretched to a picoseconds or a nanosecond pulse on traveling through a turbid medium.
The duality of light, the fact that it exhibits both wave and particle nature, it explains
light interactions at the macroscopic level, using geometric or ray optics, and accounts
for phenomena such as shadow formation while the wave nature of light explains light
interactions at the micro and sub-micro level and accounts for photon interference and
diffraction phenomena. In general, for the propagation of light we use Maxwell’s
equation, and for the interaction of the light with matter, where the absorption and
emission of light involves, we use the quantum theory.

In order to have a clear understanding on the use of polarized light for biomedical
applications, it will be essential to investigate both the wave and particle nature of light.
The knowledge of this theory pertains to the measurements that will be necessary to
enable the discrimination of the properties of matter that we are interested in.

Visible light and near-infrared (NIR) light interact with biological tissue predominantly
by absorption and elastic scattering. Unfortunately, while most of the physiological
information is contained in the absorption coefficient (the number of absorption events
per unit length, u,), the scatter coefficient (the number of scattering events per unit
length, x) in tissue is generally considerably larger, so that signals measured over
distances of a few milimeters or larger are dominated by diffuse light.
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4 LIGHT SCATTERING AND POLARIZATION

In this chapter, a notion of basic theory used in the thesis to describe the multiple
scattering process is presented. First, the description of polarized light in terms of
Stokes vectors will be outlined. Subsequently, the interaction of polarized light with a
scattering medium will be characterized in terms of a matrix.

41 Light field

The formal theory of elastic light scattering [4, 29] deals with

- Maxwell's equations,

- boundary conditions and

- idealized physical models for the scatterers, as well as with

- matrix algebra, which manipulates the interaction matrices, and with

- light vectors, which describe the optical system, ignoring the exact mechanism causing
the scattering.

The fundamental problem of deriving structural features of the scatterer from scattering
information is presently unsolvable for most biophysical cases. However, the matrix
algebra can be used to catalog the scattering signals, which are related to the matrix
elements involved in the scattering process.

The state of polarization and intensity of a light beam incident on the medium is
specified by the 4x1 Stokes vector S in the following form:

I S,
S

S = Q1_| % . (4.1)
u >
14BN

Here /=S is total intensity, Q =S — polarization at 0° or 90° to the scattering plane,
U= S, — polarization at £45° to the scattering plane, and V=S5 — left or right circular
polarization, and Sy, Si, S,, S5 represent four elements of Stokes vector S.

Another quantity of interest in radiative transfer of polarized light is the degree of
polarization DOP of the light. This is defined as

JOP+UR+V? ST+ 52+ 8?
DOP Q+1+ =Yt =2 3 (4.2)
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and indicates the fraction of the light intensity that is polarized regardless of whether it
is linear and/or circular. Similarly, the degree of linear polarization DOP;. is defined by

JO +U?  |[SP+8?
=

DOP, =

(4.3)

The quantity ,/0?>+U? represents the magnitude of linear polarization in the light field.

However, it does not specify the orientation of the electric vector. Further, the degree of
circular polarization (DOP.,) is defined by

D0PC=? S

=3
s, . (4.4)

Also note that DOP =|(DOP, ) +(DOP.)’ .

4.2  Scattering medium

The scattering properties of a medium are defined by a scattering matrix S(O).
A detailed discussion of the general scattering matrix is given in van de Hulst [8]. We
will review the role of Rayleigh and Mie particles and their relationships to biological
particles, and then give an example of the matrix multiplication implied by a particular
arrangement of the optical components to show how matrix elements are measured. We
will then discuss some matrix element signals we measured to show their significance to
biological systems.

All polarization states could be described using the Jones vector and the Stokes
parameter. As shown in Fig.4.1, once the incident light and the output light’s
polarization states are identified, the polarization elements of an optical device, which is
a black box, can be determined subsequently.

E’

E J

% polarization elements %
s M s’

Fig 4.1 Jones matrices and Mueller calculus.

At present, popular theories of polarized radiation interaction with optical elements or
scattering media may be divided into two groups:

- Jones calculus, which assumes a coherent addition of waves [8]; and

- Stokes-Mueller calculus, which assumes an incoherent addition of waves [49, 50].
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However, in both approaches one usually starts a theoretical analysis with severely
restrictive assumptions. In the Jones calculus, one starts out with Maxwell’s equations
describing electric field E, whereas in the Mueller calculus, it starts by postulating a
linear relation between the input Stokes vector S and the output Stokes vector
S emerging from the optical medium.

The development of the Mueller analysis is heuristic and lacks the mathematical rigor of
the Jones calculus. However, the Mueller formalism has an advantage in that it deals
with intensities rather than field vectors.

If un-polarized light is incident on one or more particles, the Stokes parameters of the
scattered light can be shown to be in general, partially polarized. This result shows that
scattering is a mechanism for polarizing light. The degree of polarization of the
scattered light depends on the scattering direction and some time has been found to be a
maximum, when the scattered direction is normal to the incident direction. With this,
we come to the conclusion of all the preliminaries needed to deal with studies on
scattering of polarized light through turbid medium, which is the main work reported in
this thesis.

The Jones calculus is written as

Jxx ny Ex E;’c
JE=F or = | 4.5)
Jyx Jyy E)’ Ey
The Mueller calculus is indicated as
_MOO MOl MOZ MO3__S0_ _S(;_
ms—s o | o MM M S S{ . 4.6)
M20 M2l M22 M23 S2 S2
_M30 My My My, _S3_ _S3,_

A scatterer changes the state of the incoming polarized light by mixing the initial
polarization states of the incident electric field vectors Ejp, and Eo. Here Ejp, and £
are the initial components parallel and perpendicular to the scattering plane,
respectively. The new parallel and perpendicular electric field components £ and £
arise through an interaction represented by mixing coefficients a;.

. 4, 4,
14, 4
The Stokes vector S, which completely characterizes the intensity and polarization of a

light ray, is defined in terms of time averages of the electric field components of an
electromagnetic wave:

E,

E

L

E|| :AzEuo + A3ELO
E, :A4E||0 + AlELO

Ejo

ot (4.7)
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Sy =1=(EE'+EE)=A + 4 , (EE+E,E.)

S =Q=<E\EH*_ELE1>=A5_AJ% 0| <EHEH —EE] > _s

S, =U=(EE+E E')=244,cosAe  * U <EE +E,E) —> @)
S, =V =(i(E,E;~E,E)) = 24,4, sin A¢ VU Nie B, E))

The transformation of an incident four-component Stokes vector Sy by a scattering

matrix S(®) gives a final Stokes vector Sy where Sp= S(0).S) or

If S S S S | |
Qf _ S21 Szz S23 Sz4 Qo
Uf S31 S32 Ssz S34 .Uo . (4.9)
Vf Sy Sp Sis S | V)

When the values of the Stokes vector S are inserted into the matrix representation (4.9)
one gets the general form of the scattering matrix [4]. Any component of the electric
field vector E can be written explicitly in terms of its phase ¢ amplitude A4,

wavenumber k, and frequency o. We have
E(r) = A exp(-i¢) exp[-i(kr - at)]. (4.10)

This vector is used to get the matrix that gives a direct relationship between the
amplitudes 4; (i = or k) and the phase difference Ae = &, — &. Then

ArAi* = \Ak|2 ; (At + Ardi*) = |45]|Axlsin Ag (4.11)
and
V2(4,45* - Ad*) = |Ajl|Acos Ag, (4.12)
and we get:
_%(Af + AL+ A+ A4 %(—A,Z+A22—A32+Af) (4,4, — A, A)cosAe  — (A A+ A,A4)sinAe |
S- %(—Af A A A %(Af LA -A)  (AA—AA)cosAe  —(Ay A+ A, 4)sinAs |- (4.13)

(4,4, + A4, 4)cosAs
| (4,4, +A,4)sinAg

(4,4, — A4, 4)cosAg
(4,4, —A;4,)sinAe

(4,4 + A4, 4,)cos As
(4,4, + A, 4,)sinAe

— (4,4, —A4,4,)sinA¢e

(4,4 + A;4,)cosAg |

The general scattering matrix given above applies to any system of particles. However,
it is convenient to divide the particles into two rather broad ranges depending on the
ratio of wavelength A to particle size D. The two classes of scattering particles are called
Rayleigh and Mie particles.

Additionally, the light intensity obtained at the end in the case of Jones matrix is

1=(E+E,). (4.10)
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In the case of Mueller matrix, the light intensity is directly given by So.

To conclude, the polarization degrees of freedom of the Jones and the Mueller matrices
are as shown in Fig 4.1. Both the Jones method and the Mueller method give double
refraction, double absorption (dichroism), circular double refraction (optical rotating
power), circular double absorption (circular double dichroism), and others.

Their major difference is that as opposed to the Jones vector J treating only totally
polarized lights, in the Mueller calculus, the Stokes vector S is used to describe the
polarization state of a light beam, and the Mueller matrix M to describe the polarization-
altering characteristics of a sample. This sample may be a surface, a polarization
element, an optical system, turbid medium, biological tissues, and any other light-matter
interaction which produces a reflected, refracted, diffracted, absorption, and scattering
of light beam.

The Mueller matrix can deal with all polarization states including depolarization, which
is important in the study of biological samples.

4.2.1 Scattering matrix

The 4x4 scattering matrix S(®) transforms the Stokes vector of an incident light beam
to the Stokes vector of a scattered light beam (Fig.4.1). The scattering matrix can be
obtained experimentally, or derived in a rigorous manner. For scattering by a medium
composed of spherical scatterers, this matrix can be derived rigorously by use of the
Maxwell equations with appropriate boundary conditions. The form of this matrix is
given by
_pu(@) pn(©) 0 0
C) ®) 0 0
S(@)= P»(©) p,(©) @.11)
0 0 S21(®) _d21®)
0 0 d,(0) s5,(0)

where S(0) is a function of the included angle ® between the incident and scattered
light beams. p1(®), p21(®), s21(0) and d>(®) are independent parts of Mie phase
function representing four elements of the matrix.

All the elements of the scattering matrix S(®) are real. The scattering matrix S(®)
operates on the incident Stokes vector (the S-axis is assumed to be parallel to the
scattering plane as shown in Fig. 4.1). Note that the shaded region is the scattering
plane. Each of the four independent functions in (4.11) is a function of the size
parameter (x = ny7zD/A, where D is the geometric diameter of the single scatterer and 7y,
is the refractive index of the medium surrounding the scatterers) and the relative
complex index of refraction (m = n — ix) of the spherical scatterer. It should be noted
that p,;(®) is normalized as
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1
Eipn(@)dgz =1. (4.12)

where (Q is the solid angle and p;(®) is the scalar Mie phase function.

Scattered beam 0,

Incident beam

Fig. 4.2 Geometry of the rotation angles necessary in the phase matrix. Shaded plane is
the scattering plane. Light beams propagate in the direction rxI.

4.3  Multiple scattering problem

In multiple scattering problems, the I axes of the Stokes vectors, both incident and
scattered, are assumed to be parallel to the meridional planes (planes of constant ¢ as
seen in Fig. 4.2), and designated ¢; and ¢, respectively. To compute the scattered Stokes
vector at a particular location, the coordinate frame of the incident light beam must be
rotated by an angle © — o) (see Fig. 4.2) such that the I axis is parallel to the scattering
plane. The scattering matrix then operates on this rotated Stokes vector. A subsequent
rotation by - o brings the I axis parallel to the meridional plane of the scattered light
beam. The above rotations are mathematically equivalent to pre- and post-multiplying
the scattering matrix by rotation matrices. Various papers outline this operation [22, 51]
hence only the final result will be given here. If the rotation operator is denoted by
L(o), for a rotation of &, then the phase matrix is given by

P(/Jz,¢2;,u19¢1) =L(-0,)S8(®)L(7 -0)) (4.13)

In the above equation, ¢ can be found by using spherical trigonometry. So, if
Ci=cos201, C; =c0s20,, S; =sin2c1, and S, = sin26>,
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P(luz,¢2;/u1a¢1) =
Pn(©) C.p,(0) —5,0,(0)S, 0
C,p,(0) C,p(O)C =8,5,(0)S, —C,p;(0)S, =8,s5,(O)C, S,d,,(0) (4.14)
C,py(0) S5,p,(0)C +Cys5,(0)S, —=8,p,(0)S,+C,s,,(O)C, S,d,,(©)
0 S, (0) Cd, (0) 5,1(0)

For Rayleigh scattering, the dz1 term is zero, which results in the decoupling of the
circular polarized component. The phase matrix is the vector analog of the phase
function used in the scalar radiative transfer theory [52].

4.4  Stokes vectors calculus

When light in an arbitrary state of polarization propagates though a scattering medium
or interacts with some optical element, its polarization properties are modified [2, 4].
We may categorize the physical mechanism that can change the state of polarization of
light into four areas:

- propagation through anisotropic media,

- scattering by a system of particles,

- oblique reflection and refraction at interfaces, and

- diffraction by apertures.

Here we put most of the emphasis on the first two types of interaction. The effect of
non-image-forming optical instruments and scattering media on an incident
electromagnetic plane wave is to transform the Jones vector and the Stokes vector so
that the medium can be represented by a transformation matrix. All these problems
involve sets of linear equations, and matrix methods provide an appropriate and
compact way to deal with these problems. The polarization of light is fully described by
the four elements of the Stokes vector, the measurement of which has become possible
because of advances in experimental technology.

The contemporary description of polarized light in terms of Stokes vector (4.1) is
particularly interesting technique. Its four components describe the intensity and
polarization of incoming beam of light. It provides an extremely effective computational
technique in the form of the Mueller matrix methods. A natural starting point for
characterizing the turbid media through polarized light is Stokes vectors calculus. The
beam may be polarized completely, partially, or not at all, it may be monochromatic or
polychromatic.

Operational approach makes use of a set of four filters. Any of several different sets
could be used, but to make our account specific we shall assume a set of four filters F,
F,, Fs, F4 that have the following properties, each has a positive transmittance for
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incident un-polarized light, each is oriented so that its faces are vertical and are
perpendicular to the beam, F; has the same effect on any incident beam, irrespective of
the beam’s polarization; in short, it is isotropic, F» is opaque to light polarized with its
electric vibration direction at 90°, that is, vertical, Fs is opaque to light polarized at -45°,
F4 is opaque to left-circularly polarized light. Obviously the filters represent non-
polarizing, linearly (horizontally) polarizing, linearly (+45°) polarizing and right-
circularly polarizing filters respectively, as implied by the polarization forms produced
by the four filters used in determining the Stokes parameters of beam shown in Fig. 4.3.

F1 F2 F3 F4

Unpolarized 0° 45° Right circular

Fig. 4.3 Polarization forms determining four Stokes parameters of a laser beam.

The importance of the Stokes parameters is that they can be formulated using directly
measurable quantities. The operational definition of the Stokes parameters is then

S, =21,
S, =21,-2I, “.15)
S,=21,-2I, '

S, =21,-2I,

Let’s now relate these parameters to the expressions, for the electric field of a quasi-
monochromatic light wave propagating in the z direction,

E (t)=E0x(t)cos{(kz—a)t)+Agx} (4.13)

E, (1) =Eoy(t)cos{(kz—a)t)JrAgy} (4.14)

where E(t) = Ex(t) + Ey(f) and k, @ are the mean values of wave traveling in z direction
and Ag is phase difference. Then

Sy =(Bo +E,,’)

S, = <E0x2 _E0y2>

S, =(2E,,E,, cosA¢). (4.15)
S

= <2E0XEO}, sin A£>

or given in the vector form by:
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o1 [ (E)+(m)
o |S|| (B |, (4.16)
S, 2<E0XEOy Ccos Ag>
5; 2(E,E,,sinAs) |

The different polarization states can also be described in term of phase and amplitudes
(Tab. 4.1).

Table 4.1 The polarization states and their representing equations.

Polarization Phase Amplitude Equation
state [symbol]
Horizontal [H] Ae =tnr E, =0 E=E +E =E,
n=0L. E,=E, E (z,¢) = iE, cos(kz — wt)
Vertical [V] Ae =tnr E, =0 E=E +E =E,
n=0.L.. E,=E,, E, (z,t) = JE, cos(kz - wt)
+45° [P] Ae=tnr | E, =E, =E,| E=E +E, =E,
n=0,l,... E(z,t):(i+j)E0 cos(kz—wt)
- 45° [M] Ag =*nr E,, =E, =E,| E=E +E,
n=0,l,... E(z,t)=(i - j)E, cos(kz —wt)
Right circular [R] | §=+nz/2 | E, =E,, E = E,[iE, cos(kz —wt) +
n=12,. +JE, sin(kz—wt)]
Left circular [L] | Ae =xnx E,, =E,, E = E,[iE, cos(kz — wt) -
n=12 — JE,sin (kz - wt)]

4.5  Jones calculus and polarization of light

The electric field of any polarized beam propagating along the z-axis may be written as
E=Ei+E j (4.17)

where E, =4 explkz—wt+¢,), E =4, exp(kz —-wi+g, )

We can write the components as a column vector, which is called a Jones vector.

E Axei(kZ_Wl+¢X)
E=| ' |= : 4.18
E A ei(kz—wt+¢y) ( )

7 y
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We may factor out and the dependence on z and ¢ and just write
A

l. (4.19)
Ae”

The intensity of the beam is proportional to sz + Ay2 . The most general Jones vector of

a polarized beam propagating along the z-axis is given by the above equation.

If a polarized beam with field vector E is incident on a polarization-changing medium
such as a polarizer or a wave plate, and the result is a beam in another polarization state
m,

E, {mn }{Eﬂ
E} my my | E, |

Here the 2x2 transformation matrix is called the Jones matrix [8]. Table 4.2 lists the
Jones matrices for common optical elements used in the experiments. If we require the
Jones matrix for an optical element which has been rotated through an angle 6 with
respect to the direction given in the table above, we must multiply the above matrix by

given as:

(4.20)

the usual matrices for rotation R(®), i.e.

M(®)=R(©)MR(-0©) (4.21)
where
cosd —sind
R(®) - Lin@ cosd } ' (4.22)

Table 4.2 Jones matrices for some optical elements.

Jones matrix

E

Optical Element

Horizontal linear polarizer

)

Vertical linear polarizer 0 0
ot
Linear polarizer at 45° cos’h  cosBOsinb
Los@siné’ sin” @ }

Quarter wave plate (fast axis vertical) i 4{1 0 }

0 —i
Quarter wave plate (fast axis horizontal) o 4[1 0}

0 i
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To find the Jones matrix for a sequence of polarization transformations, for example a
linear polarizer followed by a quarter wave plate, we simply multiply the individual
Jones matrices together in the correct order. If an incident beam of light with field
vector E passes through a sequence of four polarizing elements, M, followed by M,, M;
and My, then the resultant field vector E’ is given by E’ = M;.M,.M;.M,. E.

So Jones calculus deals with polarized beam of light passing through optical devices.

4.6 Mueller matrix

Mueller developed a matrix that relates the Stokes vector of the light incidented on a
sample to the Stokes vector leaving the sample [4, 52]. Using the method with the input
and output polarization states (Stokes vectors) known, the 4x4 Mueller matrix can be
used to describe the polarization properties of a sample. The Mueller matrix has the
general form:

M= (4.23)

This is a 4x4 matrix, and thus contains 16 elements. The individual matrix is indicative
not only of the composition of the device but also of its orientation; thus the matrix of a
linear polarizer whose transmission axis is horizontal is different from the matrix of a
similar polarizer that has been turned so that its axis is at, say, 40°. The main rules used
in performing the multiplications are the standard rules of matrix algebra. One must also
observe the following convention, the vector representing the incident beam must be
written at the right, and the successive matrices representing the successively
encountered devices must be arranged in order, the matrix of the last-to-be-encountered
device being written at the left [45].

The Mueller matrix can be calculated using 16, 36, or 49 polarization images, with 36
and 49 images corresponding to an over determined system (tab.4.3). Sometimes it is
necessary to use more than 16 images to reduce the error due to noise associated with
the Mueller matrix calculation [52].
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Table 4.3 Mueller matrix equations for acquisition of a) 16, b) 36, and c) 49

polarization images.

a)

M, =HH+HV+VH+VV

M 1 2:HH+HV-VH-VV

M13:2PH+2PV-M| 1

M,;,=2RH+2RV-M,,

M2 1:HH-HV+VH-VV

MZZZHH-HV-VH+VV

M23:2PH-2PV-M21

M24:2RH-2RV-M2 1

M31:2HP+2VP-M“

M32:2HP-2VP-M12

Ma;,—4PP-2PH-2PV-
M3,

Ma—4RP-2RH-2RV-
M3,

M41:2HR+2VR-M1 1

M42:2HR-2VR-M1 2

M,;=4PR-2PH-2PV-
My

M,4;=4RR-2RH-2RV-
My

b)

M, =HH+HV+VH+VV

M 1 2:HH+HV-VH-VV

M,;=PH+PV-MH-MV

M,;,=RH+RV-LH-LV

M2 1:HH-HV+VH-VV

MZZZHH-HV-VH+VV

My =PH-PV-MH+MV

M,=RH-RV-LH+LV

M;=HP-HM+VP-VM

M;,=HP-HM-VP+VM

M;;=PP-PM-MP+MM

M;,~=RP-RM-LP+LM

M =HR-HL+VR-VL

Ms,=HR-HL-VR+VL

M,;=PR-PL-MR+ML

M4=RR-RL-LR+LL

C
i/III—OO M,;,=HO-VO M,;=PO-MO M,s=RO-LO
M, =OH-OV My,=HH-HV-VH+VV | My;=PH-PV-MH+MV | M,=RH-RV-LH+LV
M;,;=OP-OM M3,=HP-HM-VP+VM | M3;=PP-PM-MP+MM | M;,=RP-RM-LP+LM
M,;=OR-OL M4=HR-HL-VR+VL | My;=PR-PL-MR+ML | M,=RR-RL-LR+LL

The Mueller matrices are shown in Tab. 4.3, where the first and second terms represent
the input and output polarization states, respectively. The polarization states are defined
as: H = Horizontal, V = Vertical, P = +45°, M = -45°, R = Right circular, L = Left
circular and O = Open (i.e. no polarization).

For example, the Mueller matrix of material irradiated with Stokes vectors is given as:

Si=MS =

mll

le

m3l

my,

m

m

m

m

o oMy my || S,
My My || S,
n My my || S,
p My My, || S|

(4.24)

and according to the usual rules of the matrix multiplication, the product has the form,

I mS, m,S, m;S, m,S; |
Sf _ myS, my,S, myS, m,S,
myS,  myS, myS,  my,S,
myS,  my,S, myS, my,S;
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It is to note that each row of the product contains terms that are connected by plus signs.
Accordingly each row consists, essentially, of a single element. Thus the expression is a
column vector, not a 4x4 matrix. When, say, four optical devices are inserted in the
beam, four matrices must be used and four multiplications are called for. If the four
matrices are called My, M,, M3, M4, and if S represents the Stokes vector of the incident
beam, the procedure for finding the specification Sy of the emerging beam is indicated
schematically thus

Ml.Mz.M3.M4.S :Mt.S:Sf. (426)

4.6.1 Derivation of Mueller matrix for polarizer

The matrices of the Mueller calculus are not derived from the electromagnetic theory of
light or any other theory [22]. Rather, they rest on a phenomenological foundation.
They were initially discovered by experimentation, or by reliance on previous
experimentation. One makes a guess as to what the elements of 4x4 matrixes must be,
then tries out the matrix to see whether it performs satisfactorily. To be deemed fully
satisfactory, it must lead to results that are known to be correct for four independent
types of incident beam, for example,

(1) unpolarized light,

(2) light that is horizontally polarized,

(3) light that is linearly polarized at 45°, and

(4) light that is right-circularly polarized.

The task of finding the matrix P(6) of a polarizer at some general azimuth 8 is easy,
once one knows the matrix Py of the polarizer in its principal orientation, that is, with its
transmission axis horizontal. Using a convention procedure of matrix algebra, one
computes the product, which is standard and is:

P(9)=T(-26)-P,-T(20) (4.27)

where T(26) is the standard rotator matrix [2],

1 0 00

T(20)= e 50 (4.28)
0 -S, C, 0
0 0 0 1

where C; = cos 26, S, = sin26, and T(-20) is the counter-rotator matrix, the same as
T(26), except that the signs of the sine elements S, are changed.

As standard Mueller matrix for polarizer is given by
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[1/2 1/2 0 0
B _ /2 1/2 0 0 429
10 0 0 0} '
0 0 0 0]

So performing the indicated multiplication one finds, for the matrix P(6) of an ideal
homogeneous linear polarizer with transmission axis at angle 6

‘1T 0 0 o012 12 0 0][1 0 0 O]

0 C, =S, 0{12 12 0 0|0 C, S, 0
P(0)= 2 /2 . (4.30)
0SS, C, 0//0 0 0 0[[0 =S, C, 0
00 0 1][0 0 0 0][0 0 O 1]

1 Cc, S, 0]

c, C GCS, 0
P(9)=l P (4.31)

218, GS, S5 0
0 0 0 0

The same procedure applies to a retarder: the matrix of a device at a non-principal
azimuth is computed from that of the device at the principal azimuth with the aid of the
rotator matrix and counter-rotator matrix.

4.6.2 General Mueller matrix for retarder

If p is the angle of axis (fast axis) of retarder with respect to the x-axis, then
a,=cosp and a, =sin p, as shown in Fig. 4.4. The standard Mueller matrix for the

retarder at fast axis is given by [45].

1 0 0 0
0 D*-E*+G? 2DE —2EG
M, = s o . (4.32)
0 2DE -D°+E +G 2DG
0 2EG -2DG 2G* -1

. A . A . A A
Here D =S, sng, E:st1n78, F =38, sm% & GZCOSTE and Ag is the

phase difference (required to produce for rotation of polarization of light for two
components of light beam passing through the retarder and S;, S, S; are the 2" 3 and
4 components of the Stokes vector respectively. That is

S =a’- ai , 8, =2a.a,cosAe, §; =2a.a, sinAe (4.33)
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Orientation of
fast axis of retarder

'
Ay X axis

Fig. 4.4 The orthogonal components due to orientation of retarder.

4.7  Biological particles

Using previous equations (4.9) and (4.13) we can characterize a biological particles
which are generally complex arrangements of various shaped structures [52], often
having large size distributions resulting in relatively little structure in the differential
scattered light intensity Sii. However, complex structure does occur on other Sj; signals,
as shown by our preliminary work with selected biological systems. The matrix
elements of (4.9) and (4.13) we studied in this experiment are:

1
S =S A+ A+ A7+ A7), (4.34)
1 2, 42 42 g2
Slz 5(_141 +A2 _A3 +A4) _A12 +A22 _A32 +Aj
< T 2 A2 A2 42, (4.35)
Sn ;(A12+A22+A32+Aj) A1 +A2+A3 +A4
S +8; (4,4, — A, A + A A + A, A))cos Ae
St S5 L ’ (4.36)

5(16112 + AL+ A+ A])+ (A, A, — A, A) cos Ae

e S,tSy, (44, +A4,4)cosAs—(A,A4,+ A, A4)sinAg
Sy = S 25, 1 . (4.37)
1o E(Af+A22+A32+Aj)+(A2A3+A4A1)cosAg

Theoretically, the S*;4 matrix combination is unique in comparison to other matrix
elements. The presence of the phase terms cosAg and sinA¢ can cause a sign change in
S*34 for very small changes of Ae. The larger number of possibilities for zeros and
oscillations about zero contribute to the larger structure on the S*3;4 signal as compared
to the other matrix elements and matrix element combinations listed above. The S*34(6)
signal can be zero at various @ even if no coefficients are zero. Among other matrix
elements the S*34 1s highly structured and thus can be an excellent probe of scatterers.
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4.8  Degree of polarization

The degree of polarization (DOP), which is important characteristics in ageing
measurement, can be calculated through output intensities and the values of measured
intensities lie between -1 and 1, and they represent the tendency of the measured light to
be polarized linearly, £45°, and right or left-handedness.

DOP is a measure of the polarization purity of light. DOP =1 means that light is
completely polarized; DOP =0 means the light is completely depolarized; DOP <1
means the light is partially polarized.

If an incident state is 100% polarized and the exiting state has a DOP < 1, then the
system is said to possess depolarization property. Depolarization is usually encountered
due to multiple scattering of photons (although randomly oriented uniaxial birefringent
domains can also depolarize light); incoherent addition of amplitudes and phases of the
scattered field results in scrambling of the output polarization state. The general form of
a pure depolarization Mueller matrix is

o O O

. |a[.[ol.|e|<1. (4.38)

o O 00 O
O T O O

C

Here 1—|a| is depolarization factor for linear polarization (horizontal/vertical),
1—|b| for +45°/—45° linear polarization, and 1—|c| for circular polarization. The net
depolarization factor is usually defined as

lasleld _,_[rRay)-1]
3

A=1 ,0<A<], (4.39)

where T is transmittance and R reflectance of the tissue slab.

Note that this definition of depolarization factor of the medium is different from the
conventional Stokes parameter-based definition of degree of polarization of the light
[Egs. (4.2) and (4.3)]. The latter represents the degree of polarization resulting from all
depolarization effects encountered by the beam, and also depends on the incident Stokes
vector. In contrast, the depolarization factors of (4.39) represent the pure depolarizing
transfer function of the medium [53].

Another quantity of interest is the mean number of scattering events I" undergone by a
photon.

Since I(x,y,z;u,¢) 1s the intensity (note that this represents the first element of the
Stokes vector) of light which has undergone n scattering events, and

Zc::l I (x,y,z;14,9) is the intensity of light which has been scattered at least once

(i.e., n > 1), the probability that a photon gets scattered n times (where n > 1), p, is
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Ly (x, 3,25 14, )
D (X, .7 1,)
Thus the mean number of scattering events I'(x,),z;4,¢) undergone by a photon at a

particular location of interest is the estimated value of n, and is evaluated with the
equation

Py = (4.40)

7 nl,(x,y,2;10,0)
S (507 0.0)

L(x,y,z.4) = Y. p, = (4.41)
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5 EXPERIMENTAL

The tissue polarimetry of scattered light ends in two major directions, tissue imaging
and tissue characterization. For our purpose only the second item is useful. In the
checking of ageing state of meat tissue control, accurate measurement of the
polarization retaining signal is extremely important. In this regard, many of the
traditional polarimetry systems are not suitable for biological tissue examination [54-
57]. Resultant multiple scattering in thick tissues leads to depolarization of light,
creating a large depolarized source of noise that makes a detection of the small
remaining information-carrying polarization signal very difficult.

A variety of experimental tools schematically described in Chapter 2 has therefore been
developed to maximize measurement sensitivity, so that reliable measurements and
analyses of the tissue polarimetry data can be performed. These methods can be
employed to perform measurement of both Stokes vector of the light upon interacting
with the sample, and/or of the Mueller matrix of the sample itself, as will be described
in next Chapter 6.

51 Samples

For the purpose of our investigation, different kinds of biological tissue and media have
been used, as follows:

- pork chop meat [58, 59],

- chicken breast meat [60],

- milk [61], and

- polystyrene bills as phantom for the computation of scattering [61].

The samples from porcine or chicken meat were cut in slices with thickness of 1.0-5.0
mm in a parallel or perpendicular way to the muscle fibers (Fig. 5.1). Their surface area
has been 1x1 cm’® for transmitted light, and greater then one square centimeter for
backscattering experiments.

Measurements were provided in three different temperatures. The meat samples were
hold in ambient room temperature (20°C), in the cooler (4°C) and ice-box (-8°C) for
three days.

There are various experimental systems capable of detecting weak polarization signals
in the presence of large diffusive background for light scattered from a random
biological medium [4, 17].

We have tried several of them in transmitted and reflected (back-scattered) light.

-55-



Study of scattering and polarization of light in biological tissue

Laser diode [» > Detector
Fibers parallel with
light direction
Laser diode |’ g Detector

Fibers perpendicular
to light direction

Fig. 5.1 Orientation of muscle fibers during investigation.

5.2  Transmitted light

The optical setup for measuring coordinate distributions of parameters of biological
tissue (BT) (i.e. meat) object fields with transmission mode is shown in Fig. 5.2. Here 1
— laser diode, 2 - collimator, 3 — object between cover glasses, 4 — lens, 5 — analyzer, 6
— PIN detector, 7 — PC.

Dﬂ@tg

1 2 6 7

Fig. 5.2. Experimental set-up for the measurement of polarization variations of light
transmitted through the sample.

Collimated linearly polarized laser light from most frequently used He-Ne laser
(A=632.8 nm) or laser diode (A= 635 nm) with a power up to 5 mW illuminates a
sample and is scattered on it [61]. The transmitted scattered light passes through a
polarization analyzer attached with a rotating mount and a computer controlled stepping
motor drive unit. The polarization is controlled by quarter-wave plates, while polarizer
1s used to form a laser beam with polarization azimuths 0 < oo < 7 and the ellipticities 0
<P <2,
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Polarization images of BT obtained by means of microobjective were projected onto the
PIN photodiode with square surface of 25.0 mm®. The coordinate distribution of the
intensities of the BT laser image was first measured by means of the Si PIN detector,
without the analyzer. Then the analyzer was inserted, whose transmission axis was
sequentially rotated from a = 0 to 360° and the intensity values for these angles were
measured. After changing orientation of the transmission axis of analyzer within the
range 0-360°, the minimal and maxima levels of the image intensities. The precision of
analyzer rotation stage is better than 0.1 degree, but the step of 1 degree was used in the
range of 360° (Fig. 5.3).

polarizer

analyzer
Ge detector

Fig. 5.3. Experimental set-up for forward transmitted light.

5.2.1 Stokes vector polarimeter

Multiple scattering measurement in thick tissues leads to depolarization of light,
creating a large depolarized source of noise that hinders the detection of the small
remaining information-carrying polarization signal.

Hence a schematic of the experimental polarimetry system employing polarization
modulation and synchronous lock-in-amplifier detection is shown in Fig.5.4.

Light from a He-Ne laser (A = 632.8 nm) first passes through a mechanical chopper
operating at a frequency f. ~ 500 Hz; this is used in conjunction with lock-in amplifier
detection to accurately establish the overall signal intensity levels. The input optics
enables generation of any of the four input Stokes polarization parameters of light
which can be determined by performing six intensity measurements involving linear and
circular polarization states [57].
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‘ P1 a4, SAMPLE
Laser } |
P I i ¥ 1
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L Lock-in
£ LAY amplifier
c 1"\yy—0
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Fig. 5.4. Scheme of the experimental polarimetry system employing polarization
modulation and synchronous lock-in-amplifier detection [57].

The detected signal is sent to a lock-in amplifier with its reference input switching
between the frequencies of the chopper (500 Hz) and the PEM controller (50 kHz and
harmonics) for synchronous detection of their respective signals.

5.3  Back-scattered light

The experimental scheme to obtain the Mueller matrix of the biological tissue from
back-scattered light measurement is shown in Fig. 5.5 and Fig. 5.6. [60]. Similarly to
transmitted light set-up its optical part consists of a He—Ne laser source (A = 632.8 nm),
a linear polarizer, and an analyzer/photodetector combination to measure the scattered
light intensity and the polarization properties of the scattered light. Electrical part then
consists of the lock-in and transimpedance amplifiers enable sensitive synchronous
measurement of the resultant photocurrent. A mechanical chopper in optical path
operating at ~ 150 Hz is also used; when tuned to its rotation frequency, the lock-in
measures the overall light intensity, and when tuned to the PEM’s oscillation frequency
(and its harmonics), the lock-in signal is sensitive to the polarization fraction that has
survived the sample interactions. The beam splitter is present to enable detection of
light that emerges from the sample centered on the exact backscattering direction.
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P QWP
I : Lens Sample
: : BS N
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i
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Fig. 5.5 Schematic of experimental setup for back-scattering polarimetry measurements.

Fig. 5.6 Experimental setup for back-scattering measurements.

In the measurement system, including both the input and output polarization devices
employed to obtain the Mueller matrix M of the depolarizing medium, light coming
from an input source is introduced into a polarizer and a quarter-wave plate serving both
as generator (Fig. 5.4), and its output is sent to a beam splitter (BS). This BS transmits
the light on the sample, focusing it onto it through an optical lens. The reflected signal
is conducted by the BS to an output analyzer, that consists of a linear polarizer and a
quarter wave plate, and finally to the detector.

In the similar set-up, the photoelastic modulator (oriented at 6° off normal incidence
with respect to the incident beam direction, to negate the effects of modulated specular
interference) oscillates in the plane of the optical table. The polarizer is at 45° with
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respect to the plane of the optical table, and the orientation of analyzer is set to rotate in
the 0-360° range. D1 and D2 are pinhole diaphragms (Fig. 5.7 and Fig. 5.8.) [58, 61].

Photoelastic

Polarizer
modulator (PEM) Beamsplitter

Chopper

|He-Ne Iaseri Y H - @ Meat tissue

| == Diafragm D1

Chopper i
PEM drwelr =] Analyzer

driver
Ll _

=== Diafragm D2
LIA TIA Q Photomultiplyer

: tube (PMT)

Lock-in Transimpedance
amplifier amplifier

il

Fig.5.7 Schematic of modified experimental system for measuring back-
scattered diffusely reflected light from a turbid biological sample.

Fig.5.8 Experimental system for measuring polarization properties of back-
scattered diffusely reflected light.

Finally the modified experimental system capable of detecting weak polarization signals
in the presence of large diffusive background for light scattered from a random
biological tissue is illustrated in Fig.5.9.
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Fig. 5.9 Schematic of experimental set-up for the measurement of polarization
variations of light backscattered from the sample.

Here a collimated linearly polarized light from red laser diode (A = 635 nm) with an
optical output power of 5 mW illuminated a thin slices of meat was reflected and back-
scattered on it [59]. The slice was fastened on the mirror which serves to enhance the
output signal. Transmitted light passing through the sample was reflected on the sample
holder mirror, reflected back through the meat again, and combined with the simply
reflected and back-scattered light inside the sample. Then the signal was passing
through an analyzer (quarter-wave plate) attached with a rotating mount. The analyzer
transmission axis has been sequentially rotated from 0 to 360°. The analyzer and
detector were placed at an angle of < 15° from the optical axis at distance of 100 mm
from the surface of the sample.

In addition, a half-wave plate was inserted to compensate a rotation, because
carbohydrates in the muscles have chiral carbon atoms, so the structure is optically
active. Analyzed signal was projected onto the PIN Si-photodiode detector with square
surface of 25.0 mm’, and minima and maxima of polarization intensity were measured.

Optical devices introduced in the measurement system in order to extract out the
Mueller matrix of an optical media can produce depolarization and the introduction of
error factors in the measurements because of their imperfections. These errors are
optical activity ¢p, strain dp and leakage y in the linear polarizer and optical activity gr
and dichroism og in the linear retarder. Therefore, the Mueller matrices with the error
factors for the linear polarizers and retarders are calculated and the influence of these
error-terms on the elements of the Mueller matrix is suppressed.
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6 RESULTS

In this Chapter we use the theory outlined above to analyze the multiple scattering of a
narrow, linearly polarized light beam by a plane-parallel medium composed of spherical
dielectric scatterers (latex particles suspended in water) and then we shall study a real
situation of the polarization state of multiple scattered light due to the meat sample
ageing.

6.1 Monte Carlo analysis of multiscattered light

The proposed Monte Carlo analysis of multiple scattering events of light in turbid
biotissue media is based on the radiative theory [4, 49, 60]. It is assumed that the
scattering event of light is independent and has no coherence effects. In addition, we
assume that all of the linearly birefringent tissue can be looked on as a uniaxial material
with the slow axis (the orientation with higher refractive index) along the direction of
the muscle fibers and the fast axis (the orientation with lower refractive index) along the
cross section. Thus a scattering is assumed to be caused by the spherical particles that
randomly suspend among the birefringent media.

The geometry of a multiple scattering event is shown in Fig. 6.1 [62].

Backscattered photons

Incident beam A

y e To(A 2 Bo) T,(A;:B

R(®) M (@)~
W‘&1 Py) Tz(Az -[;)/R{CI%) .M (®;)

R@,)M(®,)

Birefringent turbid
[~ medium with fiber

L direction along the
x-axis

— -
N

Fig. 6.1 Geometry of a multiple scattering event in a linearly birefringent turbid
medium.
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In this figure, we assume that the direction of the slow axis of the linear birefringence is
along the x axis. Photons are scattered in the medium by spherical particles, therefore
Mie theory can be used to describe the scattering events. Diffusely backscattered
photons are recorded as a function of (x’,y") on the upper surface of the medium.

Simulation of the photon trajectories in Monte Carlo method consists of the following
key stages:

- injection of the photon in the medium, generation of the photon path-length,

- generation of a scattering event,

- definition of reflection/refraction at the medium boundaries,

- definition of detection and

- accounting for the absorption.

) Ol Polasized light MC
Start:Lunch - [ 8tandard MC

B ——
Photon |
-
* Laumch photon
Determine Step Size | . A
Define reference plane =
' B
Dehne Stokes vector 8
Move Photon T
| I [ !
* Mowve
Remove Absorbed
Weight
* Mo
Scatter Photon Wes
Rejection method: |
* r:lmclsf o and 1
No
Weight Cutt-off ? Seattor
Adjust reference plane ID
*Yes 1 and Stolies Veeto
Yes
survive Roulette ? Eotate 5 to
{ No
No
LastPhoton ? | TUpdate
reflection or -
* Yes transmnission
Done

Fig. 6.2 Standard Monte Carlo program and proposed Polarized Light Monte Carlo program
(PLMC) flow charts.

The polar angle 6 and the azimuthal angle ¢ are not uniformly distributed between (0, ) and
(0, 2m). Sampling of #and ¢ depends on the probability density function (PDF) of #and ¢ that
is a function of the incident Stokes vector. Figure 6.2 shows the difference between Standard
Monte Carlo program (white cells) [49] and proposed Polarized Light Monte Carlo program
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(PLMC) involving polarized light into the system (additional grey cells specific for PLMC).

[62].

Inside this system a backscattered component of the radiation is investigated. The
spherical scatterers were assumed to have a relative refractive index of m = 1.197 + 0i.

A variety of studied situations is shown in Table 6.1.

Table 6.1 Number of orders of scatterers as a function of size parameter x and optical

thicknesses L.
X L

01/05 |1.0]|5.0
0.430 | 25 |50 |50 | 100
0.813 |25 |50 |50 | 100
1592 |25 |50 |50 | 100
2.379 |25 |50 |50 | 100
3.264 | 25 |50 |50 | 100

For each size parameter, the back-scattered Stokes vector (4.15) was obtained for four
optical thicknesses L of the slab. The four elements of the Mie phase matrix (4.11) for m
=1.197 + 01, are plotted in Fig. 6.3 for the size parameters of interest in this study.
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Fig. 6.3 Computed four elements of Mie phase matrix (Eq. 4.11).

The quantities of interest are the elements of the Stokes vector, the degree of linear
polarization DOP;, and the degree of circular polarization DOP.. Another quantity of
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interest is the mean number of scattering events ' undergone by a photon and the
probability p, that a photon gets scattered n times (where n > 1).

6.1.1 Intensity

The radial (see Fig. 6.1) variation of the backscattered polarized intensity appears to
have the same form as that observed for the scalar problem [62, 63]. This can be seen in
Fig. 6.4, where the normalized intensity increases and then decreases with an increase in
the optical diameter D = 2a. Some interesting features can be noted. For increasing
particle size parameters, the backscattered intensity decreases.
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Fig. 6.4 Normalized intensities vs. distance of detector » for a number of size
parameters x and optical thicknesses L = 0.1 mm, 0.5 mm, 1.0 mm, 5.0 mm.

This can be attributed to the fact that larger particles have a larger asymmetry factor
which implies that a greater portion of the energy of the incident beam is scattered in the
forward direction. For larger optical depths (see Fig. 6.4d), the backscattered intensity
increases because a larger proportion of the energy of the incident beam is

backscattered.
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Fig. 6.5 Difference between the vector and scalar radiative transfer solutions for diffuse
light field in distance » for a number of size parameters x and optical thicknesses
L= 0.5mmandL=5.0 mm.

In Fig. 6.5 the vector and scalar estimates of the intensity for two optical thicknesses L
are compared. Clearly, for smaller size parameters, the difference between the vector
and scalar theories is significant whereas it is smaller for larger size parameters. Also, it
appears that for very large optical radii the difference between vector and scalar
solutions decreases. However, this does not necessarily imply that the diffuse light field
at large optical radii or small size parameters is unpolarized. Quite the contrary is
observed in experiments.

6.1.2 Degree of linear polarization

In Fig. 6.6 computed degree of linear polarization (DOPy) (Eq.4.3) for the above cases
is shown. The behavior here is very interesting.
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Fig. 6.6 Computed DOP, in distance of detector  for a number of size parameters x and
optical thicknesses L = 0.1 mm, 0.5 mm, 1.0 mm, 5.0 mm.

The DOPy. (4.3) at small optical radii is the same irrespective of optical depth. This is
because at small optical depths, the multiple scattering is primarily second-order (see
Fig. 6.7). Thus the double scattered Stokes matrix for backscatter, which is important
for biological tissue measurement, becomes essentially independent of optical depth.
However, the variation with respect to particle size is harder to explain, particularly at
small radii.

For an optical depth of 0.1, the DOP at large optical radii exhibits a behavior that is
monotonic with respect to particle size. The degree of linear polarization decreases with
an increase in particle size. The case of x = 3.264, however, shows an anomalous
behavior in the sense that the data are highly oscillatory at even small optical radii. This
is because the intensity is very low in this region for x = 3.264. Thus when the DOPy is
computed by dividing by the intensity, the errors in this quantity lead to unpredictable
results.

Similar trends are observed for larger optical thicknesses. However, the degree of linear
polarization decreases for a given size parameter with an increase in the optical
thickness. The interesting feature in Fig. 6.6 is due to the fact that, even at reasonably
large optical radii, the light field exhibits a high degree of linear polarization. In Fig.
6.7, the mean number of scattering events (4.41) for a medium with an optical
thickness of 5.0 mm at an optical radius of 1.0, I'> 5. Thus even for quite a large
number of scattering events (see Fig. 6.7), the light field retains its polarized character
(Fig.6.6).
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Fig. 6.7 Mean number of scattering events I in distance of detector 7 for a number of
size parameters x and optical thicknesses L = 0.1 mm, 0.5 mm, 1.0 mm, 5.0 mm.

6.1.3 Degree of circular polarization

In Fig. 6.8, the degree of circular polarization DOP¢ (4.4) is shown. In this case DOPc
is identical for all optical depths at small optical radii. The anomalous behavior for a
size parameter of x = 3.264 can be explained in a similar manner to the previous
paragraph. At large optical radii, the trend is an increase in the degree of circular
polarization for larger size parameters. This can be explained as follows: for small size
parameters, the d; term in the scattering matrix (4.11) is negligible, and often = 0. This
implies that the circular component of the vector radiative transfer equation (2.27) is
essentially decoupled. Thus the circular component V' of the vector radiative transfer
equation behaves as a scalar intensity with an effective albedo o < 1. It thus approaches
zero much faster than the actual intensity /. However, with an increase in the size
parameter, the quantity d», becomes more significant. The physical effect of d>; is the
coupling of the circular and linear components of the light field.

Thus, for a larger size parameter, an increase in the conversion of linear light to circular
light can be expected.

Another interesting feature to be observed is that the sign of the degree of circular
polarization goes negative as the optical radius is increased. In other words, the
direction of rotation of the electric vector changes at larger optical radii. However, the
degree of circular polarization does not seem to decrease appreciably at large optical
radii for increased optical depths of the medium. Again, the interesting physical effect is
that the light field is polarized at large optical radii.
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Fig. 6.8. Degree of circular polarization (DOP() in distance of detector » for a number
of size parameters and optical thicknesses (L = 0.1 mm, 0.5 mm, 1.0 mm, 5.0 mm).

6.2  Ageing process

Due to the fact that meat as biological tissue is a chiral medium, it is optically active
and curls a linear polarization plane. Therefore this rotation is one of the characteristics
of ageing process within muscle fibers.

Two types of measurements were provided [63]:

1. Measurement of polarized light transmitted through the biological tissue sample.

2. Measurement of polarized light reflected and twice transmitted forward and backward
through the biological tissue sample — meat slice attached on sample holder mirror
(Fig.5.9).

First for a purpose of our investigation, we have used a pork chop meat as a sample, cut
in slices of 1.0-5.0 mm thick and sandwiched by a pair of microscope cover glasses.
The slices were cut parallel or perpendicularly to the muscle fibers (Fig. 5.1).
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Fig.6.9 Angular dependence of polarization directions of diffused light for two meat
samples sliced along the muscle fibers and orthogonally to them.

Figure 6.9 displays an angular dependence of polarized light for samples of thickness
2.0 mm for measurement without turbid scattering sample and two parallel and
perpendicular muscle orientations to the cutting plane.

Following Fig. 6.10 represents calculated DOP in on a thickness of the meat layers.
Next we have examined how polarization degree was related to the thickness of the
sample. Figure 6.11 shows the result for slices with thickness of 3.0 mm where muscle
fiber directions were aligned perpendicularly to the cover glass. The quantity of DOP
was calculated from (4.2).
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Fig. 6. 10 Dependence of degree of polarization (DOP) (Eq.4.2) on optical thicknessess
of meat slices (L = 1.0 mm, 2.0 mm, 3,0 mm, 4,0 mm and 5.0 mm).
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Obviously, it is recognized that the polarization is changed with the meat thickness.
This is caused by the multiple scattering which makes the polarization states more
uniform. But it is surprising that although scattered light has almost random
characteristics, the DOP > 40% at the thickness of 1.0 mm is maintained.

We have investigated the relationship between the polarization changes and meat
ageing. Figure 6.11a shows the result obtained in transmitted light during first 180
minutes with a sample thickness of 4.0 mm. Here, the chiral characteristics of the light
polarization were measured every 5 minutes during first 180 minutes for a commercial
meat sample with the muscle fiber orientation perpendicular to the background
nontransparent plate. We can see that after approx. 20 minutes the degree of
polarization decreases linearly with time after meat slicing. Figure 6.11b gives the result
obtained in backscattered light with mirror and opaque plates as sample holders. This
measurement was provided after storing the meat 3, 6 and 72 hours in temperature 20°C
[64].
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Fig. 6. 11 Dynamics of DOP vs. meat aging time after slice processing. a) in transmitted
light, b) in backscattered light with mirror and opaque plate.
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Figure 6.12 represents results of temporal dependence of linear polarization, due to the
water evaporation at room temperature +20°C. In this case the sample was fixed on the
mirror. Similar results, but with lower reflected intensity, was then obtained using
opaque background plate instead mirror. In both cases a slight drift of polarization

maxima to the left is evident.
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Fig. 6.12 Dynamic shift of polarization maxima due to the ageing.

Figure 6.13. represents a result of temperature influence on polarization state for three
temperature (+20°C, +5°C and -8°C) after 72 hours of ageing.
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Fig. 6.13 Thermal polarization dynamics (after 72 hours) when samples were
stored at +20°C, + 5°C (cooler) and -8°C (ice-box).

Finally, we have considered the meat sample as a linearly birefringent turbid medium
consisting of a stack of horizontal fibers with diameter of 2 um. Using the PLMC
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method it was possible to compare results of simulated back-scattering Mueller matrix
for suspension of linear detectors with diameter of 2 um (Fig. 6.14a) with experimental
back-scattering Mueller matrix measurement for fresh pork chop fibers of similar

diameter (Fig. 6.14b) [62].
= b) o~ £
~ \\ o~

Fig. 6.14 a) Simulated back-scattering Mueller matrix for suspension of linear detectors
with diameter of 2 pm.
b) Experimental back-scattering Mueller matrix for fresh pork chop fibers.
Each image displays a 2x2 cm area of the surface.
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7 CONCLUSIONS

Optical inspection of biological tissues is essential tool for the medical and food quality
control investigations. So the study of the light propagation in biological tissue, where
cell dimensions are larger than the wavelength of the used light, is growing in
importance. As a result of interaction of light and the matter, the Mie scattering of
transmitted or reflected light arises and thus produces various polarization states. Thus,
it is possible to take advantage of changes in polarization state of light to measure the
freshness or ageing of processed food.

Having this in mind, the principal objectives of this dissertation thesis were to provide

- better understanding of nature of various physical phenomena (polarization,
scattering, birefringence) in turbid media, i.e. biological tissue, and

- measurement of temporal variations of polarization states due to multiple
scattering of light in biological tissue (processed meat) going to the ageing.

These objectives also include a study of:

complex nature of polarization effects in tissue,

depolarization of signal as a result of tissue multiple scattering,
difficulty in measuring typically small tissue polarization signals,
analysis and quantification of measured signals or images, and mainly
complexity in understanding and interpreting tissue polarimetry results.

Nk W=

To achieve these objectives, we have chosen, from enormous variety of properties and
measuring techniques, a study of optical properties, and more precisely polarization,
scattering in the tissues, and their behaviors during the tissue ageing.

However, it is still not clear what specific muscle properties are responsible for optical
scattering. As an effort to answer these questions, we conducted several controlled
experiments in which we studied the changes of scattering coefficient with muscle
length (or sample thickness), temperature and ageing time. The optical scattering
coefficient of pork and chicken muscles were measured based on a diffusive fitting of
spatially resolved reflectance measurements. Samples with different thickness were
prepared from freshly slaughtered animals. Our results indicated that muscle scattering
coefficient increased with ageing time and sample thickness. This study suggests that
muscle structural properties have significant impact on muscle optical scattering
coefficients. These experimental observations can be confirmed and explained based on
simulation using Stokes vector and Mueller matrix calculus on the basis of Radiate
Transfer Equation and modified Monte Carlo method for polarized light.
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Our novel approach to this field was based on the hypothesis that a state of polarization
changes in meat with time. The results of thesis with personal contribution to the field
are as follows:

1) Scattering — polarization properties of tissue ageing

Most of this work has involved a characterization of biological tissue optical properties
as a function of ageing time [52, 57, 58, 59, 60, 63].

If the thick layer of meat sample is illuminated, the multiple scattering occurs, and this
phenomenon varies accordingly. In the case of the postmortem tissue (meat) the
changes caused by ageing are not caused not only by a chemical process, but also by
drying of the sample leading to the variation of polarization state of the light.

Two kinds of experimental measurement were performed: scattering of polarized light
passing forwards and backwards in the sample and only transmitted light.

Our measurements show a significant curl of polarized light. This depends on the
orientation of the muscle fibers and ageing process of meat. The correlation of
polarization changes of light in meat vs. meat ageing shows that the dynamic angular
behavior of the polarization could be used as a predictor for meat ageing.

2) Simulation of polarized light photon transport in multiscattered media whose
characteristics dependent on several factors [52, 57, 61, 62, 64]:

Experimental observations shown that the problem, due to its complexity, is not easy to
explain, therefore it was necessary to simulate photon transport, in the case when light
changes its polarization state in turbid biological tissue.

So the modified polarized light Monte Carlo method (PLMC) allows compute the
photon forward and backward transfer in the tissue. The comparison of simulated back-
scattering Mueller matrix for suspension of linear detectors with diameter of 2 um and
experimental back-scattering Mueller matrix for fresh pork chop fibers shows a high
correlation.

Finally, to conclude we can assert that our hypothesis was partially confirmed and
approved, mainly in red meats which need some time to their maturity and tenderness.
We are basically able to evaluate, under normal condition of cooling, the state of meat
freshness.

A non-negligible result of this thesis is also its pedagogical aspect. Therefore, the
present text can be considered as a useful textbook for our students in Libya.
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