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Abstract

Optical tissue phantom samples simulating the optical properties of the human prostates and
brain tissues were fabricated. The experimental set-up was designed to be cost-effective but

reliable, allowing for convenience in its usage and replication, making it ideal for biomedical

optical measurements. Gel agar was the base material, and aluminum oxide (Al, O3) with

black ink was employed as the scatter and absorber, respectively. The latter were mixed in
various amounts into the gel agar to simulate the desired phantom tissues. Argon red laser
and He-Ne green laser light, with wavelengths of 630 nm and 532 nm were incident on varying
thicknesses of the phantom samples. The transmitted and incident light powers were
measured to determine the scattering and absorption coefficients, from which the
attenuation coefficients, penetration depth, and optical albedo were estimated. The optical

penetration depths were found to be 0.30 for brain and 0.15 for prostate tissue phantoms.

The fabricated tissues successfully mimicked the brain and prostate tissues, with },= 0.69

cm~and g, = 0.24 cm™! absorption coefficients as well as u; = 1.73 cm™ ! and u, = 5.48

cm™! scattering coefficients at 532 nm and 630 nm wavelengths, respectively. The optical

albedo for brain phantom was found to be a = 0.71 and a = 0.96 for prostate phantom tissue.
The results verify the reliability of the experimental technique and suitability of the fabricated
tissues for use in biomedical, going forward, thus allowing for future work without the need

for experimentally complex and expensive setups.
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Chapter 1

1.0 Introduction

1.1 Background Information

Biomedical imaging refers to numerous processes executed to give an anatomical cross-
sectional and functional image of the human body for therapeutic and diagnostic purposes
[1]. The need for clear images, free of distortion and blurriness, is vital for both the biomedical
and medical sciences [2]. In recent years, significant developments in optics, lasers, and
computational power have enabled the development of more accurate tissue phantom
models, improving the fundamental scattering models previously in use. This has allowed for
better investigations into the radiation interaction with organic materials such as skin,

resulting in more realistic pictures [2].

Significant progress in fiber optics, lasers, and other related technologies has increased the
popularity of subdermal imaging [2]. In biomedical sciences, relevant instrumentation, such
as conventional X-ray, optical coherence tomography, near-infrared fluorescence,
computerized tomography and magnetic resonance imaging, are required to analyze
biological systems [3, 4]. The dominant factor is that the instrument's insertion must be non-
invasive [5]. By viewing wavelengths of electromagnetic radiation passing through dermal
tissue, it is possible to produce a picture of the human skin's subdermal layers for proper

diagnosis [5].

Optical imaging techniques like coherence gated imaging, with conventional radiography film
and ultra sonography, are also currently utilized to acquire high-resolution pictures of
biological structures and their fundamental structure [6, 7]. For optical imaging, a property of
radiation called scattering is exploited by measuring the intensity of light moving through a
dermal tissue into the subdermal layers of the desired tissue [5]. Scattered light provides

important chemical and biological information about the studied sample [5]. Dispersing light



through biological specimens is a feasible tool for diagnosing certain conditions, but this

requires a visible electromagnetic wave scattering model in a specific complex medium [5].

The imaging of tissue simulating phantoms for near-infrared or optical spectroscopy started
in the early 1980s with the rise of clinical curiosity in near-infrared transillumination for breast
cancer imaging [8]. Furthermore, the interest also rose from application in photodynamic
therapy, therapeutics planning, and pulsed laser therapeutics planning, where the optical

fluence distribution information in tissue was crucial to attaining treatment efficiency [8].

In 1993, the introduction of time-resolved, frequency-domain light signals and spatially
resolved light urged most scientists to investigate imaging and spectroscopy of a tissue, which
led to numerous different tissue phantom types [8, 9]. In recent years, the uses of light in
medical sciences have surged considerably with surgery. A cosmetic laser is now being used
more frequently in procedures at both state and private facilities [8]. Reflectance and
fluorescence diagnostics have also emerged as forerunners in the diagnostic realm [10].
Further research into luminescence imaging, near-infrared tomography, photodynamic
therapy dosimetry, optical coherence tomography, and fluorescence molecular imaging,
amongst other applications, is key to advancing the medical diagnosis and therapeutics [11].
Therefore, it is imperative that there is sufficient and significant progression in the

development of suitable phantoms to further enhance the research.

Optical imaging is a diagnostic of molecular method including the usage of either optical
coherence tomography or a near-infrared fluorescence to investigate phantom tissues from
the tiny structures within the cell to the level of the organ, to verify bimolecular distributions
inside the cells, for in vivo enzymes imaging and selective treatment of tumours and pathways
[12]. Optical imaging fundamentally uses ultraviolet, infrared, and visible light sub-cellular and
cellular molecular events for in vivo mapping [12]. These processes and techniques have
notably lessened the exposure of the patients to harmful radiations by employing light
emitting sources for systems assessments of the body [14]. Optical imaging is an essential
technique because it is safer than ionizing radiation such as X-rays. They may be employed

for repetitive events such as observing the progression of sickness or the treatment outcome.



Optical imaging is broadly performed in human tissue experimental trials, for example, skin,
lung reconstruction, bladder, and brain [13]. These tissues are needed to be modeled or
simulated with tissue phantoms to comprehend their optical properties. This is significant for
the description of beams for a particular application or the choice of laser type and light
propagation [14, 15]. A tissue-mimicking phantom is made of a base material with the
addition of an absorbing agent and a scattering agent [16]. Georges et al. [17], 1997, intended
to create optical phantoms with similar scattering and absorption coefficients as organic
tissue under a comprehensive spectral range (410-650 nm) to optimize and model cancer
photo-detection ways using light-induced fluorescence (LIF) spectroscopy. The phantoms,
made with agar as base material, displayed fundamental parallels with the human tissues'
optical characteristics, which is vital in the experimental context, where numerous
wavelengths showing enormous propagation differences in organic tissues are included [11].
In 2006, Theodore et al., [18] to mimic the optical properties of organic tissues at wavelengths
of 830 nm and 690 nm (visible and near-infrared spectral range), developed photostable and
castable solid optical tissue phantoms containing absorbing chromospheres and
polyurethane as a scattering agent. They found the difference in scattering and absorption
properties for the experimental phantoms (twelve samples) to be about +3% by optical
properties consistent in 14 months, making them appropriate for usage as a reference

standard.

1.2 Deflection or Diffusion of Particles

Scattering employing particles can be determined by classical electromagnetic theory [18].
Usually, the matter has no electric charge. Nevertheless, it is still composed of multiple
discrete charges [18, 19]. Since light is an oscillating electromagnetic field, it can excite the
charges in matter and cause them to vibrate. These oscillating charges then radiate
electromagnetic waves, which are scattered waves. The superposition of the scattered waves
with incident waves is observed. Coherent scattering occurs if the frequency of secondary
waves is at the same or nearly similar source frequency [18]. Incoherent scattering occurs

with unequal frequency of secondary waves.



It has been recognized that specular reflection takes place at plane surfaces, though the plane
surfaces are uneven on the photon's scale [18]. The view of the refraction and incidence
angles turns out to be challenging to clarify in this circumstance. Spread or specular reflection
occurs when electromagnetic radiation reflects from an uneven surface with great
irregularities; in this event, the reflected angles are approximately equal to the incident
angles. Interpretation of scattering clarifies the refracted and reflected as the superposition
of scattered secondary waves produced by incident wave [18]. The optical parameters
themselves give essential information to guide tissue metabolic status or disease diagnosis,
especially cancer [19]. Recently, many methods to measuring the optical tissue parameters
have been developed. Most use radiation in the near-infrared and visible wavelength range.
Biological tissues are mostly light scattering, typically highly forward-directed in the visible
spectral range. In contrast, absorption is increased in the mid-infrared range of the spectrum
because of the vigorous absorption characteristics of water molecules [19]. Currently,
experimental procedures to investigate tissues are primarily based on measurements of the
diffuse transmittance or reflectance: oblique-incidence optical fiber reflectometry, video

reflectometry, and integrating sphere measurement [19].

1.3 Lasers and Light in Biological Systems

1.3.1 Background

When a laser beam is incident onto tissue, generally between 4 — 7% of the incident light is
reflected directly. The others 93 — 96% of the light propagates into the organic tissue, where
it may be absorbed, scattered, or transmitted [20, 21]. The degree to which heat is generated
depends on the degree of photon absorption within the tissue [22]. For Nd: YAG (yttrium
aluminum garnet) lasers (1060 nm) with moderately great wavelengths, 30 — 50% of the
incident visible light re-emerges from the organic tissue [22]. YAG is a crystal situated within
the laser employed for the technique. The technique is completed and simple on an
outpatient basis in just a few minutes. As soon as the absorptive capacity is larger compared
to its scattering capability, the laser stays firmly calibrated in the tissue, and the depth of the

penetration turns into a wavelength function reliant on the absorption coefficient. Through

4



wavelengths identical to those of the argon laser (~500 nm), the scattering and absorption
can be matching in cardiovascular tissue. Scattering usually is dominant in the red and
infrared wavelength ranges. Blue light propagates wavelengths with lesser penetration depth

than near-infrared and red wavelengths [22].

The primary exposure concerns to optical sources include unpleasant reactions like
photoaging and numerous skin cancer types, chloriorental injuries, immune suppression, and
photomutations [23]. A main photochemical effect of optical, electromagnetic wave exposure
upon the eye and skin is skin reddening (such as the burning of skin) or erythema and
keratoconjunctivitis (welder's flash) [24]. Electromagnetic radiation destroys tissue mainly by
two mechanisms: thermally, by chemical bond variations due to high temperatures produced
from electromagnetic radiation exposure and photochemically through variations in chemical
bonds due to heat produced from radiation exposure [23]. Notably, the harm from
photochemical interactions is important at high frequencies with transmission capability of a

higher energy into tissue [25].

1.3.2 Low-Level Light Therapy (LLLT)

Photobiomodulation or Low-Level Light Therapy (LLLT) has been utilized for numerous
medical procedures like swelling, traumatic brain injury, ophthalmology applications, and
dentistry [26]. LLLT is also known as "soft or cold light" because the light that is propagated
does not heat and ablate the tissue [26], use LEDs or specific lasers with intensity (or power
density) changing from 780 — 1100 nm (near-infrared) and 400 — 700nm (visible light)
wavelengths, and 5 — 500 nM/cm?2 [26, 27]. The LLLT mechanism is based on the absorption
of definite visible near-infrared and red wavelengths by biological photoreceptors situated
within the human cells [26]. This irradiation type may be a low-dose pulsed light [26, 27]. The
700 — 780nm wavelength has been found ineffective as it matches the oxidase absorption
spectrum. Furthermore near-infrared lights red (630 — 670nm) are mainly effective because
of their broad penetration depth, absorption and lower scattering by chromospheres of the

tissue [26].



1.3.2.1 Dentistry

Low-Level Light Therapy is used to help heal a wound, for the process of dentine repairing
and stimulates the biological activity of human periodontal ligament stem cells proliferation
and mesenchymal stem cells [28]. Chromium: Yttrium, Scandium Gallium Garnet, Erbium
(Erbium Cromo lasers) in the infrared region has the capability of interacting with
hydroxyapatite and water has been utilized in dentistry to handle both hard and soft tissues
[29]. These lasers function in pulse mode, 140s pulse duration, and transport fiber with a

diameter of 600m and 300 m pulse energy [29].

1.3.2.2 Ophthalmology

Laser is used in ophthalmology for various diseases, including posterior segments (seleral,
retina) or anterior segments (iris, cornea, lens) of the eye. The important laser characteristics
utilized in ophthalmology are the probability of varying the intensity, wavelength, spot size in
the enormous range, and pulse duration. Thus, the laser-interaction may be optimized and
changed to therapy (from diagnostics) in the very same tissue [30]. The advantage of another
significant laser in ophthalmology is that it may be applied without any contact, making its

functioning non-invasive [30].

1.3.2.3 Dermatology

In 1963, Leon Goldman pioneered the efficiency of lasers in treating different dermatological
sicknesses [31]. His work led to the usage of numerous types of laser for different applications,
ranging from surgical to aesthetic purposes and vascular malformations transformation, like
removal of the tattoo, resurfacing of patients, and benign pigmented lesions removal [31].
The laser treatment advantages over usual treatment in dermatology like skin grafting and
brain injuries are that the treated area remains sterile, giving an ideal bed for instant skin

grafting. Additionally, blood loss is very minimal.



1.4 Importance of the Research

The exposure effect to ultraviolet radiation of definite biological tissues is a comparatively
unexplored area. It is necessary that researchers start to document the damage caused. Laser
light interaction with numerous biological tissues at specific wavelength requires further
exploration and this work has been designed to address this matter. The main goal of this
study was to create and develop phantom tissues with properties mimicking those of the
human tissues. Phantoms usage is an efficient alternative in early tests of procedure and
imaging devices since its variables dependency is introduced by real subjects [32]. The
subsequent goal was to understand the penetration of laser light and interaction along with
optical properties functions like refraction index, anisotropic factor, absorption, and
scattering. These properties determine laser-tissue interaction mechanism in that particular

case, enabling the new biomedical development therapeutic and diagnostic techniques.

1.5 Properties and Characteristics of Organic Tissues

Tissue, in biomedical terms, is described as a collection or group of cells with similar structure,
operating within an organism. A collection of these tissues executing identical functions forms
an organ. Therefore, tissue is the intermediate between cells and a complete organ. The
principal organ of the human body is the skin, and it is often the focus of examination in
biomedical science. The skin is inhomogeneous and multi-layered, thus making it hard to
simulate [33]. A multi-layer skin model is developed to mimic wrinkling. This model consists
of the underlying hypodermis, stratum corneum, and dermis. The model's findings can be
compared with the outcome of the in vivo wrinkling tests experiment carried out on the volar

forearm.

The deepest layer of the skin is known as the stratum corneum, and it ranges between 0.01
and 0.02 mm broad [33]. Stratum corneum cannot absorb a lot of light in the visible area of

the electromagnetic spectrum, and incident light is largely transmitted. The epidermis is a



structure and is the second layer of the skin. It comprises of four layers, with total thickness
ranging between 0.027 and 0.15 mm [33]. Generally, the epidermis absorbs or transmits light.
The absorption is because of chromophore discovered in the epidermis, namely melanin. This
chromophore is important because it is the chemical group that absorbs electromagnetic
radiation at a particular frequency and, thus, imparts colour to a molecule. Melanin consists
of two types: pheomelanin (yellow or red) and eumelanin (black or brown). Together, they
absorb a range of frequencies, with greater absorption at higher frequencies. The eumelanin
is responsible for the unique skin colour and the proportion between the pheomelanin
concentrations, and varies between individuals. Melanin is produced by melanocytes situated
within thin membranes known as the melanosomes. The radiation concentration absorbed

by melanin relies on the volume of melanosomes in the epidermis [33].

The dermis is the third layer of skin, and it is roughly 0.6-3 mm thick. Similar to the epidermis,
it also mainly transmits and absorbs light. This skin layer comprises blood vessels and nerves
and is a dense connective and irregular tissue [5]. The blood cells comprise a chromophore:
hemoglobin. This chromophore gives blood its red colour and absorbs light. The other two
chromophores in the dermis comprise of bilirubin and beta carotene, which offer the skin a

yellow or brownish color [5].

The final layer is the hypodermis, and it is usually not regarded as part of the skin. It has
discrete sizes all over the body. This hypodermis has low absorption in the visible region and
up to 3 cm thick in the abdomen. This layer comprises several fats. White cells reflect the

incident light to the upper layers [33].

1.6 Purpose and Hypothesis of this Work

The challenges involved in investigating the optical properties of tissue in vivo are clearly
defined. These challenges are mostly stochastic errors initiating from fluid blood, pulsation,

temperature, sweatiness, and hydration effect measurements. Hence, ex vivo measurements



remain a better procedure for isolating tissue types. However, it is essential to consider the
tissue hydration, blood drainage, and sample freshness [22]. An initial step in biophotonics
development for tissue therapeutics and diagnostics is to comprehend the relationship

between biological and optical properties of tissue [22].

Direct measurements are at times unattainable due to boundaries of accessibility and storage
of fresh samples. Moreover, the results' reproductiveness may be inconsistent and,
consequently, demanding the task of finding identical specimens [22]. Therefore there is
another way of utilizing tissue-equivalent materials or phantoms. The optical attributes of the
tissues may be simulated in a medium with the appropriate absorption and scattering
coefficients. Typically, phantoms are layered structures or homogeneous and, thus, do not
usually possess the complex structures of the tissues [22]. This work is very significant in other
parts of medicine, such as cancer treatment with low laser pulses [22]. The experiment
arrangement was designed to be as cost-effective as possible, while maintaining accuracy. A
laser of wavelength 630 nm (red) and wavelength 532 nm (green) were incidents on phantom
tissue samples of varying thickness [22]. Then, measurements to determine the transmitted
and incident powers of the electromagnetic radiation were performed. Thereafter, the

significant optical characteristics of the phantom tissues were determined.

SPECIFIC OBJECTIVES

e To examine the biochemical mechanisms of light-tissue interactions using
inexpensive tissue phantoms.
e To define methods for characterizing laser beam propagation and laser dosimetry in

tissue.



The creation of optical phantom samples formed the core of this work to mimic human

tissues' optical properties.

A better understanding of the association of optical properties with the relevant organic
tissue may allow methods to be developed in the curative and diagnostic uses of biomedical

sciences [22].

Chapter 2

2.0 Theory
2.1 Significant Properties of Light

10



Reflection, absorption, transmission, and scattering are essential properties of light when
considering light propagation through organic systems. Transmission is the electromagnetic
radiation passing through an object [14]. Some materials do not transmit the entire incident
radiation but absorb some radiation, typically converting it to heat. This property is
absorption. The thicker the object, the more radiation is absorbed, and less radiation is

transmitted with increased material thickness.

Reflection occurs when the light bounces off the incident surface and moves back into the
source medium [14]. The laser light reflection is due to disparities in the refraction indices
between tissue and air [13]. Scattering is when the light is incident on a rough surface and

tends to transmit or reflect in many directions [14].

2.1.1 Reflectance, Transmittance, and Absorptance

The transmittance (7°) of any medium is the ratio of the light's transmitted intensity (/, ) to

the incident light intensity (/).

(2.1)

The ratio of the absorbed intensity 7 , to the incident intensity is called the absorptance A4

of a medium.

(2.2)

The ratio of the reflected intensity 7, to the incident intensity is the reflectance of a medium

R:

11



(2.3)

For a medium that absorbs only a small fragment of incident radiation and simultaneously

transmitting the rest or vice versa, this holds;
[, =1 +1,+1, (2.4)
Here 7,,17,,1,depends on wavelength [10]. Therefore

R(A)+T(A)+ AA) =1 (2.5)

2.1.1.1 Transmittance Measurement

Light transmission through gases, fluids, and optical components is necessary for studying
biological cells, atmospheric behaviour, and numerous other organic phenomena [19]. A
spectrophotometer is an instrument used to the intensity of light absorbed after it passes
through the biological sample. The device is limited by uncertainties on the order of about 0.1
percent. Changing the spectrophotometer's structure at lower uncertainties helps to

overcome the problems associated with its uncertainty [18].

The spectrometer may be held at an explicit wavelength, with repeated measurements made,
while ensuring that the beam's geometry remains the same. For a precise outcome, the
analyzed beam must be largely collimated, as with a conventional laser. Isolated light must
be reduced and an integrating sphere utilized to diffuse incident radiation (light) and negate
beam shifts. A calibrated spectrophotometer may also be used to investigate linearity and to
analyze isolated light [18]. Several objects do not transmit light completely but absorb some
of the electromagnetic radiation, convert it to heat, and reduce the amount of radiation

transferred through the sample.
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2.1.1.2 Absorptance Measurement

Absorptance is typically deduced from transmission measurements and not measured directly
with appropriate rectifications for reflection losses. If refraction is known, these modifications
are calculated from the Fresnel equations [18]. This method is not feasible for a medium with
negligible absorption. Consequently, laser calorimetric measurements are performed to

measure the absorptance directly [18].

2.1.1.3 Reflectance Measurement

Characterizing the occurrence of any material includes measuring the diffuse and specular
reflectance. Different methods and instruments may be applied for reflectance, including
reflectometers and integrating spheres. Reflectometers utilize mirrors to measure absolute
specular reflectance, while many diffuse reflectance measurements involve integration
spheres measurements made about some standard. However, absolute diffuse reflectance is
determined through the double sphere method [18]. Other coherent sources and lasers are
used to characterize smooth surfaces, while incoherent sources and specular reflection
sources, such as tungsten-halogen sources, are generally employed for more diffuse

specimens [18].

2.1.2 Cross-sectional Absorption

Tissue absorption may either have a destructive or therapeutic effect. Energy approaching
from incident waves is moved into the tissue at every absorption event. There is no energy
transmission between the tissue and incident radiation for non-absorbing situations. Light
absorption by a tissue also plays a diagnostic role in medical imaging and tissue spectroscopy
[18]. Absorption primarily occurs if the incoming photon's energy Awvis similar to the

difference between energy levels AE in the molecule onto which radiation is incident [18].

AE =hv. (2.6)
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The molecule undertakes a quantized change in its vibrational state and charges separation

because of absorption.

The following formalism could be developed for absorption. Figure 2.1 is showing the

transmittance via a homogenous absorbing material. Consider a collimated beam of visible

electromagnetic radiation with intensity 10 and wavelength A passing through a

. . - -1 e . .
homogeneous material with absorption coefficient [, (cm ) , light intensity [ transmitted

through the material of width [ is denoted as:

I=1e", (2.7)

where/ is the photon path length.

Iy |
I
Incident Light Transmitted Light
[

Figure 2.1: Light transmission via a homogenous absorbing material [61].

Mathematically, absorption is represented as [14]:

/’la :pao-al (28)

where 0, is the absorption cross-section(cm?) and 0, the particle number density of the
absorbers in the material expressed as:
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o, =04, (2.9)

Here, Qa and 4 are acknowledged as the absorption efficiency and the absorbing particle’s

geometrical area, respectively.

2.2.3 Cross-section for Scattering

We use the same analogy as in absorption, for scattering as
I=1e"

[ - is the photon path length.

Similarly, the scattering coefficient is described as:

lus :pso-sr (2'11)

0, - is the cross-section for scattering, and p, the scatters' particle number density in the

material is expressed by

o5 = 0.4, (2.12)

where Qs denotes the scattering and A the geometrical area of the scattering particle, as

shown in the figure on the next page:
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Figure 2.1: The cross-section for the scattering of a spherical particle [14]

2.2 Scattering by Particle

The study of light dispersed by particles has been valuable in various areas of science, from
astronomy to cell biology and even atmospheric science. The amount of the radiation
scattered depends on the wavelength of the incident radiation and applies to all types of
electromagnetic radiation. The variation in the refractive indices of the two media also
contributes to scattering [14]. The classical theory of electromagnetism explains scattering by
particles as charges stimulated to vibrate by an oscillating electromagnetic field. Matter is
usually electrically neutral but composed of numerous discrete charges. These fluctuating
charges then radiate electromagnetic waves, which are dispersed. Coherent scattering occurs

if the frequency of the secondary wave is roughly the same as the source frequency [20].
2.2.1 Single Scattering

Scattering is assumed to occur due to a coherent or irregular array of particles. For scattering
by a regular (coherent) collection of particles, the nature of the incident light wave is essential,
phases should be considered in contrast to scattering by incoherent arrays (for instance,
tissue blood cells), and the phases are overlooked [24]. Molecules scatter light but not as
particles [24]. Single scattering is observed only from a discrete, remote scattering particle on

which energy from a definite basis is incident [24]. In theory, it is easier to estimate single
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scattering occurrences than in practice, but multiple scattering is often viewed

experimentally.

The scattering grade comprises the scattering particle's magnitude and shape, the geometry

(angle), frequency, and polarization state of the incident radiation [24]. The scattering particle
cross-section O, also determines the overall intensity or power of energy scattered by a
particle, and likewise, the total power absorbed by the particle is determined by the
absorption cross-section0,. The extinction cross-section (the area that is increased by

electromagnetic waves irradiance incident on an object) provides the total radiant flux

absorbed and scattered by the object and is then defined as:

Op =0,10, (2.13)

For this outcome, we presume that the incident radiation is moderately large in magnitude in
contrast with the magnitude of the particle, gratified by the idea of plane waves, which is

normally the basis for incident light in scattering experiments.

To examine the extinction cross-section, measurements of the spread of the energy slab of
N similar scattering particles for every unit volume may be carried out [24]. The association

between transmitted radiation and incident radiation is given by [24]:

I(hy=1e """, (2.14)

[ is the slab thickness and is on condition that multiple scattering is ignored. These
measurements of transmission present the extinction coefficients exclusively. Supplementary
measurements are required for separate scattering and absorption cross-sections [24]. The

above equation (2.14) entails that particles in the slab be similar, and to consider for

comprehensive form in which there are variances between particles, NO, is substituted by

D> N,G.,» (2.15)
J
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where j signifies all parameters apprehending one particle from another.

The following graph (Figure 2.6) illustrates the scattering quantity produced by particles of

different radii through the Rayleigh-Gans estimate.

1.0

0.9

0.8

0.7

0.6

05

Normalized scattering

0.4

0.3

0.2

0.1

0 30 60 90 120 150 180

Scattering angle

Figure 2.2: Unpolarized visible light scattering by spheres of radii 0.01, 0.1 and 0.2
um [24]

It is explicit that a tiny sphere, of order 0.2 um, may scatter light firmly in the forward
direction. The most straightforward particle from which scattering is explained is an isotropic,

homogenous sphere.

Various models and theories, such as Mie and Rayleigh, define the scattering of light. One of
the frequently utilized theories, Mie theory, clarifies the scattering radiation due to spherical
particles with the homogenous magnitude or greater than the wavelength of incident
electromagnetic radiation. Rayleigh's theory is encompassed in Mie's theory but is required
only as the scatter's magnitude approaches zero. Mie theory functions are applied solely to
spherical particles. Mie theory functions are applied strictly to spherical particles and break

down with irregularly shaped particles or molecules scattering [24]. Moreover, the Mie theory
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functions are better suited for computing forward scattering than backscattering, making it

ideal for tissue optics [24].

Any spherically symmetric particle induces a scattered field of the same form as that of a
homogenous sphere; the scattering coefficients are the solitary thing that varies. Contrasting
spherical particles incorporate consistently multi-layered and coated spheres. These particles
might be amended by applying Bessel purposes to define their absorption or scattering

properties [24].

Scattering by spheres and circular cylinders is impartially similar, with associated Bessel
purposes [24]. Nevertheless, an immensely elongated cylinder may not have a limited volume
and, therefore, the field scattered varies from that of a finite sphere. There is no precise
theory for scattering by finite cylinders. However, approximations might be made by
disregarding the end cylinder effects, with a significant ratio to their diameter. The geometry
of the circumstances varies between the sphere and cylinder in that the scattering for

cylinders depends on the incident plane wave polarization [24].

2.2.2 Computational Methods
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complicated method to comprehend. Purcell-Pennypacker technique is a computational
execution of Green's function and is more straightforward to function with mathematically
than the T-matrix technique. A particle is estimated by NN lattice, frequently isotropic and
identical dipoles, each likened to the incident radiation wavelength. The dipoles are eager by
all the other dipoles and incident fields and, therefore, abandon a collective of linear
equations of 3 N at every dipole. Matrix of 3N x 3N coefficient may be utilized and inverted
to calculate scattering for various directions. This technique is restricted in that the

computer's quantity of storage may be excessive [24].

2.2.3 The Radiative Transfer Equation

Analytical techniques of multiple scattering become too complex when working with media
containing scattering core's arbitrary distribution. The radiative transfer model defines light
propagation via tissue applying basic electromagnetic philosophy [24]. Tissue might be
treated arbitrarily as wave properties like polarization and interference. However, radiative
transfer philosophy's basic assumption is the unique radiation examination through the

medium [24].

The radiative transfer equation (RTE) defines the alteration of radiation radiance I(r.1,5) gt

location r in direction s, with ¢ Light speed in the medium, Absorption coefficient //,

Scattering coefficient £/, Phase function /(5,5 ),and Radiation source ¢(r,,s) as follows:

1al(r,t,s)

= +sNVI(rt,s)+ (u +u)(rt,s) =, f(s,s)(rt,s)d*s +q(r,t,s), (2.16)
C

The radiation illumination 7(r,¢,s)is the radiation transfer per unit time per solid angle d°s
via unit time / and position » [24]. Combining 7(r,¢, s) over every angle provides the flux I’
through a unit area n
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[(r,t)= IM I(r,t,5)s.nd’s. (2.17)

The radiative transfer equation acquired by examining the balance in radiant energy in a
random volume tissue element is an equation relating the variation of energy illumination in
time (first factor) to a variation in energy flow (second factor), loss because of absorption and
scattering (third factor), improvement because of scattering sources (fourth factor), and gain
because of radiation sources (fifth factor) [24]. Solutions of the radiative transfer equation

may be found for instances with an isotropic scattering in modest geometries [24].

2.3.4.1 Diffusion Approximation

In numerous organic tissues u ))u,, simplifications may reduce the radiative transport

equation to the diffusion equation [18].

l%+ LB 0) =V -[DV G(r,1)] = 5(r+1) (2.18)
C

1
34, +11,)

¢ = Rate of fluence (flow of energy at all degrees per unit normal area per unit time)

D = Diffusion constant

2.4 Beer-Lambert Law

The Beer-Lambert law describes the relationship between the number of absorbing species
within that sample, the intensity of light transmitted through an absorbing sample, the path
length through which the light travels and the sample thickness. In Figure 2.4 [18], this

association is defined mathematically.
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Figure 2.3: A diagram constituting a sample thickness b to derive the Beer-Lambert law [18]

For a monochromatic light with incident intensitylo , and transmitted intensity 7,., and small

slab thickness dz, the photons absorb through path length b because of the n molecules/

cm’ . The number of molecules existing in the infinitesimal slab is, therefore:

nxSxdz, (2.19)

and the comprehensive fractional area on the slab to the absorbers is defined as

(nxSxdz)x(9/g) = o xnxdz, (2.20)

Given that every absorbing molecule has a cross-sectional areaO [34], the radiation

absorbed by the tiny slab molecules isdl. Therefore, the small proportion of radiation

absorbed is dll . Since the total fractional area absorbing molecules for the total absorption

z

happen in the slab, therefore:
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dl
]—=—0><n><dz (2.21)
b b
jﬂz—jaxnxdz
1
0"z 0
1
:—ln( ZJsznxb, (2.22)
0

The above expression can be rewritten as:

1
—log(}—zj:Azgxbxc,

0

The absorbance is identified as the wavelength reliant on the molar absorptivity coefficient
and the absorber concentration [34]. A tissue through a turbid medium with absorption coefficient
is not merely absorbing. The Beer-Lambert law may still be utilized to a reasonably accurate
degree to comprehend the distribution of light within tissue, given that the sample tissue
reduces the number of scattering proceedings, which approximately simulates an entirely

absorbing medium [34].

2.5 Interaction of Light Tissue

2.5.1 Transport Coefficients

Once an incident photon propagates over a short distance ds in a tissue, the likelihood of

scattering over this distance is ﬂsds, [22], likewise the probability of absorption follow the
. 1 1

same pattern. Mean free pathway for an absorption occurrence is — and —for a
H, Hy

scattering occurrence.

In a turbid medium, it is typical to define the sum of the scattering and absorption coefficients

as the total transport or attenuation coefficient Y, [22]:

lut = lua + lus (224)
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2.5.2 Penetration Depth

The penetration depth of collimated beam is described as the mean free path for scattering
or absorption, which precisely is the mean distance into a tissue which the photon travels
before absorption or scattering occurs [22]. It is expressed as the reciprocal of the attenuation

coefficient.

5=— (2.25)

2.5.3 Attenuation of Light

It is hard to precisely measure the collimated light transmission, as transmission
measurements are probable to consist of scattered light [22]. Transmitted light via the air-
tissue interface will endure absorption or scattering at one point in the tissue. The melanin
absorption coefficient in tissue decreases as the wavelength of the incident light increases,
whereas the absorption by blood depends on the wavelength and the oxygenation of the
blood. At specific wavelengths, the absorption of deoxygenated and oxygenated blood is

equal, as demonstrated by the points of intersection in Figure 2.5.
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Figure 2.4: Absorption coefficient of oxy-and deoxyhemoglobin as a function of wavelength
[15]
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Proteins and amino acids become the primary absorbers at wavelengths in the UV spectral
range, and water is the most highly absorbing of the chromophores at Infrared (IR)
wavelengths. At wavelengths above 1.4 um, the scattering in tissue becomes insignificant
compared to the absorption [22]. This wavelength is in the spectrum's infrared range. Hence,
the primary cause for the attenuation in this range is water. The absorption coefficient (and,
thus, the transport coefficient) of the tissue may then be estimated by the absorption
coefficient of water, considering the water concentration in that tissue. Changes in the

temperature of the water can also affect its absorption characteristics [22].

2.5.4 Lasers in Cancer Treatment

Laser therapy utilizes high-intensity light to manage cancer and other diseases. It is used to
destroy pre-cancerous growths or shrink tumors. It is typically used to manage superficial
cancers like basal cell skin cancer and the very primary stages of some cancers, such as

cervical, penile, vaginal, vulvar, and non-small cell lung cancer [35].

Laser therapy may be soley performed, but it is mostly combined with other treatments, such
as surgery, chemotherapy, or radiation therapy. It is carried out through an adjustable
endoscope (a narrow, lighted tube utilized to observe tissues within the body). The endoscope
is integrated with optical fibers (thin fibers that transfer light). The latter is incorporated

through inception in the body, like the vagina, nose, mouth, or anus [35].

Photocoagulation of Laser-induced interstitial thermotherapy (LITT) is also a cancer treatment
comparable to hyperthermia. It is used for treating tumors or killing cancer cells by heat. LITT
involves a Laser light at the tip of an optical fiber incorporated into a tumor. The light increases

the tumor cell's temperature destroying and damaging the cells [35].
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Photodynamic therapy (PDT) is a different type of cancer treatment that utilizes lasers. In PDT,
a definite drug, called a photosensitizing or photosensitizer agent, is inserted into a patient
and consumed by cells over the patient's entire body. After some days, Laser light is utilized

to stimulate the agent and abolish the cancer cells.

Three kinds of lasers are used for cancer treatment: Carbon dioxide (CO>) lasers, Argon lasers,
and neodymium: yttrium-aluminum-garnet (Nd: YAG lasers) [21]. CO and argon lasers may
cut the skin's surface without going into deeper layers. Thus, they are useful for treating
superficial cancers, such as skin cancer. In contrast, the Nd: YAG laser is usually applied via an
endoscope to treat internal organs, such as the esophagus, uterus, and colon [35]. Nd: YAG

laser light may also propagate via optical fibers into exact parts of the body during LITT.

2.5.4.2 Overview of PDT

A particular drug called photosensitizing agent is introduced into the bloodstream. The
photosensitizing agent stays longer in or near cancerous tissues than normal tissues and it is
absorbed by the body tissues with time. Irradiation of the body with light of a particular
frequency activates this chemical agent, causing a chemical reaction which consequently
destroys the cancerous cells [35]. The timing of exposed light should be carefully monitored

for the chemical agent to evacuate surrounding cancerous cells from the healthy cells [35].

The major disadvantage of PDT is that photosensitizing agents may leave the human body
vastly sensitive to visible light, prompting sunburn-like side effects even after little exposure.
The patient might sometimes need to wait for weeks until the chemical agent entirely

evacuates the body.

PDT is at times employed to treat cancers and pre-cancers of the esophagus. Other lung
cancer types may also be treated with PDT, using endoscopes [35]. Different photosensitizing
drugs and laser types that can be more effective and safe are currently being looked at by

researchers [35]. The agent employed in PDT is generally activated by near-infrared or visible
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light, permitting specific organic effects in tissues or cells. These organic effects may be used
to treat particular kinds of tumors. Interactions between the tissue and light are both

photomechanical and photothermal [35].

2.5.4.3 PDT Mechanisms

The agent (photosensitiser) is primarily in its ground state (§,) and gets excited to state (S,)
through the photon absorption of suitable wavelength (as shown in Figure 2.6). A photon with
the same wavelength might then be emitted from the excited photosensitiser to go back to
state §, cross to a triplet state of energy 7, . The state (7} ) is comparatively longer existed (~
4, ) than the state S, as the transition to §; (from7;) is prohibited by quantum mechanics.

During this period, the triplet state may interact with the organic tissue in which the agent is
positioned. This relation may be instantaneous with an organic molecule (type one
interactions), or 7, may interchange energy with triplet molecule on the ground state (type
two interactions). Type two interactions create singlet O, which react promptly with organic
molecules, have lifetime less than 1z, and disperse through a much lesser distance than um
inside the tissue [36]. The organic effect that arises from creation of O, is, thus, confined to
the area where the photosensitizer is present. The photosensitiser will ultimately reclaim its
primary ground state and will either be killed significantly by exchange between the
photosensitizing agent and light, or indirectly via melting of the O,. Numerous
photosensitising agents presently employed for PDT are confined on the cell membranes, like
lysosomes and mitochondria. The restricting factor of this technique is that an adequate
oxygen level is needed in the tissue for organic effects to take place. However, numerous

tumours have low oxygenation levels. Figure 2.6, demonstrations cell death mechanisms in

PDT [36].

Figure 2. 5: Mechanism of cell death and the electronic states in PDT [36]
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2.5.4.4 Photosensitisers

Photosensitisers require a precise photon's wavelength that may infiltrate the needed depth
in tissue [37]. These agents also need to be highly confined to a tissue site to ensure organic
effects simply in the area needing treatment [37]. Several of the other deliberations to be
prepared are that the photosensitisers requirement must be non-toxic, reasonably simple to
produce, and cost-effective. Various photosensitizing agents are employed, depending on the
tumor's location and are selected according to absorption spectra. The drug photofrin is used
as a photosensitizer for wavelengths close to 400 nm and greatly inadequate photons

absorption of wavelength near 630 nm [37].

2.5.4.5 Light in PDT

The energy needed in PDT is great, likened to radiotherapy, where the dosage absorbed for

hard tumors is about 0.05].cm™3.

In PDT, the standard absorbed energy density
is 100 J.cm~3. Given that light in the wavelength range (400 — 700 nm) is appropriate in PDT,
it turns out to be hard to illuminate adequately a tissue volume at a vital depth [37]. This
absorption and scattering lead light to diffuse at times close to millimeters once it passes a
tissue. The absorption and scattering inside a tissue decline as the wavelength surges near
the infrared and visible range and since the hemoglobin drops quickly at wavelengths beyond
approximately 600 nm [37]. The initial absorption summit of water is attained at more than
900 nm. It has been observed that tissue necrosis occurs solely in areas where PDT product
dosage is beyond a specific threshold value. The dosage's efficiency is proportional to the
extent of light incident on the affected tissue [37]. The concentration for threshold is attained
with adequate PDT dosage, the light combination, intrinsic oxygen, and photosensitizing

agent [37]. The O, manufactured may either destroy cells by necrosis (not controlled cell

death) or apoptosis (encoded cell death).

PDT does not disturb DNA, so the consequences are direct instead of genetic, unlike particular
drugs employed in chemotherapy or radiotherapy. Even if there is a reliance on the type of

photosensitizing agent, various cells' reaction to PDT is not significantly varied. If the
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photosensitizing agent exists in cells coating blood vessels, the cells may be destroyed, leading
to thrombus formation, causing a cease in the area's blood flow to cease. The death cell may

activate vascular reactions in the body and even result in a vascular shutdown.

Most of the present PDT treatments are high doses compared to chemotherapy or
radiotherapy, where repeated small dosages are given to the patient over a period. The
current investigation in PDT is applying the dose quantity in metronomic PDT (mPDT). In this
treatment, both dosages of photosensitizing agent and light are given minor doses

continuously or repeatedly over a lengthier duration [37].

2.6 Tissue Phantoms

Optical phantoms are tissue-simulating objects used to mimic light propagation in living
tissue. They are designed with absorption and scattering properties matching living human
and animal tissues [38]. Optical tissue phantoms can be used for testing systems in
development, calibration and quality control of existing systems, and inter-system and inter-
lab comparisons. To obtain quantitative information, steady-state optical measurements with
phantoms can be an essential step for inaccurate calibration. Solid phantoms based on
optical-grade polymers, absorbers, and scatters offer long-term stability and reproducible

optical properties [38].

Optical properties determination of tissue is fundamental for laser usage in diagnostic or
therapeutic techniques. Phantoms may be employed to test the apparatus set-up and
effectiveness, design, and equipment calibration. In optical imaging, phantoms may be
utilized to compare and determine the dissimilarities in polarization states of visible light,
distinguish between various types of phantom tissues, and detect a tissue's constituent
concentrations [38]. The interaction between the incident light and the phantom tissue
components may explain Mie's theory, taking the medium's scatters as non-interaction,
isolated spheres. The kind of material in which scatterers and absorbers are confined may be

solid or liquid [39]. Phantoms, which are liquids, are simpler to make compared with solid.
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Nevertheless, solid phantoms are appropriate for mimicking tissues with complex structures,

such as multi-layered tissue [39].

Methods made based on tissue models have been utilized for oxygenation in blood and non-
invasively monitor glucose. Phantom tissues are significantly employed in research associated
with photothermal coagulation, PDT, and laser ablation [13, 27]. The non-invasive natural
surroundings of numerous biomedical techniques are, in certain instances, the consequence
of work done on simulating the phantoms of a tissue. It is exciting to explore this research
field since the medical diagnosis is better managed noninvasively. One such diagnostic
technique is discovering breast cancer at the primary stage by light transillumination. It avoids
the requirement for mammography of X-ray, which is possibly harmful. The breast tissue is
greatly scattering, and the method needed to be enhanced upon by utilizing tissue phantoms
to mimic the various scattering inside the breast. Numerous experiments support turbid

media to define the real optical properties of the human's breast in vivo [26].

Various techniques used to regulate the suitable optical tissue properties involve frequency-
domain diffuse reflectance, integrating sphere, optoacoustic, and time-domain diffuse-
reflectance [27]. The advantages and disadvantages vary in utilizing the suitable technique,

depending on the circumstance or the particular tissue geometry being examined [27].

Optical tissue properties determination is essential for light application in either diagnostic or
therapeutic techniques. Phantom tissue is a synthetic or virtual tissue made to model light
transportation and mimic human tissue optical properties. The absorption and scattering
coefficients like the anisotropy may be obtained for tissues in a human body from an

attentively manufactured mimicking phantom [27].

The optical tissue properties, once deduced, may be employed to estimate energy deposition
and light scattering on a tissue. In the past, numerous evaluations have established that these
optical properties are ex vivo and assume that there is uncertainty about this method, as the

organic tissue of an individual differs in water and blood content. Chromophores will affect
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attenuation in those tissues, and differences in their levels, have to be accounted for.
Understanding the optical properties of the tissue at appropriate wavelengths is more
significant than knowing their actual values. The tissue optical properties behavior, the water
of the tissue, blood, and fat content may be scrutinised as managed parameters. Employing
tissue simulating material to regulate these parameters is more feasible than experiments

within or with living organisms [28].

2.6.1 Continuous and Discrete Particle Tissue Models

Tissues typically comprising inhomogeneous systems with extensive size arbitrarily spread
throughout the tissue's medium. The tissue is frequently designed either as a discrete
ensemble of chromophores or scatterers. The model employed rests on the organizational
complexity of the degree of light tissue scattering. Blood is a great biological system example
that suits the model where the particles are dispersed and discrete. Numerous biological
media are designed as spherical, non-interacting particles as numerous microorganisms and
cells are approximately spherical in structure, for example, blood [29]. A non-interacting
system, Mie theory, may be employed since spherical particles are the easiest tissue model.
Mie theory may be utilized to describe spherical particles and also cylindrical particles. Fibre
structures and connective tissue may be modeled by estimating them to be lengthy cylinders,
and the single homogenous cylinders or multi-layered cylinders are scattered by employing

Mie theory [29].

2.6.1.1 Refractive and Absorption Index

Cell organelles, cell nuclei, tissue fibres, and melanin particles are the models accountable for
numerous refractive index variations inside a tissue. The Gladstone and Dale law [29] may be
utilized to determine the interstitial medium refractive index, organic tissue, and relative
components. The particle refractive index summarizes the mean index variation and the
background index. In contrast, the regular background index describes the refractive indices'

weighted average of the cytoplasm - the cell ground substance and the interstitial liquid. The
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cell average refractive index is approximately 1.42, and the cytoplasm refractive index is

about 1.38 [29].

Absorption by tissues is insignificantly lesser in the visible electromagnetic spectrum, with
only melanin, hemoglobin, and other chromophores absorbing lesser light in this region. Most
absorption is due to water molecules in tissue in the electromagnetic spectrum's infrared

range, and protein bands are primarily absorbed in ultraviolet wavelengths [29].

2.6.1.2 Anisotropy of a Tissue

Anisotropy is predominant with the forward scattering of the collimated light in organic
tissues. When a photon is scattered by a particle and its trajectory is deflected by scattering
angle (8), the component of the new path is aligned in the forward direction as cos (8) [28].
The mean value of the average scattering angle cos (8) is called the anisotropic factor (g),

Illustrated mathematically as follows;

g =<cosf > (2.26)

Numerous organic tissues are optically birefringent and anisotropic. For instance, tendons
frequently contain parallel, heavily filled collagen fibers conducting parallel to solitarily axes,
making them vastly birefringent like a tissue. For biological systems with enormous diameters,
the birefringence proceeds to zero. Birefringence values of tendon, skin, and muscle are of
the order of 107 [29]. Cartilage and birefringence of the skin are not constantly dispersed. In
tendons in their orientation and amplitude, fibres of collagen in cartilage and skin do not have
constant densities as tendons. The method permitting the exact birefringence measurement
in turbid tissues is called polarization-sensitive optical coherence tomography (PS-OCT). PS
OCT methods are usually functional in dermatology, dentistry, and ophthalmology [29].
Variations in birefringence may indicate beneficial alterations in tissue, like photothermal

injury at the time of laser surgery that varies the birefringence in subsurface tissue [29].
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2.6.1.3 Tissue Components' Volume Fraction

The packing density or volume fraction signifies the tissue volume taken by its elemental
particles. The volume fraction of a phantom or tissue sample influences optical properties like
refractive index and anisotropy [29]. The tissue sample volume fraction interpretation, like a
phantom, may be created from a thin slice of the prototype. However, these solutions may
be deceptive as the spread of scatterers is probably entirely irregular throughout the sample
[29]. Nevertheless, the usage of a dissimilar slice can lead to entirely contrasting results. The

scatterers' volume fraction in human tissue like a cornea and a muscle varies between 20%

and 40%. In a blood cubic millimeter, there occur (2-3)x10’platelets, (4—5)x10°

erythrocytes, and (4—9)x10° leukocytes. Sixty percent of blood is generally plasma,

whereas erythrocytes take the remaining. The particles' arrangement ensures sufficient

distance amongst scattering particles proportional to their size [29].

2.6.2 Tissue Phantoms Construction

A characteristic phantom entails a host of diluents/medium, an absorbing medium, and a
scattering medium. The objective is to fabricate a mixture of the relevant quantities of
scatterers, diluents, and absorbers to simulate the required tissue's optical properties.
Properties to be regulated by phantom measurements comprise the absorption coefficient
u, , anisotropy g, and scattering coefficient y . Optical properties for soft tissues general
ranges areg =0.9, p,e[0.2;400]cm™ and u,£[0.5;5.0]cm™! for both NIR and visible
wavelengths. Hard phantoms are typically created from transparent hosts, like agar, gelatin,
or even wax, that characteristically scatter visible light. The tissue simulation with composite
geometries may be achieved using inhomogeneities at the appropriate sites and layered
phantoms. These optical phantoms must mimic optical properties in tissue at the required
wavelengths. However, some optical tissue phantoms have more accurate properties

compared to a wide range of wavelengths [14].

In accordance with Tuchin [14], a real tissue phantom must satisfy the subsequent necessities:
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e |t must sample the optical and geometry parameters of the phantom tissue
appropriate for the transport of visible light [14].

e Phantom tissue components should be harmonious with one another for
spectroscopic properties and chemical stability [14].

e The appropriate radiation transport parameters should be predictable and
reproducible from the sample's composition [14].

e The phantom physical parameters should be temporally steady (aging, diffusion,
evaporation) and not dependent on the environment [14].

e The phantom creation must permit inhomogeneous tissue geometries
demonstrated by moulding methods or stacking phantom slabs [14].

e The sample must be quick, safe and simple to make [14].

Based on the discrete particle tissue model, optical tissue properties’ real values are over a
wide range of wavelengths. Mie theory may, thus, be used to determine scattering and
absorption by the particles inside the tissue [14]. Several appropriate particle parameters

needed for the Mie theory application include the compounded refractive index.
n.(4,)=n,(A,)+in.(4,), (2.27)
The index of refraction for the host material n, and the scatterers' comparative refractive

n

index and host m =— , whereby 4, is the wavelength in the vacuum and the compound
Ry

refractive index imaginary part is accountable for the losses in visible light because of

absorption. The absorption and scattering coefficients may also be established using Ricatti-

Bessel functions [14] in equations for the Mie coefficients. The distance d, (mean) among

scattering particles may be articulated concerning the dimensionless volume fraction of the

scatterers ¢, and the scatterers' a, radius by,

d === (2.28)
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Mie theory functions well with shaped particles, like spheres, and when the particles are
scattered and have a radius on the same scale as incident light [14]. This is normally the
situation with materials employed for the fabrication of tissue phantoms.

Wavelengths with lower values are likely to be dispersed in organic tissue, with a higher
anisotropy. It is best to make a mixture of bigger particles that contribute a higher anisotropy

and tiny particles that scatter wavelengths with lower values to mimic an organic tissue [31].

2.6.2.1 Host Media

Several phantom matrix possibilities to hold absorbers and scatterers comprise:

e Polyacrylamide gel

e Agar/gel matrix

e Room temperature vulcanizing silicone
e Aqueous solutions

e Polyurethane/polyester resin.

2.6.2.2 Scattering Media

In the liquid phantom fabrication, the familiar scattering materials are fat emulsions which
are intravenous, like Liposyn, Intralipid, and Intralipid. These particular drugs comprise
glycerol, egg phospholipids, and soya bean oil and signify droplets of spherical fat suspended
in water. Hard phantoms of Intralipid undertake a considerable variation in scattering
coefficient via a minor difference in scatterer concentration. Furthermore, it has been
established that temperature variations during solid phantoms fabrication may affect the

induced interactions with agar and scatterers [31].

Scatterers mostly utilized in hard phantoms consist of polystyrene latex spheres with a

diameter of approximately a few micrometers. 4/,0;and TiO, spherical particles with a

diameter ranging from 20 nm to 70 nm are also frequently utilized as a suspension in gel or

an aqueous solution dispersing light [31]. Microspheres of quartz glass are challenging to
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obtain. However, these particles may behave as scatterers with a diameter of approximately

250 nm. Al,O, Polystyrene does not melt in water (hydrophilic), making them perfect for

application in solid phantoms with a base material of gelatin or agar. Sonication is normally
taken out on gels that are warm, to which the scattering particles are increased to avoid

sedimentation of particles while the host material is yet_non-viscous [31].

2.6.2.3 Absorbing Media

The absorption of light in a tissue is demonstrated based on absorption coefficient
determined directly and indirectly in phantom tissues. Some natural dyes (like india ink) [32],
are applied mainly as absorbing media in tissue phantoms on condition of their absorbance
at various wavelengths and ability to dissolve in the host material. Regular stains applied in
microscopy absorb light in the NIR and visible electromagnetic spectrum regions are

appropriate for tissue-like simulations [31].

2.7 Optical Coherence Tomography

Some part of a light incident on organic tissue is redirected from refraction index mismatches.
Amplitude signifies scale of mismatch and depth of mismatch is indicated by timing. Optical
coherence tomography is exceptional for microstructure mapping of a tissue (tens of microns

scale). That ability exists in robust, modest structures [23].

Various A-scans (50-500/mm is characteristic) are collected when a beam of light is scanned
horizontally across the sample and:

e This provides two-dimensional image or B-scan.

e The data that is raw from one A—scan is demodulated to measure the amplitude and

signal phase.
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Many tissues have numerous refraction indexes that mismatch. The demodulated A-scan
amplitude is approximately an extent-resolved signal of the tissue backscattering properties

[23].

2.8 Fourier Domain OCT

It is necessary for actual tissues to think through the truth that between reflected waves from
scatterers of tissue, there will be interference. The common interference of these scatterers
happens nearby z = 0. Usually, this interference's size is greatly more fragile than the actual

signal since the signal's term is weighted with robust reflectance amplitude [23].

2.8.1: Advantages of Fourier Domain Optical Coherence Tomography
(FDOCT)

Speed of fast acquisition is one of the advantages. There are no scanning elements required
to obtain a-scan data, every a-scan is data obtained in solitary linear sensor array exposure.
Another advantage is increase of SNR. Every N a-scan knowledge is obtained at once, for equal
imaging speed to each element and is shown N times longer. The SNR rises by an N square

root for shot noise restricted operation [23].

2.8.2 Disadvantages of Fourier Domain Optical Coherence Tomography
(FDOCT)

SNR decreases with depth. This is one of the disadvantages. Restriction of imaging depth by
the spectrometer resolution and added processing of data are the other challenges [22].
FDOCT should interpolate spectrum obtained as a wavelength function into v function, then
after Fourier transform data before displaying. Furthermore, there are technology restrictions

and arrays of a detector that are louder than solitary element photo detectors [23].

2.9 Diffuse Optical Tomography

The modality of imaging in which dimensionally unvarying optical properties are deduced

from fluence of surface measurements is named diffuse optical tomography.
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Advantages of diffuse optical tomography are [23]:
Information of functionality:

u, = Hb,HbO,,H,0, concentration of fat
4, = Information of structure

Affordable, "portable" (compared to CT, MRI)

Disadvantages of diffuse optical tomography are:
Resolution is low by several millimeters and reconstruction is very challenging, for instance,

tumor dimension and optical properties need to be determined.

2.9.1 Instrumentation

Diffuse optical tomography has several sources and several sensors in numerous geometries,
like slab, ring, and array [23]. Continuous wave system source radiates light at a uniform
intensity into the tissue and back scattered and transmitted light intensities are computed. In
order to prevent interferences from the environment, the amplitude may be modulated by
few KHz. This system mentioned above measures the reduction of the detected light intensity
in comparison with the emitted light intensity. The continuous wave technology is vastly used

in neuroimaging research because it is cost effective and is easy use [60].

2.9.2 Probabilistic Photon Path

The route from a source taken by a photon is not known but its probability is known [23].
Given a detector and a source, photon behavior whilst traveling inside or within a turbid
medium such as human tissue can be ballistic, diffusion or scattering, quasi-coherent or
backscattering. In ballistic behavior, the photons travel inside a medium without the
scattering process taking place, getting to the detector in a short duration, since they travel
by the shortest distance. The propagation direction is the same as that of emitted light. In
guasi-coherent behavior, the photons propagate in the same path as the light emitted,
reaching the detector rapidly. Nevertheless, the path zigzags the obstacles. In scattering or
diffusion behavior, the photons suffer a lot of missing information, processing and scattering

from the emitted light, getting to the detector later than the ballistic or quasi-coherent, since
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they use a longer trajectory. The photons in backscattering return in the same trajectory as

the emitted light, since the travel angle is varied, without reaching the detector [60].

2.9.3 Inverse Problem of Diffuse Optical Tomography

There is no precise analytic solution that exists, although some can be simplified. There are
characteristic approaches like back projection, which is filtered, taking into consideration
probabilistic photons trajectory and iterative method [31]. Firstly, there is assumption of a
primary set of coefficients of attenuation, compute forward problem (fluences). There is also
alter guess, an attenuation coefficient relying on difference between measured and

computed fluence [23].

2.10 Types of DOT Instruments

2.10.1 Diffuse Optical Tomography

Source Modulation
It includes:

e domain of the frequency (diffusion waves)

e Domain of a time (take advantage of varying routes of late and early photons)
The above domains can differentiate scattering and absorption.

e Steady state

e Measurement geometry

e Constrained with data of magnetic resonance imaging or free form

e Contrast improved or intrinsic contrast [23]

2.10.2 Bioluminescence
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In bioluminescence, visible an electromagnetic wave is made by organic creatures. Creatures
like earthworms, fireflies, fungi (normally green, red or yellow), and centipedes propagate
visible light on land and at sea creatures like plankton, bacteria, jellies, fish (normally green
or blue), and crustaceans emit electromagnetic wave [23]. It is of utmost significance to
gather some information about two bioluminescence types, which are luciferase or luciferin
reaction and fluorescent proteins. In luciferase or luciferin, chemical light production needs

the energy of organisms, for example fireflies.

2.10.3 Luciferase or Luciferin Reaction

Luciferin is any material that radiates light as soon as it loses some electrons in the existence
of luciferase, whereas luciferase is any enzyme that should exist to facilitate luciferin
oxidation. There are numerous forms of luciferase and luciferin, but all these forms need the

existence of adenosine triphosphate (ATP) and oxygen [23].

Luciferin + ATP ---> luciferin adenylate + PPi
Luciferin adenylate + 02 ---> ox luciferin + AMP + light

The reaction above is very efficient in light production from energy kept in ATP.

2.10.4 /n vivo Use of Luc Reaction

Cells may be transfected by the sequence of genetic to make luciferase. This order may be
merged beyond a promoter; luciferase will solely be created by the gene of curiosity if is being
uttered. Bacteria that organically produce luciferin and luciferase may be presented into a
host, for example to a track infection [23]. No extra process is required, apart from collecting
visible electromagnetic wave from the bacteria using a light-proof box. Luciferin should be
injected for those cells uttering luciferase. Also, ATP and oxygen must adequate for reaction

to continue.

2.10.5 Fluorescent Proteins
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In production of fluorescent proteins, cells may as well be transfected by the genetic order.
Fluorescent protein is extensively used is a green one. However, their availability is from a

blue to a red emission wavelength. External excitation light should be given [23].

2.10.6 Problem with Fluorescence

The animals are relatively extremely fluorescent; this makes detection of cells that are

fluorescently labeled difficult [23].

2.10.7 Fluorescence Molecular Tomography

It may use values of diffuse optical tomography in order to gain three dimensional images
[36]. It is very easy to use this technique in small mice than in human beings. Computed

tomography is frequently supplemented to offer anatomical reference [23].

2.10.8 Port Wine Stain

It is a birthmark which appears as if somebody spilled wine on the human skin. Some children
are born with port wine stain (PWS). On adults, PWS is purple or red in colour and may appear
anywhere on the human body. PWS may, or may seldom show a critical deep lying condition

[23].
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Chapter 3

3.0 Experimental Details

This chapter contains all the information to recreate the experiment. The information entails
details of the material used to perform the experiment and precise details of the techniques

employed in the experiment.

3.1 Apparatus

3.1.1 Soy Agar Phantom

The Tryptic Soy agar powder (Sigma Aldrich, MO, USA) was employed as the base material for
the fabrication of optical tissue phantoms. Agar is a matrix hydrogel material consisting of a
network of hydrophilic polymers widely used to prepare phantoms for optical imaging and
biophotonics applications in the medical field. It is a biologically and biochemically compatible

material with intrinsic optical properties as soft tissue composition and structure [40].

3.1.2. Scattering and Absorbing Agents

Aluminum oxide (Al,03) powder, with irregular spherical formulations, and black India ink,
were added to control the scattering and absorbing properties of the Agar gel due to their

high scattering coefficients, availability, and wider acceptability [41].
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A digital balance (with 0.01g readability) measures the quantity of scatters and absorbers

used in a sample. This balance was capable of precisely measuring these very same quantities.

3.2 Methodology

3.2.1 Recipe for phantom fabrication

The recipe to create the phantom samples was the same as described by Hartleb [31],

considering the ease of preparation and the use of cost-effective, readily available equipment:

e Specified amounts of the Soy agar were dissolved in 100 ml deionized water with
aluminum oxide and black ink.

e The mixture was heated to 40°C and then continuously stirred (for the agar powder
granules to dissolve and the Al;Osparticles to be evenly distributed) until a
temperature of about 96 °C - agar activation temperature.

e The mixture was steadily stirred until sufficiently cooled to room temperature,
creating a homogenous solution.

e The mixture was covered with aluminum foil and placed in a refrigerator overnight to
harden.

e Before solidification in the refrigerator, the agar formed a moderately firm gel.

During the heating process, the sample temperature readings were taken with a
Techgear TG732TK dual channel digital thermometer and red alcohol thermometer,
modified to use a thermocouple across the beaker by a Velcro's backstrap. The

temperature was measured with an accuracy of +5°C.
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Figure 3.1 is a sample of the pure phantom (without scatters and absorbers) tissue

from this study.

Figure 3. 1: A pure phantom sample

3.2.2 Optical Properties Measurements

The experimental set-up used to investigate the optical properties of the phantom tissue

sample is presented in Figure 3.2.
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Phantom Sample

Beam Splitter

Laser _E>_

Detector

Detector

Figure 3. 2: A diagram showing apparatus set up for this experiment [33]

Following fabrication, the samples were sliced into thin slices of different thicknesses with a
Stanley knife, and the thickness measured using a digital Vernier caliper. Care was taken
during the slicing process to ensure that the tissue integrity is kept intact. The green He-Ne
laser light of wavelength 532 nm and the red He-Ne light of wavelength 632 nm were incident

on the sliced phantom sample of varying thickness.

The incident beam was divided into two, i.e., by an Edmund Optics (EO 47009), 25-millimeter
cube beam splitter, and the intensity of the laser beam incident transmitted through the

sample was measured with a digital portable power meter Edmund Optics (EO 54-018).

Comparison between the incident and transmitted power through each slice was sought to
understand the attenuation coefficients via the Beer-Lambert law and verify if the sample was

an excellent optical simulation of biological tissue [27]:

H = H, +:us’ (3.1).
:_Lh{ﬁj
L7

where L is the sample thickness, Po is the power of the beam not attenuated, and P is the

transmitted light power. For any scattering or absorption (ignoring reflection at the air-tissue

surface) events, the intensity or power of light transmitted would be less than the incident
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light. The Beer-Lambert law was used in this study, assuming that multiple scattering does
not occur and that scattering is instigated by the regular-shaped spherical aluminum oxide

(Al,03) particles.

The attenuation was measured for slices of different thicknesses and the average was taken

over all slices from a single sample.

For the pure sample, the assumption that

1~ U, 3.2

was made, considering agar, the base material has mainly intrinsic scattering properties and,

thus, its absorption coefficient is much smaller than its scattering coefficient.

Separate samples with Al, O; (scatterers) or black India ink (absorbers) followed by a sample

with both were created to investigate the Scattering and Absorbing coefficients and measure
the total attenuation coefficient. Measurements of the attenuation coefficients also allowed

for the determination of the penetration depth o [42].
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Chapter 4
4. Results

4.1 Measurements

The samples of the optical phantom were created to mimic the optical properties of the brain
and prostate tissues. In measuring the optical properties of these simulated samples, a green

laser of 532 nm wavelength and a red laser of 630 nm wavelength were used.

Graphs of—ln[ﬁj versus tissue Thickness L were used to investigate attenuation
0

coefficients (4,;), denoted by the gradient from the best fit line of the graph, with the

presumption that summation of absorbing and scattering coefficient contributes in creation

of total attenuation coefficient.

4.1.1 Brain Soya Samples

The phantom tissue was firstly made to simulate the optical properties of the human brain at
532 nm. Information of the optical properties may permit for the creation of a brain mimicking

model for usage in diagnostic application [32]. The results of these are reflected in Table 4.1.1.
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Table 4.1.1: Measurements of the incident and transmitted power through an agar sample

made with 100 ml of deionized water and 5.5 g of soy agar using the light of wavelength

532 nm, to investigate the transport coefficient of ink in agar at this wavelength.

Sample Incident Power Transmitted
Thickness L P, (mw) Power P(L) —ln(ﬁ Transport
(mm) (mW) By Coefficient

M, (em™1)

2.98 44.50 14.13 1.147 3.85

5.34 44.34 9.031 1.591 2.98

7.28 44.37 8.024 1.710 2.35

10.48 44.28 4,704 2.242 2.14

15.20 44.30 3.215 2.623 1.73
Avg =2.61

The bacteriological agar base material absorption was minimal. Thus, the following

presumption u, = 1, was made.

An explanatory calculation of the sum total attenuation coefficient 4, in Table 4.1.1 is:

Uy =

208"

1 <14.13
44.50

py = 0.3849 mm~! = 3.85 cm™!
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Graph of —lnigJ versus tissue Thickness L
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Figure 4.1.1: Graph of — ln(ng versus tissue Thickness for an agar sample made with 100
0

ml of deionized water and 5.5 g of soy agar
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Table 4.1. 2: Measurements of the incident and transmitted power through an agar sample

made with 100 ml of deionized water, 5.5 g of soy agar, and 1.8g aluminium oxide using the

light of wavelength 532 nm, to investigate the transport coefficient of ink in agar at this

wavelength
Sample Incident Power | Transmitted Transport
Thickness L By (mw) Power P(L) _ ln( Coefficient 1,
(mm) (mW) 7 (em™)
3.23 44.39 13.10 1.220 3.78
5.21 44.04 8.020 1.703 3.27
7.13 44.57 7.013 1.849 2.59
10.41 44.63 3.602 2.517 2.42
15.13 43.90 2.148 3.017 1.99
Avg =2.81

The bacteriological agar base material absorption was minimal and 47,0, negligible. Thus,

the following assumption p, = y, was made.

Graph of — ln[ L

0

coefficient x,, defined by the slope of the linear fit.
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Graph of — ln(ﬁJ versus tissue Thickness L
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Figure 4.1. 2: Graph of — ln(EJ versus tissue Thickness for an agar sample made with 100
0

ml of deionized water, 5.5 g of soy agar, and 1.8g aluminium oxide
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Table 4.1.3: Measurements of the incident and transmitted power through an agar sample

made with 100 ml of deionized water, 5.5 g of soy agar, and 3ml ink, using the light of

wavelength 532 nm, to investigate the transport coefficient of ink in agar at this wavelength

Sample Incident Power | Transmitted Transport
Thickness L B, (mw) Power P(L) B ln(ﬁ Coefficient K,
(mm) (mW) £y (em=1)
3.02 44.28 12.05 1.301 4.31
5.14 43.89 7.013 1.834 3.57
7.25 44.01 6.132 1.971 2.72
10.52 44.56 2.504 2.879 2.74
15.03 43.07 1.352 3.461 2.30
Avg =3.13

Graph of — ln( L

0

j versus tissue Thickness L (Figure 4.1.3) used to measure the attenuation

coefficient x,, defined by the slope of the linear fit.
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Graph of — 1n(§j versus tissue Thickness L(mm)
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Figure 4.1. 3: Graph of — 1{;) versus tissue Thickness for an agar sample made with 100

ml of deionized water, 5.5 g of soy agar, and 3ml ink

Table 4.1.4: Measurements of the incident and transmitted power through an agar sample

made with 100 ml of deionized water, 5.5 g of soy agar, 1.8g aluminium oxide, and 3ml ink,
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using the light of wavelength 532 nm, to investigate the transport coefficient of ink in agar

at this wavelength

Sample Incident Power | Transmitted Transport
Thickness L Py (mw) Power P(z) —ln[P Coefficient L,
(mm) (mWw) (cm™)
3.13 44.37 11.07 1.388 4.43
5.51 44.27 6.017 1.996 3.92
7.42 46.47 4.541 2.326 291
10.61 44.57 1.767 3.228 3.16
15.07 42.97 0.707 4.107 2.73
Avg =3.43

Graph of —ln(

0

coefficient x,, defined by the slope of the linear fit.
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Graph of — ln(ﬁJ versus tissue Thickness
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Figure 4.1.4: Graph of — ln(PﬁJ versus tissue Thickness for an agar sample made with 100
0
ml of deionized water, 5.5 g of soy agar, 1.8g aluminium oxide, and 3ml ink

4.1.2 Analysis for Brain Soy agar Samples

4.1.2.1 Attenuation Coefficients
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Table 4.1.5: The attenuation coefficients achieved by calculation as well as graphically from

the fit line slope

Agar Sample [Calculated] [Graphical]

M, (cm™1) H, (em™1)
Pure 2.61 1.40+0.15
1.8 g of Al,0, 2.81 1.73+0.19
3 ml of ink 3.13 2.01+0.28
1.8 g of 41,0, and 3 ml of 3.43 2.42 £0.14
ink

The phantom tissue with A1203 and ink has the highest transport coefficient, signifying that

the aluminium oxide and ink utilized were effective as scatters and absorbers, respectively.

4.1.3 Penetration Depth

The attenuation coefficient’s reciprocal attained in Table 4.1.5 approximates penetration

depth, which was then utilised to regulate light transmittance via a tissue.

Table 4.1. 6: Below is the table for the penetration depth of the brain samples, which simply

signifies how deep laser light can penetrate the samples

Agar Sample 6 [Calculated] 6 [Graphical]
Pure 0.38 0.71
1.8 g of A]203 0.36 0.58
3 ml of ink 0.32 0.50
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1.8 g of A1203 and 3 ml of 0.30 0.41
ink

The phantom tissue with A1203 and ink has the lowest penetration depth due to its higher

attenuation. The discrepancies between calculated and graphical values are caused by not
being able to get the best fit line, so that appropriate transport coefficients can be found. This
might be caused by data points being a little bit scattered apart. This means that the precision
and accuracy of the results can be bettered by the usage of more sensitive intensity or power
meter to permit more significant figures in the measurement of scattering and absorption

coefficients.

4.1.4 Absorption Coefficient’s Determination

The bacteriological phantom with an India ink (absorber) and A1203 (scatterer) displayed
the highest attenuation in this work, which was in part influenced by bacteriological agar
intrinsic scattering properties. The complete phantom sample with India ink and A1203 had

an attenuation coefficient of 1, =2.40cm™ and a scattering coefficient of x, =1.73cm™ ,

from which it was then possible to determine the absorption attributable to added India ink

in the complete phantom.

Applying equation (2.24):

lua = lut'lus

=2.42-1.73

=0.69cm™?!

4.1.5 Optical Albedo
a= lus/:ut

=1.73/2.42
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=0.71cm™?

Thus, 71 % of the attenuation in this phantom sample was due to scatterers and the other
portion (29 %) was the result of absorption. Addition of more scatterers is not the solution to
better the results, because it will lead to dense packing of the scattering centres in the

phantom tissues.

4.2 Prostate soya samples

The samples of the optical phantom were created to mimic the optical properties of the
prostate tissue. In measuring the optical properties of these simulated samples, a red laser of

630nm wavelength was used.

Graphs of—ln(ij versus tissue Thickness L were used to investigate attenuation
0

Sample Incident Power Transmitted - 1n££j Transport
Thickness L By (mw) Power P(L) ° Coefficient Y,
(mm) (mWw) (em™)
3.32 5.336 0.567 2.242 6.75
5.42 5.667 0.486 2.456 4.53
7.36 5.754 0.087 4.192 5.70
10.52 5.745 0.025 5.437 5.17
12.22 5.867 0.005 7.068 5.78
Avg =5.59

coefficients ( /;), denoted by the gradient from the best fit line from the graph, with the
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presumption that summation of absorbing and scattering coefficient contribute in creation of

total attenuation coefficient.

Table 4.2.1: Measurements of the incident and transmitted power through an agar sample
made with 100 ml of deionized water, 5.5 g of soy agar, using the light of wavelength 630

nm, to investigate the transport coefficient of ink in agar at this wavelength

Graph of — 1n[§] versus tissue Thickness L (Figure 4.2.1) used to measure the attenuation
0

coefficient x4, , defined by the slope of the linear fit.

Graph of — ln[Pij versus tissue Thickness L

0
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Thickness L (mm)

Figure 4.2.1: Graph of — h{PﬁJ versus tissue Thickness for an agar sample made with 100
0

ml of deionized water, 5.5 g of soy agar
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Sample Incident Power Transmitted Transport
Thickness L By (mw) Power P(z) 3 ln(ﬁJ Coefficient U,
(mm) (mw) 0 (em™D)
3.44 5.246 0.457 2.441 7.10
5.53 5.567 0.355 2.752 4.98
7.47 5.817 0.077 4.325 5.79
10.60 5.716 0.014 6.012 5.67
12.43 5.797 0.004 7.279 5.86
Avg = 5.88

Table 4.2.2: Measurements of the incident and transmitted power through an agar sample
made with 100 ml of deionized water, 5.5 g of soy agar, and 2.2g aluminium oxide using the
light of wavelength 630 nm, to investigate the transport coefficient of ink in agar at this

wavelength

Graph of — ln(ﬁj versus tissue Thickness L (Figure 4.2.2) used to measure the attenuation
0

coefficient u,, defined by the slope of the linear fit.

Graph of — lnLE] versus tissue Thickness

0
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Figure 4.2.2: Graph of — h{%} versus tissue Thickness for an agar sample made with 100
0

ml of deionized water, 5.5 g of soy agar, and 2.2g aluminium oxide
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Table 4.2.3: Measurements of the incident and transmitted power through an agar sample

made with 100 ml of deionized water, 5.5 g of soy agar, and 3ml ink, using the light of

wavelength 630 nm, to investigate the transport coefficient of ink in agar at this wavelength

Sample Incident Power Transmitted B ln[ Transport
Thickness L By (mw) Power P(L) F Coefficient U,
(mm) (mWw) (cm™1)
3.13 5.037 0.367 2.619 8.37
5.45 5.487 0.246 3.105 5.70
7.25 5.607 0.058 4.571 6.30
10.36 5.507 0.008 6.534 6.31
12.30 5.587 0.003 7.530 6.12
Avg = 6.56

Graph of — ln[ il

0

J versus tissue Thickness L (Figure 4.2.3) used to measure the attenuation

coefficient x4, , defined by the slope of the linear fit.
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Graph of — ln(ﬁJ versus tissue Thickness

0

-In (P/P,)

g ’ T ! T ! T T T J
2 4 6 8 10 12 14
Thickness L (mm)

Figure 4.2.3: Graph of — h{i] versus tissue Thickness for an agar sample made with 100
0

ml of deionized water, 5.5 g of soy agar, and 3ml ink

Table 4.2. 4: Measurements of the incident and transmitted power through an agar sample
made with 100 ml of deionized water, 5.5 g of soy agar, 2.2g aluminium oxide, and 3ml ink,
using the light of wavelength 630 nm, to investigate the transport coefficient of ink in agar

at this wavelength
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Sample Incident Transmitted Transport
Thickness L | o' Power P(2) | h{ il J Coefficient /4,
(mm) PO (mWw) (mW) 0 (em-1)
3.33 5.127 0.277 2.918 8.76
5.23 5.397 0.127 3.749 7.17
7.05 5.507 0.047 4.764 6.76
10.41 5.607 0.007 6.686 6.42
12.09 5.567 0.002 7.931 5.26
Avg = 6.87

Graph of — 1{;} versus tissue Thickness L (Figure 4.2.4) used to measure the attenuation
0

coefficient x4, , defined by the slope of the linear fit.
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Graph of — ln(ﬁJ versus tissue Thickness

0
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Figure 4.2.4: Graph of — ln(ﬁJ versus tissue Thickness for an agar sample made with 100
0

ml of deionized water, 5.5 g of soy agar, 2.2g aluminium oxide, and 3ml ink

4.2.1 Analysis for Prostate Soy Agar Samples

Table 4.2.5: Table of calculated and graphical values for prostate soy agar samples
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2.2 gof A1203 and 3 ml of
ink

Agar Sample [Calculated] [Graphical]
M, (cm™1) K, (em™1)
Pure 5.59 5.48 £+ 0.67
2.2gof A1203 5.88 5.62+0.51
3 ml of ink 6.56 5.71+0.48
6.87 5.72+0.24

The phantom tissue with A1203 and ink has the highest transport coefficient signifying that

the aluminium oxide and ink utilized were effective scatter and absorber, respectively.

4.2.2 Penetration Depth

The attenuation coefficient’s reciprocal attained in Table 4.2.6 approximates penetration

depth, which was then utilised to regulate light transmittance via a tissue.

Table 4.2.6: Below is the table for the penetration depth of the brain samples, which simply

signifies how deep laser light can penetrate the samples.

Agar Sample

6 [Calculated]

6 [Graphical]
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Pure 0.18 0.182
5.5 g of Al,0, 0.17 0.178
3 ml of ink 0.15 0.175
5.5gof AL,O; and3miof | 912 0.175
ink

The phantom tissue with A1203 and ink has the lowest penetration depth because of its

higher attenuation.

4.2.3 Absorption Coefficient’s Determination

The agar also contributes to the scattering of a phantom tissue. Pure agar has the lowest

scattering attenuation ( /, = 5.48). The complete phantom sample with India ink and AZ2O3

1

had an attenuation coefficient of y; =5.72cm™" and a scattering coefficient of u, =

5.48 cm™! , from which it was then possible to determine the absorption attributable to

added India ink in the complete phantom.
Applying equation (2.24):

:ua = lut'lus
=5.72-5.48

=0.24cm™?

4.2.4 Optical Albedo
a= lus/:ut
= 5.48/5.72

=0.96
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Thus, 96 % of the attenuation in this phantom sample was because of scatterers and the other

portion (4 %) was the result of absorption.

Chapter 5

5.1 Discussion
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Table 5.1 shows the penetration depths of brain tissues from previous theories to compare

them with the current study.

Table 5.1: Consideration of similarities of penetration depth 0 with other authors' values

for the brain.

Wavelength (nm) References
Penetration depth 0
514 0.4-0.6 [33]
980 14
810 38.1 [42]
660 32.8
835 2.52 £0.19
[43]
780 2.17 £0.16
675
632.8 1.38+0.13
0.921+0.08
808 [44]
40

The attenuation coefficient values established (in Table 4.1.1) ranged between 1.73 and 3.85
cm™" which is reasonably within the range by Becky T et al. (Table 5.2) [49]. The penetration

depth for the brain phantom tissue of the calculated values in Table 4.1.6 (0.30 - 0.38) at 532
nm is approximately within the range (0.4 — 0.6) brain tissue at 514 nm wavelength, in Table
5.1 [33]. This comparison was made because the two wavelengths (532nm and 514 nm) are
not too far apart in magnitude. The recorded data points were connected by a straight line to

investigate the attenuation coefficients x, described as the gradient of the linear curve. The

penetration depth of the 532nm laser light in the fabricated brain tissue with scattering and

70



absorption coefficients (x and u,) of 1.73 cm~! and 0.69 cm~! [45] was found to be

approximately 0.4 mm. This indicates that tissue structures situated at a depth larger than
approximately 0.4 mm will possibly not have significant photons detected. A comparison
between penetration depths in the brain's tissue detailed from this study and literature at

various wavelengths is outlined in Table 5.1.

The penetration depth for the brain simulating tissue is lower than those mentioned in the
human cadaver brain by Tedford et al. [44]. This might be due to sampling thickness,
structures, various manipulations, and the emission source included as the penetration of
light in a targeted tissue is a function of the parameters mentioned [43, 46, and 47]. The
penetration depth of the calculated values in Table 4.1.6 (0.30 - 0.38) is approximately within
the range like the ones at 512 nm wavelength, in table 5.1 (0.4 — 0.6) [33]. The attenuation
coefficients (ranges between 5.48 and 5.72cm™! ) found in Table 4.2.5 are relatively
comparable to those in Table 5.2 by Lee et al. [50]. The scattering and absorption coefficients

(p,and p, ) for complete phantom tissue (presented in Table 4.2.5) show that the tissue was
fabricated to mimic the prostate tissue of the human being. Here x =5.48 cm™! and p_ =

0.24 cm™1, which respectively fall within the accepted values of scattering and absorption for

the prostate tissue [50].

5.1 Error Analysis
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In this project, some few challenges were encountered while setting up the experiment.
However, adequate efforts were made to lessen the source of errors that were likely to

emerge.

Error Origin

Some errors encountered in this work comprise extra particles coming from deionized water
for preparation of phantom, the uneven of slice thicknesses, and the unsteady stabilization
of the laser check employed for the power intensity measurement. Fluctuation of the laser
beam due to wind turbulence and heating as well as the irregular distribution of the quantity
of scatter and absorber that were added to the samples of the phantom may have contributed
to errors encountered. Table 5.2 shows scattering and absorption coefficients of different
phantom tissues at close wavelengths for previous studies to the ones used in this study. This

is for comparison with absorption and scattering coefficients calculated from this study.

Table 5.2: Optical properties of human being tissue from different sources

A(nm) pg(cm™1) us(cm™1) Tissue Source
532 0.02-3.84 0.10 - 46.3 brain Becky T etal.
[49]
420 0.01-3.51 18.75-55.83
630 0.02 - 0.50 3.72-21.97 Sandel et al.
760 0.11-0.17 4.0-105 [46]
780 0.078 - 0.089 8.42-9.16
630 0.05-1.0 3.41-17.02 prostate Sandel et al.
650 0.14-0.61 5.24-22.68 [46]
672 0.09-0.72 7.1-25.0
732 0.09-0.72 3.37-29.8
762 0.11-1.6 1.2-40.0
630 1.5 386 White matter Yaroslavsky at
al. [50]
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adjacent to
invasive ductal

carcinoma

665 1.3 1246 blood Reynolds et al.
[51]
514 1.3 190 Bone (skull) Roggan et al.
[52]
633 1.4 88 bladder Cheong et al.
[53]
510 1.0 426 White  matter | Yaroslavsky et
(post mortem) | al. [50]
510-610 0.6-0.9 176.3-188.7 thalamus Gebhart et al.
[54]
500-600 0.6-0.9 109.4-133.7 pons Gebhart et al.
[54]
550 0.67 11.4 Lyposyn plus | Kienle et al. [55]
blood
500 1.06 15.35 hypodermis Paquit et al. [56]
520 0.6 6.51 Epidermis Salomatina et
(caucasian skin) | al. [57]
550 1.1 18.48 Dura mater Bashkatov and
(adult head) Genina et al.
[58]
530 1.14 18.4 Healthy tissue | Das, Liu and

Alfano [59]

Absorption and scattering coefficient values and other optical properties might be distinctive

to definite tissues or tumors. Therefore, a realization of the optical properties of an assembly

of cancer cells can permit added research to disclose the likelihood of treatment and tum

diagnosis. Absorption is easily varied through different amounts of black India ink. Scattering

coefficients are much more significant than those in this project.
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Increasing the amount of AZ2 03 also increases the scattering of the phantom. Likewise, when
the India black ink has increased, the absorption of the sample also increased. The result's
accuracy and precision might be enhanced using an added sensitive power meter to permit
other important figures in the absorption calculation and scattering coefficients. The laser

power oscillates by Mw, all through a solitary experimental method.

More measurements should also be performed to improve the average transport coefficient.
The results can be further enhanced with a cost-effective automatic stirrer or better cutting

techniques/devices.

Chapter 6

6.1 Conclusion
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Generally, tissue-mimicking samples are easy to create and give expected results with visible
lights. The optical attributes of the tissues might be simulated with appropriate absorption
and scattering coefficients. This work investigated the biochemical mechanisms of light tissue
interactions by fabricating phantoms with optical properties comparable to the human brain
and prostate tissues. Obtaining an accurate distribution of light in tissues presents a
considerable problem for optical spectrum in diagnostics and therapeutic applications. The
phantoms recipes and set-up for optical characteristics through cost-effective materials and
apparatus produce valuable and repeatable data. The considerable differences observed in
the phantoms' optical behavior show the need to have accurate information to optimize laser
therapy and phototherapy in general, depending on the wavelength and tissue type.
Moreover, an integrating sphere might be incorporated into the experimental arrangement

to obtain the anisotropy factor g and the reduced absorption and scattering coefficients.
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