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Abstract

The continuous need for tissue-like samples to understand biological systems and
the development of new diagnostic and therapeutic applications has led to the adop-
tion of tissue models using potential materials. This work presents a low-cost method
for manufacturing PVA slime glue-based phantoms to replicate diseased and healthy
biological tissues’ optical, mechanical, and structural properties. The deformable
phantoms with complex geometries are vital to model tissues’ anatomic shapes and
chemical composition. Absorption and scattering properties were set by adding
black India ink and aluminium oxide (Al2O3) particles in varying quantities to ob-
tain slime phantom tissues with optical properties of the brain, malignant brain tu-
mour, lung carcinoma, and post-menopausal uterus. The phantom properties were
characterized and validated using a He-Ne laser emitting at 532 nm and 630 nm
wavelengths propagated through various thicknesses of the fabricated phantom.
The incident and transmitted intensity were measured to determine the absorption
coefficient (µa) and scattering coefficient (µs).
Furthermore, the effective attenuation coefficient (µeff ) and penetration depth (δ)
were deduced from the reduced scattering coefficient (µ

′
s) and the anisotropy fac-

tor (g) obtained through the scattering phase function and Wolfram Mathematica.
The anisotropy factor demonstrated a forward scatter, typical of strongly scattering
media as real tissues. Such geometrically and optically realistic phantoms would
function as effective tools for developing techniques in diagnostic and therapeutic
applications such as laser ablation and PDT cancer treatment.
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Chapter 1

Introduction

Recent advances in biomedical tissue optics involving tissue characterization with
laser radiation are gaining significance as a tool for early diagnosis of pathological
changes in biological tissues [1]. This progress yielding new and powerful biomed-
ical imaging methods of investigating tissues from single molecules to specific or-
gans, identify bimolecular distributions within cells, in vivo imaging of enzymes
pathways, and selective treatment of tumors [2]. It involves modalities, such as op-
tical imaging, positron emission, computed tomography, magnetic resonance imag-
ing, and conventional radiography [3–5], among others that map a functional and
anatomical cross-sectional image of the biological tissues and their basic structure
[6]. Each modality holds unique characteristics in the diagnosis of a particular dis-
ease. However, several imaging modalities are needed to visualize and diagnose
more than one region of the tissue. The imaging techniques’ primary dissimilarity is
the energy source employed to produce the images [7].

Biomedical imaging is a powerful improving molecular diagnostic method that uses
photons’ visible light to create images of various organs and tissues together with
smaller structures (molecules and cells) [8]. These tissues are typically mimicked
and modeled with tissue-like materials due to the limited availability for ethical rea-
sons and the complexities of actual biological tissues [9, 10]. Specifically, in biomed-
ical imaging, the tissue phantoms are adopted to validate systems and procedures
for imaging a specific area of tissues. The tissue-equivalent phantom consists of a
bulk material to which scattering agents and absorbing agents were added to form
a complete tissue phantom [11]. These materials are selected based on similarities to
biological tissues in optical properties, particularly scattering and absorption coeffi-
cients, and structural characteristics, such as density, stretching strength, and hard-
ness. This includes other properties defining the optical phantom’s suitability and
usefulness, such as stability and ease of production [12].
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Currently, biomedical imaging techniques are increasing rapidly as non-invasive
medical therapy and diagnostic tools [12]. This is a consequence of the continu-
ous use of optical phantoms as the tissue replica to study light transport in complex
and multi-layered tissues and organs [13, 14]. Moreover, optical phantoms are em-
ployed in numerous studies focusing on the precise tracking of metabolites utilized
as biomarkers for disease identification, progression, and treatment response [15].
These methods and processes have significantly reduced biological tissue’s expo-
sure to harmful radiations and controlled specific damages in the irradiated tissues
[16].

Additionally, optical phantoms are desired to understand lesions of healthy biolog-
ical tissues caused by radiation during various cancer treatments, such as hyper-
thermia (heating the tumor region by electromagnetic radiation in the near-infrared
range). Kato et al. [17] designed optical phantom with the same electric properties
as actual tissue under a range (5-40 MHz) to model and optimize cancer-treating
modality (Hyperthermia). The phantom created with agar powder, sodium azide
(NaN3), and polyvinyl chloride (PVC) showed electrical conductivity (0.02 – 1.23
Sm−1) and permittivity (35 – 80) similar to human tissues. It was stable for over a
year in the heating experiment with no deterioration with the NaN3 essentially act-
ing as a preservative.

In 1997, Georges et al. [18] presented optical phantoms with scattering and ab-
sorption coefficients equivalent to the actual biological tissues in a broad spectral
(400-650nm). The phantoms were composed of agarose and various amounts of
particles such as intrapid, ink, blood, and azide for light absorption and scattering.
Photosensitizers and fluorochromes were added to simulate a cancer photodetection
procedure. The fabricated tissues efficiently accessed and compared various cancer
photodetection procedures utilizing light-induced fluorescence. The main limita-
tions of this approach were the short lifetime and the probable variations in optical
properties due to the imperfect reproducibility of the preparation process [19].

Firbank and Delpy described a method to machine a solid inhomogeneous phantom
with resin as base material, organic dye as absorber, and titanium dioxide particle
as scatterer for use in NIR spectroscopy and imaging [9]. The phantom was effec-
tively used for imaging purposes, however the settling of scattering and absorbing
substances in the resin caused unwanted spatial variations of the phantom optical
properties [9].
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A different approach by Cubeddu et al. (1997) [19], involves a solid tissue phan-
tom made of agar, intralipid and black ink. The homogeneity of the agar phantom
was superior since both ink and intralipid are well dissolved and dispersed in the
agar solution [19]. The phantom can become a proper hardening with stable optical
properties. The phantom characterized using time-resolved transmittance measure-
ments was found to be stable in its optical properties and typical of biological tissues
in the red and near-infrared. The values of the optical parameters reported were
typical for biological tissues in the red and near-infrared. The phantom nonetheless
requires antibiotics to increase its life [19].

By May 2000, Nelson et al. [20] developed and evaluated a tissue phantom for exper-
imental studies in Laser Interstitial Thermo Therapy (LITT) and treatment of small
breast tumors at 980 nm. The tissue phantoms consist of a polyacrylamide hydrogel
matrix with different scatterer (Intralipid 10%) and absorber (Nigrosin) concentra-
tions for adjustable optical properties. The phantoms had temperature curves com-
parable to those in the ex-vivo tissue and were valuable for determining optimum
laser treatment parameters in laser interstitial thermotherapy of breast cancer.

Optical tissue-like phantoms closely matching the human skin’s characteristics (av-
eraged for 260 patients) over a range of wavelengths (400-1000 nm) were simulated
by Manuela et al. [21]. The phantoms consist of suitably adjusted amounts of trans-
parent silicone, Al2O3 particles, and cosmetic powder. Furthermore, the applicabil-
ity to numerous light tissue interactions validated the correctability of the phantoms.

Srinivasan et al. [1] attempt to measure the optical scattering of various biological
organs using a laser reflectometer and tissue-like phantoms composed of paraffin
wax material. Three parameters, namely reduced scattering (µ’s), anisotropy factor
(g), and absorption coefficient (µa), were determined by the Monte Carlo Simula-
tion method. The created phantoms were useful for optical imaging of diseased and
healthy organs.

A recipe of highly compressible polyvinyl alcohol (PVA) slime phantoms for diffuse
optical tomography was presented by Hebden et al. (2006) [22]. The created phan-
toms were deformable to different tissue geometries, but their long-term stability is
still undetermined, and the results were not conclusive due to the small number of
phantoms studied.

Bergamn et al. [23] developed a skin phantom with behenic acid, cholesterol, and
ceramides as the epidermis. Fluorescent dyes were used to achieve optical prop-
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erties of the skin tissue with the optical coefficients measured by reflectance-based
confocal microscopy and fluorescence technique.

Portakal et al. [24] aimed to fabricate tissue-equivalent for relaxometry, non-Gaussian
diffusion imaging, and ultrasound elastography. They compared parameters for
cancer patients such as prostate condition. The tissue manufactured with agar gel
of various concentrations successfully mimicked the MRI and elastography param-
eters similar to those found in the healthy and diseased prostate.

Yusoff et al. (2019) recently produced MRI phantoms considering potentially new
and cheap slime material for their suitability and capability [25]. The slime phan-
toms were prepared by mixing polyvinyl alcohol (PVA) glue and distilled water
with various borax concentrations, ρ = 0.0075 g/ml, 0.0125 g/ml, 0.0175 g/ml, and
0.0225 g/ml. The longitudinal relaxation time (T1) and transverse relaxation time
(T2) images were monitored by a 3-T MRI through a turbo spin echo pulse (TSE)
sequence for homogeneity. The (T1 and T2) images showed good agreement with
average values of human tissues and were stable for 7 days after preparations [25].
However, the experimental technique was not sufficient enough to quantitatively
determine its homogeneity and stability [25]. Furthermore, the high cost of phan-
tom tissue creation and the laborious nature of the method proposed is not suitable
for several phantoms [25].

Laser radiation plays a crucial role in medical systems for therapy, tissue welding,
and surgery (soft tissue cutting and blood coagulation) [26–28]. A laser stimulates
atoms or molecules to emit light with a narrow wavelength spectrum or coherent
light, defining the laser’s power (energy). Due to their coherent nature, all laser
lights cause an increase in light interference patterns and dark bands as the relative
path lengths varied. This is a valuable property in medical diagnostics as the total
energy across the pattern inside biological tissues remains the same with no light
disturbance caused by the interference [29, 30].

The optimal use of laser light as a therapeutic, surgical, and diagnostic modality
commonly entails understanding the optical properties of various tissues involved
in the process [31]. The optical properties (absorption, scattering, refraction, and
reflection) are crucial for describing light propagation through biological tissue and
provide vital information about the tissue’s state [31]. The laser energy also mod-
ifies tissue structure in photothermal and photochemical processes during medical
treatments depending on the power level [32]. However, knowledge of all-optical
effects of various tissues to an incident laser beam and the damage of the absorbed
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1.1. Lasers For Imaging Applications

radiation by different target tissue is of paramount importance [31]. The knowledge
of absorption levels gives a good understanding of laser choice for a specific ap-
plication. It makes it possible to precisely control the tissue’s thermal energy and
circumscribe the effects to the treated volume [31]. This is aided by the laser output
radiation’s critical characteristics, including working modes, intensity, and possible
interaction time interval [33, 34].

1.1 Lasers For Imaging Applications

1.1.1 Therapeutic radiation

Radiation therapy generally involves ionizing radiation, as part of cancer treatment,
by controlling or killing malignant cells [26]. The radiation stimulates tissue heal-
ing while helping resolve pain and inflammation [26]. The photon energy of the
radiation changes essential biomolecules such as protein, collagen, and DNA and
modifies cell metabolism. This mechanism expands cell replication capability and
simulates various tissue cells for reproduction [26].

1.1.2 Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is a powerful modality involving the distribution of
photosensitizing agents into the body (bloodstream) [27]. These chemical agents are
absorbed in normal and cancerous tissues with oxygen yield in the cancerous envi-
ronment [27]. The interaction between the light of a particular frequency and the
body activates photosensitising agents, causing photochemical reactions, effectively
killing the cancerous cells without undue typical tissue injury [35]. The photosen-
sitizer distribution varies depending on the treated tissue’s characteristics, the inci-
dent light’s wavelengths, optical scattering within the tissue, and light absorption
by the sensitizing agent [36, 37]. The deposited light energy is the PDT dose, which
is directly proportional to the product of the photosensitizer absorption coefficient
and the light fluence [36].

The primary light sources for PDT are broad-spectrum lamps, diode lamps, and
lasers. These sources emit large radiation fields with deeper penetration, enabling
deeper areas of cancerous tissue treatment [38, 39].

1.1.3 Tissue welding

Tissue welding is a relatively new conventional technique aiming to seal surgical
wound sites using laser light without sutures. It depends on the coagulation of an
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1.2. Significance of the study

organic soldering material of two tissue parts binding them until the tissue heals
[28]. This technique brings innovative settings where suturing difficulties such as
endoscopic interventions are managed [40]. It is also effective for blood vessel and
nerve bundle anastomosis [41, 42]. However, water tightness of tissue closure is
essential for neurosurgical procedures and cardiovascular surgery. Therefore, laser
tissue welding intervenes to repair cerebrospinal fluid leaks. The most common
lasers for successful tissue welding are CO2 (10600 nm) and Nd:YAG (1064 nm),
including the Ultrapulsed diode (980 nm) [43, 44].

1.1.4 Surgery

Soft tissue cutting (incision)

Most surgical branches employ a high-power laser instead of a knife and ablate to
cut soft tissues with photothermal effects. The heat reproduction capability of lasers
is functional and demanded in practical surgical applications. The beam’s thermal
effect on the targeted area enables the suitability of high-power lasers as a surgical
tool for cutting precisely the tissue at smaller spot sizes [45]. As a result, employ-
ing erbium lasers during incision on the mucosa (water-rich component) is advan-
tageous to other wavelengths based on its low collateral thermal effect and high
specificity [46]. Furthermore, surgical procedures in ophthalmology, and incision
geometry, demand high precision for transparent tissue at a specific depth [47].

Blood coagulation (hemostasis)

In hemostasis, the laser’s wavelength coagulates the blood and stops bleeding with
its photothermal efficiency. This provides a clear vision for the surgeon and less
edema in regions such as the oral cavity with high bleeding tendency [48–50]. More-
over, laser use in coagulation is vital for scalpel surgery and in patients receiving
anticoagulant therapy due to its blood-stopping effect [51, 52].

1.2 Significance of the study

The construction of multi-layered tissue-like phantoms with relatively inexpensive
preparation and optical properties determination technique is beneficial for quick
evaluation and standardization of medical devices and procedures.
Additionally, phantom creation is significant for minimally invasive surgical train-
ing, understanding underlying anomalies in the planning of complex surgery, and
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1.3. Aims and objectives

improving clinical outcomes.
The cost-effective recipe presented handles the creation and evaluation of tissue sim-
ulating phantoms made up of PVA gel, aluminium oxide (Al2O3), and Indian ink as
scatterer and absorber, respectively. The primary matrix (polyvinyl alcohol (PVA)
slime) and borax powder (relaxation modifier) including the beam splitter and laser
check meter for the power intensities through each sample slice was locally pur-
chased.
Furthermore, the optical properties of the fabricated tissue, namely the absorption
coefficient µa, the scattering coefficient µs, the reduced scattering coefficient µ′s =
µs(1 - g), the effective attenuation coefficient µeff , and the anisotropy factor g, re-
spectively were determined following basic ray optics technique. Consequently, a
procedure for developing optical tissue phantoms based on PVA with desired opti-
cal properties was found.

1.3 Aims and objectives

The principal objectives of this study are to:

• produce tissue phantoms using a potentially new material called slime.

• investigate the relevant optical characteristics of the slime phantom at a spe-
cific wavelength.

• develop a low-cost modality of simulating optical tissue-like phantoms for
biomedical imaging.

• fabricate tissue-like phantoms with controllable and adjustable scattering and
absorption properties.

• create a phantom type that can be easily deformed and compressed with op-
tical properties appropriate to actual human tissue for developing therapeutic
protocols.

1.4 Organization of the thesis

• Chapter 1: This chapter presented the background for this work and con-
cluded by describing the significance and aims of the study.

• Chapter 2: The knowledge and formalism required to understand tissue optics
and different approaches for determining the optical properties of biological
tissues were provided in this chapter.
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1.4. Organization of the thesis

• Chapter 3: Presents the experimental procedures and apparatus utilized in
fabricating the optical tissues from this study.

• Chapter 4: This chapter provides the experimental results with analysis and
probable sources of errors during the study.

• Chapter 5: Is a published manuscript in the Proceedings of the Estonian Academy
of Sciences. The study investigates Effective Attenuation Coefficient and Pen-
etration Depth of 630 nm Laser Light In Polyvinyl Alcohol Slime Glue Phan-
toms Simulating the Human Brain Tumour. The conclusions feed into efforts
at obtaining deformable and compressible tissue phantoms for biomedical ap-
plications.

• Chapter 6: Is a manuscript entitled ”Realistic deformable phantoms with op-
tical properties of human tissues for biomedical research applications” under
review in the Optica review journal. This work explored the potential of (cheap
and readily available) slime materials as a primary medium for fabricating
phantoms with reproducible and stable optical and mechanical properties as
diseased and healthy biological tissues.

• Chapter 7: This chapter summarizes the contribution to present knowledge
and gives suggestions for future work.
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Chapter 2

Theory

2.1 Optical Properties of Light in Tissues

Light incident on a turbid media such as biological tissues with added optical agents
experiences multiple processes, including reflection, refraction, absorption, and scat-
tering [53]. These optical properties determine the total transmission at a particular
wavelength, as illustrated in Figure 2.1 [53]. However, multiple scattering effects
complicate the light propagation producing a wide range of paths varying with ab-
sorption and scattering. The radiative transfer theory, Monte Carlo (MC) simulation,
and diffusion theory are significant in analyzing light interaction with tissues [3, 5].
The absorption coefficient describes the concentration of various chromospheres.
The scattering coefficient and the anisotropy factor provide information about the
form, size, and concentration of different scattering components in biological tissues
[53].
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2.1. Optical Properties of Light in Tissues

Figure 2.1: Optical Properties of Light in Biological Tissues [53].

The most common instruments used to extract the optical properties are spectropho-
tometers, depicted in Figure 2.2. These bulky instruments measure the fraction
of light incident, transmitted, and reflected on the surface of the biological tissue.
Faster and accurate readings from the spectrophotometers are with an integrating
sphere diffusing the incident light into a spectrum of wavelengths [54]. Further-
more, the intensities are graphically and digitally detected using a charge-coupled
detector device [54].

Figure 2.2: Spectrophotometer [54].
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2.1. Optical Properties of Light in Tissues

2.1.1 Scattering

Scattering in tissue results from random variations in the refractive index at the cel-
lular scale, changing the direction of light propagation (Figure 2.3). The scattering
depends on tissue components’ size, morphology, and structure [55]. The scattering
event is classified as either elastic or inelastic depending on the energy conserva-
tion. Inelastic scattering, such as Raman and Brillouin scattering, is described by
a change in wavelength of the incident photon when the incident light interacts at
vibrational and rotational molecular levels, resulting in a shift between these levels.
This changes the power of the scattered light relative to the incoming light [56].

Figure 2.3: Attenuation of laser light through a scattering medium.

Elastic scattering occurs when the photons of the incident and scattered light have
the same power (energy). Mie and Rayleigh scattering are two models of elastic
scattering in biological tissues [56, 57].

Mie Theory of Light Scattering

In 1908, Gustav Mie developed the exact theory of the scattering of light by a solid
sphere [58]. The internal and external scattered electromagnetic fields are defined as
a function of the size parameter (x) and the relative refractive index (m) [59].

x =
2πna

λ
;m =

n1

n
, (2.1)

where n and n1 refer to the complex refractive indices of the medium and parti-
cle respectively and a describes the radius of the scattering particle. The solutions
are based on infinite series of Bessel and modified Bessel functions; for an incident
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2.1. Optical Properties of Light in Tissues

wave-number (k) passing in the x direction [59],

Ei = E0e
ikr cos θêx (2.2)

The electric and magnetic fields of the scattered wave are defined by [59],

Eδ =

∞∑
n−1

En(ianNeln − bnMoln) (2.3)

Hδ =
k

ωp

∞∑
n−1

En(ibnNoln + anMeln) (2.4)

Where,

Mon = cosφπn(cos θ)h
(1)
n (kr)êθ − sinφτn(cos θ)h

(1)
n (kr)êφ

Men = − sinφπn(cos θ)h
(1)
n (kr)êθ − cosφτn(cos θ)h

(1)
n (kr)êφ

Non = cosφn(n+ 1) sin θπn(cos θ)h
(1)
n (kr)
kr êr+

cosφτn(cos θ) [krh
(1)
n ]

′

kr êθ − sinφπn(cos θ) [krh
(1)
n (kr)]

′

kr êφ

an = pm2jn(mx)[xjn(x)]
′−p1jn(x)[mxjn(mx)]

′

pm2jn(mx)[xh
(1)
n (x)]′−p1h(1)n (x)[mxjn(mx)]′

bn = p1jn(mx)[xjn(x)]
′−pjn(x)[mxjn(mx)]

′

p1jn(mx)[xh
(1)
n (x)]′−ph(1)n (x)[mxjn(mx)]′

and

En = inE0
(2n+1)
n(n+1)

πn = P
′
n

sinθ

τn = dP
′
n

dθ

Where θ and φ describe the planar and azimuthal spherical polar angles, p and p1

describe the permeability of the medium and sphere respectively, h(1)
n is a spherical

Bessel function of the third kind, jn defines a spherical Bessel function, and P
′
n is a

Legendre Polynomial.
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2.1. Optical Properties of Light in Tissues

The rate of energy scatter (Wδ) can be determined using equation 2.3 and 2.4 [59]:

Wδ =
1

2
Re

∫ 2π

0

∫ π

0
(EδθH

∗
δφ − EδφH∗θ )r2 sin θdθdφ (2.5)

The scattering and extinction cross-sections, (σs) and (σa) respectively:

σs =
Ws

I0
;σa =

Wa

I0
, (2.6)

where I0 describes the total intensity on the particle, Ws the rate of energy scattering
by the particle, and Wa the rate of energy absorption by the particle.

Using equation 2.6, σδ can be determined.

σδ =
2π

k2

∞∑
n=1

(2n+ 1)Re[an + bn] (2.7)

Solutions to these equations are evaluated numerically by a computer with slight
modifications in these equations for ease of calculation and convergence [59]. When
the convergence speed is increasing, the particle is becoming smaller [59]. The scat-
tering and extinction cross-sections and the angular dependence of scatter can be
determined in the scattered fields. The angular scatters function for particles of size
greater or equal to the wavelength is highly forward weighted [59]. Additionally,
Mie’s theory has been employed in other simple geometries, such as elliptical parti-
cles and hollow spheres, however, this is not strictly valid for particles of arbitrary
geometry [59]. This is the only theory that applies to particles of size comparable
with the wavelength [59]. When the particle size is less than 1

4 of the wavelength the
theory simplifies, and Rayleigh scattering theory applies [59].

Rayleigh Theory of Light Scattering

Rayleigh’s theory analyses the scattering of light by particles much smaller than the
wavelength [59]. A derivation of this theory considers the dimensions of the vari-
ables included, the volume (V ) of the particle, the distance (r) at which observations
are observed, and the wavelength (λ) of the light. The scattered intensity (Is) is given
by [59]:

Is ∝
V 2

r2λ4
(2.8)

A similar equation can be derived from Mie’s theory by taking the first few terms
of the Bessel series expansion. For unpolarized incident light (Ii), the scattered light
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2.1. Optical Properties of Light in Tissues

(Is) at angle θ is [59]:

Is =
8π4na6

λ4r2
(
m2 − 1

m2 + 2
)2(1 + cos2 θ)Ii (2.9)

Thus, the angular dependence of scatter is a sinusoidally varying function, and as
the particle’s radius (a) approaches zero, the distribution becomes isotropic [59].

Scattering in optically inhomogeneous media is characterized by the scattering co-
efficient (µs), known as the distribution probability per unit length. It describes the
average times per unit length a photon changes its direction. In most biological tis-
sues, light is scattered in the forward direction [56].

Scattering Cross-Section and Coefficient

The effective scattering cross-section (σs) refers to the ability of a molecule to scatter a
photon of a particular wavelength. The scattering cross-section is defined as follows,

σs = DsAs, (2.10)

Where Ds is the scattering efficiency and As is the geometrical cross section for scat-
tering element.

The scattering coefficient is given as:

µs = ρσs, (2.11)

Where ρ is a particle number density, σs is the scattering cross-section, and µs is a
quantity that measures light scattering as it passes through a tissue.

2.1.2 Absorption

Absorption is the attenuation of incident light as it transverses through biological
tissues, Figure 2.4. The absorption process involves light transformation to other en-
ergy(power) states such as heat, sound, and fluorescence as the light passes through
the tissue [55]. The molecular electronic, vibrational, or rotational states become
excited by the energy transmitted by the incident photon leading to partial energy
conversion. Conversely, there is no conversion of light energy without absorption.
The intensity of absorption in tissue directly depends on the wavelength of radia-
tion, the concentration of absorbing agents, and the thickness of the absorbing layer
[57]. Among these, the incident wavelength mainly determines the absorption coef-
ficient.
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2.1. Optical Properties of Light in Tissues

Figure 2.4: Light absorption in a phantom tissue.

The absorbance (A) of the tissue is described by the ratio of absorbed and incident
intensities [60]:

A =
IA
I0

(2.12)

Absorption Cross-Section and Coefficient

The ability of a molecule to absorb a photon of a particular wavelength is the ab-
sorption cross-section (σa). It is a term used to specify the absorption properties of a
single molecule [60]. Absorption cross-section can be expressed as,

σa = DaAa, (2.13)

Where Da is the absorbing effectiveness and Aa is the absorbing element geometric
cross section.

The absorption coefficient is used to measure the amount of light attenuated in tis-
sue, which is defined as:

µa = ρσa, (2.14)

Where ρ is the density of particles, σa is the cross-section of absorption and µa is the
absorption coefficient of light attenuation as it moves through the tissue.
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2.1. Optical Properties of Light in Tissues

2.1.3 Transmission of Laser Light

Light transmission refers to the tendency of light to pass through an object (Figure
2.5). The phenomenon has been extensively measured for various biological tis-
sues as a function of the sample thickness and the incident light wavelength [61, 62].
Tanikawa et al. [63] utilized optical tomography to image optical properties distribu-
tion in human bodies by measuring transmitted light at skin surfaces. Guiselini et al.
(2016) [64] gathered information on the effective transmission of red (660 nm) and
infrared (780 nm) low-intensity lasers through the anterior, middle, and posterior
regions of human maxillary and mandibular alveolar bone. They aim to determine
more efficient parameters for low-intensity laser therapy (LILT) in postoperative oral
surgery involving bone tissue. Light transmission was explored and determined
through albino skin using a 1440 nm near-infrared laser diode by Abdussamad [65].
Findings demonstrated that this method could lead to a non-invasive approach to
enhancing wound healing. In 2000, Young et al. [66] studied the behaviour of NIR
light transmission models in the adult human head. They determined the relative
effects of the extracerebral tissue layers on the passage of NIR photons.

Figure 2.5: Transmission of light through tissue [61, 62].

The transmittance (T ) is described as the ratio of transmitted intensity IT to the in-
cident intensity I0 of the medium [62]:

T =
IT
I0

(2.15)

The transmission can also be expressed as :

T = exp(−σaNal) = exp(−µal), (2.16)

where σa is the efficient absorption cross-section (cm2), Na is the absorbing molec-
ular density (cm3), l is the optical path (cm) and ρ is the optical density (OD) or
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2.2. Light Distribution in Tissue

extinction. Lastly, this optical property helps to identify the optimal light intensities
in medical applications.

2.2 Light Distribution in Tissue

The behaviour of a laser beam through biological tissue in a solid or liquid state
depends on tissue properties such as:

2.2.1 Total and Effective Attenuation Coefficient

The attenuation is the reduction of light energy as it passes through the biological
tissues [67]. It is regarded as the rate of energy loss per unit penetration length due
to the absorption and scattering of photons.

The total attenuation coefficient (µt) describes the propagation of laser light inside a
biological tissue as the sum of the scattering and absorption coefficients [68]:

µt = µs + µa (2.17)

The exponential attenuation of laser light in the biological tissue is predominantly
described by the effective attenuation coefficient (µeff ) [68]:

µeff = [(3µa(µa + µ′s)]
1
2 , (2.18)

Where µ′s is the reduced scattering coefficient.

2.2.2 Reduced Scattering Coefficient

The reduced scattering coefficient (µ′s) is the function of scattering coefficient (µs)
and anisotropy factor (g), as shown in the following equation:

µ′s = µs(1− g) (2.19)

This parameter is mostly used to describe media, such as biological tissue that are
strongly forward scattering and g ≈ 0.9.

2.2.3 Anisotropy Factor (g)

A measure of the degree of forward scattering in biological tissues is determined
by the anisotropy factor (g). When a particle scatters a photon, its trajectory is de-
flected by scattering angle (θ), and the component of the new path aligned in the
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2.2. Light Distribution in Tissue

forward direction is cos(θ) [55]. The anisotropy factor (g) is the average cosine of the
scattering angle [69]:

g =< cos(θ) >, (2.20)

g =

∫
4π p(θ)cosθdw∫

4π p(θ)dw
, (2.21)

Where p(θ) is the phase function and dw is the elementary solid angle, expressed as:

dw = sinθdθdφ (2.22)

Figure 2.6: Different values of the anisotropy factor.

2.2.4 Transport Mean Free Path

Transport mean free path (l∗) is the distance light radiation needs to travel before
losing its original direction of propagation relative to the anisotropy factor (g) and
reduced scattering coefficient(µ

′
s):

l∗ =
1

µ′
s

=
1

(1− g)µs
(2.23)

2.2.5 Penetration Depth

The laser beam’s penetration depth (δ) in biological tissue is the most critical pa-
rameter that indicates light transmittance through the tissue and its suitability for
surgical procedures. It is also known as the mean free path length (MFP ), the mean
distance a laser beam travels through the absorption or scattering events as the total
fluence rate (Wmm−2) drops to e−1 (Figure 2.7) [70].
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2.3. Scattering Particles

Figure 2.7: Schematic representation of a photon penetration depth inside a tissue.

The reciprocal of the effective transport coefficient is arbitrarily equal to the optical
penetration depth:

δ =
1

µeff
(2.24)

The penetration depth increases with the laser radiation wavelength [71].

2.2.6 Optical Albedo

This parameter is essential for predicting light propagation in tissue for single scat-
tering [55]. The optical albedo (a) is described as the ratio of the scattering coefficient
(µs) to the transport coefficient (µt).

a =
µs
µt
, (2.25)

Where a = 0 for a completely absorbing medium and a = 1 for a completely scattering
medium [55].

2.3 Scattering Particles

Scattering particles with rough surface in biological tissues and cells are typically
assumed to be homogeneous spherical, internally symmetric, and does not interact
with each other [72]. Optical scattering originates from the interaction of electromag-
netic radiation and biological tissue particles, leading to light diffusion in biological
tissue [72]. This interaction is vital in various processes, such as cell biology and heat
transfer. The classical electromagnetic theory is used to explain and understand light
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scattering particles [73].

In most optical tissue phantoms, the choice of a scattering agent is based on the
volume fraction, shape, and concentration of the scattering particles, differentiating
it from other matrix compositions. Three main choices of scattering agents are iden-
tified: polymer microparticles, lipid microparticles, and white metal oxide powders
[69]. Lipid microparticles act as biological scattering agents such as cells’ organelles
and bilipid membranes found in actual tissues. Another common choice is the poly-
mer microsphere made in several forms of sizes and shapes with good quality to
control the refraction index [69]. The third choice is white metal oxide powders,
such as aluminum oxide and titanium dioxide powder, otherwise regarded as the
pigment in white plastic and paint. They provide high scattering coefficients found
in well-controlled spherical formulations where exceptional high scatter and low
absorption are highly demanded. The main disadvantage of these powders is that
they reside in suspension in most media and require continuous stirring for even
distribution [69].

2.3.1 Single and Multiple Scattering

Studying biological cells and organelles requires an extensive understanding of light-
waves scattered by particles, which is by the single and multiple scattering model.
Single scattering occurs when the incident light wave undertakes a single collision
with particles of the medium it propagates [74]. It is observed in healthy transparent
animals and the human eye tissues, such as the eye lens, cornea, and vitreous body
[74].

Single-particle scattering is also due to the collection of the dipoles emitting an os-
cillating electrical field [74]. Scattering by such a coherence array is by the scattering
shape and size, polarization state, and incident radiation frequency. The total energy
of the incident light wave scattered is a function of the cross-section of the scattering
particle (σs). In contrast, the total energy absorbed is a function of the absorption
cross-section (σa). The sum of these cross-sections is the extinction cross-section,
expressed as [62]:

σext = σs + σa (2.26)

The extinction cross-section is by the accurate measurements of the radiation trans-
mitted via a plate of N equivalent scattering particles per unit volume. The incident
light wave (Ii) and the transmitted light wave (It) are associated with the following
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equation assuming multiple scattering is significantly small [62].

I(h) = I0e
NσextL, (2.27)

Where L is the thickness of the slab provided that multiple scattering is negligible.
Nσext is replaced by the generalized from Equation 2.25 for similar particles to ac-
count for differences between particles.∑

j

Njσext, (2.28)

Where j denotes all parameters differentiating one particle from another.

The single-scattering events control the angular scattering in biological tissues ap-
proximated by the Henyey-Greenstein scattering function:

P (θ) =
1

4π

1− g2

(1 + g2cos(θ))
3
2

, (2.29)

P (θ) describes the phase function, θ is the scattering angle and g is the anisotropic
factor.

In contrast, in most in-vivo tissues such as skin, brain, and breast, an incident pho-
ton undertakes many scattering events (multiple scattering) [74]. The mean free path
(MFP ) describes the scattering regime [74]. The Mean free path length, defined as
the mean distance between two successive interactions with scattering or absorption
experienced by a photon traveling in a scattering-absorption medium, is expressed
as [74]:

MFP = Iph =
1

µt
(2.30)

The radiation transfer theory (RTT) is the basic theory used to approximate light
distributions in multiple scattering media with absorption as tissue [74]. The ap-
proach, also known as the linear transport equation, introduces a balanced equation
describing the flow of particles, such as photons in a specific elemental volume, by
considering its velocity, location, and changes due to scattering [74].

The integral equation also allows the calculation of the fluctuating field in the multi-
ple scattering processes. This fluctuating field is an integral of the average field (〈Ej〉)
at the location of some arbitrary particles (j), as shown in the following equation:

〈Ej〉 = E0 +

∫
Sj〈Ej〉G(rj)drj (2.31)
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This technique only works well in biological tissues with a significantly small frac-
tional scatterers volume [73].

2.4 Scattering Function at Small Scattering Angles

Scattering function P (θ) describes the probability for a photon scattered per unit
solid of an angle (θ) from the direction of propagation [75]. This function is de-
termined using goniometric measurements, and the small angle refers to the slight
deflection of light (0.1 ◦ - 10 ◦). The light scattered at small angles is accurately cap-
tured by the photometer. With significantly small phantom tissue’s optical thickness,
multiple scattering effects are negligible, and the measured energy (power) is closely
related to the scattering function [75]. The single-scattering condition also requires
the reduction of the microspheres concentration in the tissue sample as per below:

1

µs,d
>> L, (2.32)

Where L describes the slice thickness length and subscript d in the scattering coef-
ficient refers to the spheres dilution in phantom. Furthermore, placing the tissue
sample in a saline solution [76] or between pair of semi-cylinders glass [77] helps
determine the difference between the refractive index and the external medium dur-
ing goniometer measurements.
The main disadvantage of goniometric measurements is difficulty distinguishing the
scattered light from unscattered components when measurements are from small
scattering angles. Goniometric measurements of scattering function are applicable
only for angles larger than ≈ 2 degrees [75]. Considerably smaller angles are gener-
ally measured using an extrapolation procedure [78].

Biological tissues scattered approximately 50% of the energy emitted through a nar-
row forward lobe, enabling the measurements at small scattering angles with in-
formation comparable to that obtained from the remaining angular range. How-
ever, this shifts everything to the scattering function at small scattering angles. The
scattering function P (θ) value is extracted from the repeated transmissometric mea-
surements by employing various values for the receiver’s angular field of view (α).
Applying a light beam with a bit of divergence and performing measurements in
the single scattering method, the mean value Pi,j of the scattering function in the
angular range [αi, αj] is defined as [79]:

Pij =
1

2π
(
cosαin − cos

αj
n

) P (αj)− P (αi)

aηIT
, (2.33)
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where a = µs
µt

describes the single scattering albedo, IT defines the transmitted light,
n is the refractive index and η is the optical thickness factor, expressed as:

η = ln
IT
I0

(2.34)

2.5 Light Propagation Models in Tissues

The mathematical models heavily rely on the absorption coefficient (µa) and scatter-
ing coefficient (µs) to describe the light propagation inside the biological tissue.

2.5.1 The Radiative Transfer Equation

The transfer of laser light energy (power) in biological tissue is described by the
Transport theory [80], analyzing the light energy movement in a small volume ele-
ment of the biological tissue, as shown in Figure 2.8 [81]. Transport theory used the
superposition of an electromagnetic field to eliminate unwanted wave properties of
light, such as polarization and interference [80].

Figure 2.8: The light energy flow inside the tissue [81].

The radiative transfer equation (RTE) is the mathematical model that describes light
migration in biological tissue, expressed as [82]:

∂L(~r, Ω̂)

∂t
+Ω̂∇L(~r, Ω̂, t) = −(µa+µs)L(~r, Ω̂, t)+µs

∫
4π
p(Ω̂, Ω̂′)L(~r, Ω̂′)dΩ̂′+s(~r, Ω̂, t),

(2.35)

describing the change of energy radiance L(~r, Ω̂, t) at position ~r in direction Ω̂ due
to losses by absorption and scattering.
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2.5. Light Propagation Models in Tissues

Where µa represents the absorption coefficient, µs is the scattering coefficient, s(~r, Ω̂, t)
is the phase function, and s(~r, Ω̂, t) is the radiation source.

The Radiative Transfer Equation (RTE) considers the radiant energy balance in an
arbitrary tissue volume. It is a balance equation relating the change in energy ra-
diance to the shift in energy flow, loss due to absorption and scattering, and gains
due to scattering and radiation sources. The exact solution of the RTE exists only in
the isotropic distribution of simple geometrics. Therefore, a further approximation
is required [82].

2.5.2 Diffusion Equation Formalism

The radiation transport equation models the photon propagated through biologi-
cal tissues with some approximations. The diffusion approximation is preferred to
solve the radiative transfer equation by expanding L(r, Ω, t) in terms of spherical
harmonics Yn,m, considering only the first two terms [83].

L(~r, ŝ, t) =
1∑

n=0

n∑
m=n

Ln,m(~r, t)Yn,m(ŝ) (2.36)

Multiplying equation 2.35 by (ŝ) and substituting it into the current density equation
2.36:

J(~r, t) =

∫
4π
ŝL(~r, ŝ, t)dΩ (2.37)

we get:

L(~r, Ω̂, t) ≈ 1

4π
Φ(r, t) +

3

4π
~j(~r, t).~Ω (2.38)

Substituting equation 2.37 into the radiative transport equation, multiplying both
sides by s, and integrating over the full 4π, assuming the fractional change in j(r̂, t)
is small.

∂j(~Ω, t)

∂t
<< v(µa + µ′s) = vµ′t (2.39)

We obtain[27],

1

v

∂Φ(r, t)

∂t
= ∇.D∇Φ(~r, t)− µaΦ(~r, t) + S(~r, t), (2.40)

Where v is the speed of light in the medium, Φ(~r, t) is the fluence rate, D = (
1

3
)(µa +
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µ′s) is diffusion constant and µ′s is the reduced scattering coefficient.

The diffusion theory can modulate light transport faster, but it is not useful when
absorption is stronger than scattering (µa >> µs). This leads to the employment of
other models such as Monte Carlo Simulation [83].

2.5.3 Kubelka-Munt (KM) Theory

The Kubelka-Munt model theoretically describes uniform and diffuse irradiance
propagation in turbid media and provides a clear analytical solution. A diffusion
model is equivalent to this model with a forward and backward peaked phase func-
tion [84]. Furthermore, the KM technique is well known as a good approximation of
the general radiative transport equation in one-dimensional (1D) theoretical investi-
gations. However, the KM model does not provide an exact solution for highly ab-
sorbing and weakly-scattering media [85]. In principle, the KM model is a two-flux
model having two fluxes (F+(x) and F−(x)) of light passing through the medium in
forward and reverse directions [85]. The differential equations of this model are [85]:

dF+(x)

dx
= (K + S)F+(x) + SF−(x) (2.41)

dF−(x)

dx
= (K + S)F−(x)− SF+(x) (2.42)

These equations describe the radiant energy balance on dx of the medium. Where
the optical properties of the medium are defined by the scattering (S) and absorp-
tion (K) coefficients.

Equation 2.41 and 2.42 have exact analytical solutions [85]:

F+(x) = C1e
−αx + C2e

αx (2.43)

F−(x) = C1A−e
−αx + C2A+e

αx (2.44)

Where,
α =

√
K(K + 2S) (2.45)

A+ =
(K + 2S + α)

(K + 2S − α)
(2.46)

A− =
1

A+
(2.47)

It is important to determine a backscattered Fbs = F−(0) and a transmitted radia-
tion by a tissue flux FT = F+(H0) in biomedical non-invasive applications. This
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calculation further includes determination of optical properties of biological tissue
in transport coefficients S and K for correct medical diagnosis purposes. The calcu-
lations yield as [85]:

Fbs = F−(0) = F0.R.e
−µah + F i=1

− (0).(1−R).e−µah/2 (2.48)

FT = F i=N+ (h).(1−R).e−µah/2 (2.49)

Using the KM approach, the general illustration of the differential equations from
Equations 2.41 and 2.42 is [85]:

dF+(x)

dx
= −β1F+(x) + β2F−(x) (2.50)

dF−(x)

dx
= β1F−(x)− β2F+(x) (2.51)

Equations 2.50 and 2.51 have standard solutions for backscattered and transmitted
radiation [86],

Fbs = F.P.
1− e−2LH0

1− P 2e−2LH0
(2.52)

FT = F0.e
−LH0 .

1− P 2

1− P 2e−2LH0
(2.53)

Where H0 represents the thickness of medium, L =
√
β2

1 − β2
2 and P = (β1 − L)/β2

The transport density of heterogeneities [85]:

µρ =
N

H0
(2.54)

The simplest form of the external boundary conditions:

F+(0) = F0;F−(H0) = 0

Finally, the general dependencies expressed as [85]:

β1 = ω.
µa − µρ ln (1−R) + µρ ln

(
1− ω +

√
ω2 −R2e−2µa/µρ

)
√
ω2 −R2e−2µa/µρ

(2.55)

β1 = R2e−2µa/µρ .
µa − µρ ln (1−R) + µρ ln

(
1− ω +

√
ω2 −R2e−2µa/µρ

)
√
ω2 −R2e−2µa/µρ

(2.56)
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Where:

ω =
1− (1− 2R).e−2µa/µρ

2
(2.57)

2.5.4 Monte Carlo

Monte Carlo Method is widely used in biomedical tissue optics to solve RTE even in
the complexity of biological tissues such as blood. This method employs the prob-
ability distribution model, where a laser beam incident on a tissue determines the
probability of the scattered or absorbed photon per unit length [87]. These probabil-
ity models are used to generate the random sampling of photon trajectories.

Figure 2.9: Random movements of the photon in biological tissue [87].

The simple Monte Carlo algorithm for photon propagation is to propagate a photon
at a specific source position in a certain direction [87]. The photon is either scattered
or absorbed, depending on the optical properties of media at that specific site. This
approach is very inefficient and was improved by using different variance reduction
techniques. These techniques reduces the number of photons needed to achieve the
desired accuracy for a Monte Carlo determination and are mostly applied in the fol-
lowing procedure [87].

The approach propagates many photons (packet) simultaneously along each path.
Typically only one photon follows each pathway, and at each step, the photon may
either be absorbed or scattered. When a packet with a specific weight (W ) of photons
followed each pathway, a part of the packet would be absorbed and the remainder
scattered at each step. Where weight (W ) describes the size of the packet, which
initial starts from the unity [87].

The application of various step-size of the photon has been described as an effective
and efficient method, where each photon is propagated with small different incre-
mental step-sizes [87]. The probability density function for the step-size is aligned
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with the Beer-Lambert law. The probability (P ) is sampled as:

P = e−µt∆s (2.58)

∆s =
−lnξ
µt

, (2.59)

Where step-size ∆s (Equation 2.59) is for a random variable function (ξ) equidis-
tributed between [0,1] and describes the photon’s distance before interaction with
biological tissue (unattenuated photon) [88].

The photon packet is split into two portions for every step size, and each portion
either gets absorbed or scattered. The amount of photon packet scattered is given by
[89]:

W ′ = W × µs
µt
, (2.60)

Where W ′ describes the weight of the scattered photon after each interaction and W
is the original weight before interaction, as shown in Figure 2.10. The direction of
the scattered photon is computed by the scattering function known as the Henyey-
Greenstein phase function, where the deflection angle (θ) is specified as [89]:

cos(θ) =
1

2g

[
1 + g2 −

(
1− g2

1− g + 2gξ

)2
]
, (2.61)

Where g represents the anisotropic factor and Ψ is the azimuthal angle distributed
between [0, 2π] and is defined as [89]:

Ψ = 2πξ (2.62)

Figure 2.10: Stochastic parameters controlling the incident photon movement

However, Fresnel’s equation determines the internal reflection after the photon packet
interaction with the tissue surface [89].
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2.5.5 Beer-Lambert Law

The Beer-Lambert Law describes the relationship between the transmitted light power
(P ) through an absorbing sample (biological tissue), and the absorption concentra-
tion through the absorbing species as a monochromatic light of initial power (P0)
travels through the model thickness (L), as shown in Figure 2.11 [90].

Figure 2.11: The Beer-Lambert Law [90].

Furthermore, the Beer-Lambert Law defines the attenuation of light exponentially as
it passes through the tissue:

P = P0e
(−µtL), (2.63)

P = P0e
(−kcL), (2.64)

Where c is the concentration of optical agents, k is the factor controlled by internal
parameters, and µt is the total attenuation coefficient, which is defined as [90]:

µt = µa + µs, (2.65)

Where µa is the absorption coefficient and µs is the scattering coefficient.

Applying logarithms in equation 2.63, Beer-Lambert Law is also expressed as:

µt = − 1

L
ln[

P

P0
] (2.66)

2.6 Laser Light Properties

Laser light is the optical source of the energy produced by raising the atom in the
ground state (e1) to an excited state (e2) and allowed to interact with a photon with
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energy (e2 − e1). The atom drops from energy e2 to e1, as shown in Figure 2.12. This
movement generates another photon in phase and propagates in the same direction
as the excitation photon (stimulated emission) [91].

Figure 2.12: Diagram of the four-level energy [91].

Laser light has three fundamental properties used extensively in the biomedical
field. The light is monochromatic with intense color in contrast to natural light, com-
bining various wavelengths and breaking into a spectrum when passing through a
prism. The energy illustrated in Figure 2.12 determines the laser’s characteristic
color through the relation Eq 2.67 [91].

E =
hc

λ
, (2.67)

Where h is Planck’s constant, c is the speed of light, and λ is the wavelength. Visi-
ble wavelengths in lasers are characterized by color, the He-Ne laser beam is red or
green and the argon laser beam is blue or blue-green.

Another primary property of lasers is that, unlike other sources (sun, light bulb,
or candle), they emit light in a specific direction from the source. Furthermore, col-
limation and low divergence of the laser lights increase their intensities, resulting in
sufficient damage to targeted tissues. Hence, utmost care is highly demanded when
working with higher-power lasers (20-watt, 30-watt, and 40-watt). Laser lights are
coherent, in phase in both space and time. There are two types: spatial and temporal
coherence. Spatial coherence is when the waves’ crests and troughs coincide along
lines perpendicular to the rays, and temporal coherence occurs with constant fre-
quency, wavelength, and travel speed. Light interference patterns form bright and
dark bands when the rays travel slightly different paths.
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2.7 Characteristics and Properties of Biological Tissue

2.7.1 Skin Tissue

A collection of cells holding a similar structure is known as biological tissues, while
a collection of these tissues are called organs. The largest organ of the human or
animal body in terms of volume and surface is the skin, consisting of approximately
20% of the total body weight [92]. It performs several vital functions, such as protec-
tion from external physical, chemical, and biological assailants, aiding thermoregu-
lation and water binding [92]. The skin structure is a complex, multilayered, contin-
uous, and inhomogeneous tissue, with mucous membranes lining the body’s surface
[93]. The skin is composed of the following layers:

Epidermis

The epidermis is the outermost layer of the skin with an average thickness of 0.2 mm.
It is protective from the environment and represents the various stages of cell differ-
entiation [94]. The main layers are the stratum corneum (outermost layer), granular
cell layer, prickle cell layer, and basal cell layer [94]. These layers sustain the organ-
ism and perform diverse functions to repel water, act as a barrier against bacterial
and viral intrusion, and protect internal organs such as muscles, nerves, blood ves-
sels, and others from external injuries. Anatomically, melanocytes, the special cells
in the epidermis, produce the pigment melanin that provides the skin’s colour [94].
The melanin acts as an absorber in the visible and near-infrared wavelength regions.
Further, it reduces the fluence rate of light penetrating through the epidermis to a
treatment site.

Dermis

The dermis comprises the sebaceous, blood vessels and nerves, sweat glands, and
hair follicles [94]. The blood cells in dermis tissue contain three types of chro-
mophores: bilirubin, β-carotene, and hemoglobin, which give the blood its red color
[94]. Furthermore, the absorption of NIR light in the dermis tissue depends on the
concentration of tissue chromophores conventionally given as [95]:

∆A = L× µa, (2.68)

Where ∆A is the amount of light attenuation, L describes the differential photon
pathlength through tissue, and µa is the absorption coefficient of chromophore X ,
defined as [95]:

X = [X]× ε, (2.69)
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Where [X] describes the tissue concentration of chromophoresX , and ε is the extinc-
tion coefficient of the chromophore. The blood flow is assumed to be uniformly dis-
tributed in the dermis layer during the determination of the chromophore (hemoglobin)
concentration on light propagation [72].

Hypodermis

The hypodermis is the subcutaneous layer lying under the dermis and consists of
cells known as fat, connective tissues, blood, vessels, larger nerves, and macrophages
[96, 97]. It provides the main structural support for the skin, insulating the body
from cold and helping shock absorption [96, 97]. Three main functions of hypoder-
mis are protection, thermoregulation, and sensation with thickness ranging from 1-
6mm [96, 97].

The hypodermis is the subcutaneous layer lying under the dermis and consists of
cells known as fat, connective tissues, blood vessels, large nerves, and macrophages
[96, 97]. It provides structural support for the skin, insulating the body from cold
and helping shock absorption [96, 97]. The three primary functions of hypodermis
are protection, thermoregulation, and sensation, with thickness ranging from 1 to
6mm [96, 97].

The layers of the skin are presented schematically in Fig 2.13, below.

Figure 2.13: Layers of the skin [92].

2.7.2 Brain Tissue

The brain anatomical structure is immensely complex and responsible for various
nervous functional systems. The human brain tissue is composed by gray matter
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that constituting the brain (cerebral) cortex and the white matter which consists pri-
marily of the myelinated nerve cell projections (axons), binding the gray matter re-
gions of the brain to each other [98]. The cerebral cortex refers to the primary site of
cognition in the brain and is divided into numerous functional areas such as mem-
ory, reasoning, senses and language.

The gray matter is formed by neuronal cell bodies or soma. It’s considered to be
nearly isotropic due to large differences in directional properties [98]. Conversely,
the white matter tissue made up oriented nerve fibers is considered anisotropic and
stiffer than gray matter [98, 99].

2.7.3 Malignant Brain Tumor

A brain tumor is a growth of abnormal cells in any part of the brain or skull such as
its protective lining, skull base, brainstem, sinuses, and nasal cavity [100]. A malig-
nant brain tumor refers to a cancerous and aggressive form of primary brain tumor
also known as a high-grade tumor (grade 3 or 4) and it’s likely to grow back after
treatment [100].

Neurologists use tissue models for analysis and brain tumor diagnoses in surgery
and treatment planning. Furthermore, these models help to determine the tumor
grade and examine the tumorous tissue for any biomarkers to aid in the treatment
approach. The main goal is to remove the cancer cells without damaging healthy
areas of the brain [100].

2.7.4 Lung Carcinoma

Lung carcinoma is a type of cancer that begins in the lung tissues [101]. The lungs
are two spongy organs in the chest that take in oxygen for inhaling and release car-
bon dioxide for exhaling. As lung carcinoma cells keep growing and multiplying,
they form solid masses called tumors [101]. The cancer cells can break away from
tumors and travel to other areas of the body and bloodstream (metastasize) [101].
The spread of lung carcinoma can be classified into three categories [101]:

• Carcinoma in situ: cancer cells have not spread.

• Invasive carcinoma: cancer cells have spread to surrounding tissue close to
where it formed.

• Metastatic carcinoma: cancer cells have spread to other regions of the body or
bloodstream.
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Lung carcinoma treatment depends on the overall health and stage of the tumor.
Optical imaging including ultrasounds, MRIs, and CT scans among others, assists
to detect lung carcinoma early and visualize the cells spread [101].

2.7.5 Post-menopausal Uterus

The uterus is an inverted pear-shaped muscular organ of the female reproductive
system, located between the bladder and the rectum. The function of the uterus is to
nourish and house a fertilized egg until the fetus is ready to be delivered [102]. The
uterus consists of four major regions including the fundus, body (the main part of
the uterus), isthmus, and cervix [102]. According to pathological findings, the uterus
of a post-menopausal is 7-8 cm long, 5 cm wide, 2.5 cm in diameter, and shaped like
an inverted pear with a 6 cm long triangular-shaped uterine cavity and a cervical
length of 1-2 cm [102].

2.8 Optical Tissue-Equivalent Phantoms

Radiation consists of electromagnetic waves and subatomic particles, especially high-
energy particles that cause ionization [103]. When radiation propagates through bi-
ological tissues, it transfers energy, and the interaction can consequently destroy the
tissue by causing strand breaks in genetic molecules known as deoxyri-bonucleic
acid (DNA) in the nucleus [103]. Such damages are a significant cause of cancers.
Therefore, it is imperative to carefully evaluate the radiation energy distribution and
absorbed (dose) during imaging procedures [103]. Researchers have developed, and
simulated biological tissues or organs herein called phantoms.

Optical phantoms are toxic-free materials that mimic the optical properties of dif-
ferent biological tissues in the visible and near-infrared (NIR) regions for biomedical
imaging purposes. These tissue-mimicking materials are created to estimate radi-
ation dose and energy deposition in biological tissues. Furthermore, they play an
essential role in training new developing systems. They are designed with opti-
cal properties, such as scattering, absorption, refraction, reflection, and transmis-
sion, which are experimentally determined using integrating sphere, time-domain
diffuse-reflectance, and optoacoustic [104].

Most optical phantoms have low absorption and scattering properties. However,
various scattering, absorption materials, and concentrations are added to fabricate
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the results of the required tissue. Wrobel et al. (2015) [105] constructed skin phan-
toms with varying concentrations of gelatin and agar. Optical absorption and scat-
tering in skin phantoms were provided by adding India ink, synthetic melanin, and
intralipids. Solid phantoms were fabricated using silicone rubber as the base ma-
terial by Kennedy et al. (2017) [106]. The phthalocyanine dye and titanium oxide
powder were added to obtain the required near-infrared absorption and scattering.
This work used PVA slime glue and borax as base materials to produce the slime
phantoms. These phantoms have relaxation times similar to actual tissues, are flexi-
ble to be moulded with identical size and shape to real biological organs, have good
reproducibility, are easy to handle, and are stable over a long period [25].

Optical phantoms can be formed in two states, either liquid or solid. Liquid phan-
toms are easy to fabricate but difficult to create inhomogeneities such as layered
structures, unlike solid phantoms, which are more suitable for reference measure-
ment for living tissue [25]. However, their common characteristic is the controllabil-
ity of the optical properties during the creation process [25].
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Chapter 3

Experimental Details

This chapter presents the materials and fabrication process of the polyvinyl alco-
hol (PVA) slime-based phantoms tuned to specific optical properties of diseased and
healthy biological tissues at 532 and 630 nm wavelengths. The phantoms consist of
an absorbing medium (Indian ink) and scattering medium (Al2O3) mixed to correct
proportions to the desired intrinsic optical properties of the simulated tissue. Rel-
evant optical characteristics with the phase function of the phantom material were
performed by collimated laser beam arrangement and goniometric light scattering
measurements.

3.1 Optical Tissue Phantom Composition

3.1.1 Bulk Matrix Material

The bulk matrix for phantoms from this work was a slime material formulated by
mixing Polyvinyl Alcohol (PVA) slime glue with natural borax powder. Following
the mixture, the effective chemical component in borax cross-linked the polyvinyl
acetate molecules in the glue to form the viscoelastic slime.

The PVA slime glue (Port Elizabeth, EC, 6025, South Africa) allowed for an eas-
ier and more efficient tissue fabrication, unlike PVA dry powders, demanding con-
siderable amount of heating and stirring to dissolve and form the slime material.
The synthetic polymer (slime) [-CH2-CH(OH)-] is a slow-flowing visco-elastic non-
Newtonian fluid that becomes significantly more viscous and brittle when subjected
to shear stress. The optically clear and colorless PVA slime glue possess low tur-
bidity and negligible absorption. The slime phantom can be easily compressed and
deformed to certain shapes.
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Borax powder (Allied drug company, South Africa) also known as sodium borate,
sodium tetraborate, or disodium, tetraborate is a boron compound with the chem-
ical formula [Na2B4O7.10H2O], [107]. This dry powder is a highly alkaline salt hy-
drolyzed in a water solution to produce a boric acid-borate buffer: B(OH)3 + 2H2O

 B(OH)4- + H3O+ [107]. Thus, the borate buffers (close to pH 9) act as the cross-
linking agent reacting with the -OH group of substances such as PVA slime glue
[107].

3.1.2 Absorbing Media

India ink (PRO-4100, Pro Art) was selected as the primary absorber. It is a readily
available and cheap absorber widely used in tissue simulating phantoms at specific
wavelengths [108]. It is added to suspensions of low absorbing diffusive media such
as the PVA slime glue to increase the absorption coefficient affected by insoluble car-
bon particles in an aqueous medium [108]. This absorbing agent (India Ink) is chem-
ically and spectroscopically stable, non-toxic, does not fluoresce, and diffuses in all
liquid or solid phantoms states [108]. However, the India ink is not pure absorber
exhibiting scattering tendencies due to a small fraction of micron-sized particles.

3.1.3 Scattering Particles

Scattering was achieved by adding of Aluminium Oxide (Al2O3)(64271, Darmstadt,
Germany), an inexpensive and commonly used scattering agent in phantom tissue
creation. The aluminium oxide is an effective scatterer because of its high refractive
index (>2.2). These white metal powders are embedded in suspensions of the low
scattering diffuse media to provide the desired scattering coefficient. It does not
dissolve entirely in a solution, making it suitable for use in PVA slime glue-based
optical tissue phantoms. The main disadvantage of Al2O3 resides in its suspension
in most media, such as PVA slime glue. Therefore, continuous stirring is needed for
even distribution.

3.2 Optical Properties Measuring Apparatus

3.2.1 The Helium-Neon (He-Ne) Laser

To measure the optical properties of the tissue phantoms, we perform light transmis-
sion measurements using the experimental set-up depicted in Figure 3.4. Collimated
green and red He-Ne 532 nm and 630 nm laser lights (PMS Electro-Optics Div, CO
80301, United States) were employed. The lasers work continuously with an aver-
age output of 1W for the green He-Ne laser and 50 mW for the red He-Ne laser.
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3.2. Optical Properties Measuring Apparatus

The laser features includes high stability, efficiency, low noise, excellent beam qual-
ity. They are regularly employed for tumour destruction in photodynamic therapy
(PDT) following an oral or intravenous administration of a photosensitizing drug.

3.2.2 Laser Meter

A Laser power meter detector (Edmund Optics) with an equivalent noise power of
>10 mW capable of measuring the power in an optical signal in single-shot power
mode and a spectral range of 400-1064 nm was used to measure the power intensi-
ties. This easy-to-use device provides traceable measurements at a low cost.

Figure 3.1: A Laser Meter.

3.2.3 Digital Vernier Caliper

Digital vernier calipers are high-tech precision instruments made of stainless steel to
measure the phantom slice thicknesses. Measurements were displayed with supe-
rior accuracy (Least count of 0.01mm and accuracy of ±0.02mm). The floating zero
feature allows incremental reading values without further calculation, as shown in
Figure 3.2.
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3.3. Experimental Procedures

Figure 3.2: Digital Vernier Caliper.

3.3 Experimental Procedures

3.3.1 Fabrication Process of the Slime Phantom Tissue

The following summarizes the procedure adopted in the fabrication of the slime
phantoms. The borax powder mixed with distilled water was heated on the hot
plate to a temperature between 65− 70◦C, adequate for dissolving the powder. The
temperature was measured using a Techgear TG732TK dual channel digital ther-
mometer modified to use a thermocouple attached on the side of a velcro strap with
an accuracy of ±5◦C. During heating, considerable stirring is required until borax
powder is utterly dissolved. The borax solution was allowed to cool and added to
the slime glue to produce viscoelastic slime with the chains of PVA cross-linking.
The material was, however, subjected to shear stress for brittleness. The quantity of
scatterer (Al2O3) and absorber (India ink) used in this experiment were ascertained
by a digital balance (with 0.01 g readability) enough to measure the small masses of
these components accurately.
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3.3. Experimental Procedures

3.3.2 Slime Phantom Recipe Summary

The tissue-like slime phantoms were fabricated as follows:

1) PVA slime glue was placed in the beaker.

2) In another beaker, a mixture of borax powder and deionized water was prepared.

3) The borax solution was stirred vigorously using a magnetic stirrer on a hot plate until it
reached 70◦C to allow for the dissolution of all powder granules. The powder’s appear-
ance from murky to crystal clear indicates that borax powder was utterly dissolved, and
the solution is in a uniform distribution state at this temperature.

4) The solution was allowed to cool to about 20◦C. An equal concentration of scatterers
or absorbers were added in a PVA slime glue and borax solution separately to control
homogeneity within the final slime phantom.

5) The borax solution was gradually added to PVA slime glue using a 0.3mL syringe, and
the substances were blended continuously by a wooden rod after each drop.

6) The slime was formed when the borax was completely diffused with PVA slime glue
and was then subjected to the shear stress to reach proper hardening and stable optical
properties (Figure 3.3).

7) Finally, the slime was filled into a beaker, then wrapped with a foil, and placed overnight
in a refrigerator to prevent extreme changes in temperature and humidity.

It is imperative to subject a force continuously to the sample to improve the cross-
linking process. It usually takes around 30 minutes to become brittle and stable
(Figure 3.3).
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3.3. Experimental Procedures

a). Pure Phantom. b). Phantom with India Ink.

Figure 3.3: Slime Phantom Samples

The quantity of PVA slime glue, borax solution, Al2O3 and India Ink used are given
in Table 3.1:

Table 3.1: Slime phantom recipes with the wavelengths and mimicked tissue types.

Mimicked tissue PVA slime glue (ml) Borax (g/l) Al2O3 (g) India Ink (ml) λ (nm)

Brain 100 30 0.4 532
Lung Carcinoma 100 30 0.6 630

Post-menopausal Uterus 100 30 0.4 0.4 630
Malignant Brain Tumor 100 60 0.4 630

3.3.3 Experimental set-up

The experimental set-up to determine the optical properties of the created phantom
tissues is shown in Figure 3.4.
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3.3. Experimental Procedures

Figure 3.4: The set-up of apparatus for this experiment.

The laser beams 532 nm and 630 nm placed at a constant distance from the sam-
ple were directed on each sample slice. The incident beam power was continuously
monitored by a 25 mm diameter cube beam splitter (Edmund Optics, USA). Varying
thickness (L) was mounted on a holder, a slice holder perpendicular to the incident
light power (P0) with) and the transmitted light power (P ) as the function of θ rang-
ing between (0-90◦). Light incident on the phantom is scattered into an element of
solid angle dΩ direction (θ, φ). These power intensities were collected in mW using
an EO 54-018 digital handheld laser power meter (Edmund Optics, USA). The ray
optics technique detected the single scattered light relative to the normal line, and
the scattering angle was estimated using a goniometer.

3.3.4 Measurements of Optical Properties

Measurements of the laser light power incident and transmitted through each slice
were obtained (in mW) by directly squeezing varying thicknesses of the slime sam-
ple between glasses for appropriateness. The optical contact between the slime sur-
faces was improved for perfect scattering with a saline solution. The actual thickness
was measured using digital vernier calipers. All measurements were performed at
room temperature.
A comprehensive optical measuring technique specific to desired tissue phantoms
is illustrated in the published manuscripts in chapters 5 and 6.
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Chapter 4

Results

The Optical Properties of Simulated Tissue Samples

The optical properties of the fabricated samples at 532 and 630 nm wavelengths are
presented in this chapter. Measurements of scattering function at small scattering
angles (<10◦) were carried out on thin slices. The range of optical thicknesses (L)
was tested, and L ≤ 3 mm showed significant minor multiple scattering effects.
Each value reported is the average of the four repeated measurements on each thick-
ness. The optical properties were determined by plotting the logarithmic intensities
− ln[ PP0

] of the collimated laser beam as a function of sample thickness L for each
sample.
The absorption of the PVA slime glue base material was negligible; hence the as-
sumption, µt ≈ µs, was made in all samples.

4.1 Brain Samples

The tissue-like samples created to mimic the optical properties of the human brain
tissues at 532 nm.
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4.1. Brain Samples

Table 4.1: The power intensities of the 532 nm laser through a pure slime phantom sample,
obtained by mixing 30g/l concentration of borax with 100 ml of PVA slime glue.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut ≈ µs θ(deg) g

0.53 38.07 26.07 0.379 0.714 1 0.923
1.10 39.97 23.07 0.550 0.500 2,5 0.985
1.53 38.97 19.17 0.709 0.464 3 0.988
2.04 38.77 15.07 0.945 0.463 5 0.991
2.55 38.17 11.17 1.229 0.482 5.5 0.980
3.10 36.27 8.07 1.503 0.485 6 0.986

1.81 0.518 0.976

A sample calculation for the results obtained in Table 4.1, for the first measurement
of attenuation coefficient:

µt = - 1
L ln

(
P
P0

)
µt = - 1

0.53 ln
(

26.07
38.07

)
µt = 0.741 mm−1

The first measurement of anisotropy factor (g), obtained by using Wolfram Mathe-
matica program:

Figure 4.1: A sample calculation of anisotropy factor(g) using Wolfram Mathematica.
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4.1. Brain Samples

Figure 4.2: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.

Table 4.2: The power intensities of the 532 nm laser through the same mixture of 30g/l
concentration of borax with 100 ml of PVA slime glue, and 0.4 ml of India Ink, to
assess the effects of adding absorbers on total attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut

0.52 35.17 20.97 0.517 0.994
1.01 36.07 16.17 0.802 0.794
1.51 35.77 11.97 1.095 0.725
2.02 36.07 8.97 1.392 0.689
2.55 37.77 5.57 1.914 0.751
3.01 36.97 3.27 2.425 0.806

1.77 0.793
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4.1. Brain Samples

Figure 4.3: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.

4.1.1 Analysis of brain slime phantom samples

Attenuation Coefficients

Table 4.3: The results obtained by calculation and graphically from the slope of the best fit
line.

PVA slime glue sample [Calculated] [Graphical]
µt(mm

−1) µt(mm
−1)

Pure 0.518 0.482
0.4 ml of India Ink 0.793 0.764

The attenuation coefficient is greater in PVA slime phantom with 0.4 ml of India Ink,
a good indication of the effectiveness of the India Ink (absorbers) at this wavelength.

Reduced Scattering Coefficient

By considering the assumption (µt ≈ µs) for the pure sample, the average scattering
coefficient obtained graphically (Table 4.3) and the anisotropy factor (Table 4.1) was
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4.1. Brain Samples

used to estimate the reduced scattering:

µ
′
t = (1− g)µs

µ
′
t = (1− 0.976)(0.482)
µ

′
t = 0.0116 mm−1

Determination of the Absorption Coefficient

The phantom sample with India Ink had a higher attenuation coefficient µt of 0.764
mm−1 and a scattering coefficient µs of 0.482 mm−1. From this, it was possible to
deduce the absorption attributable to the added India Ink using the equation,

µa = µt - µs
µa = 0.764 - 0.482
µa = 0.282 mm−1

Optical Albedo

a = µs
µt

= 0.482
0.764

a = 0.63

Hence 63% of the attenuation in the sample was due to scattering property and the
other portion (37 %) was caused by absorption.

Effective Attenuation Coefficient

It is the function of reduced scattering and absorption coefficient:

µeff = [(3µa(µa + µ′s)]
1
2

µeff = [(3(0.282)(0.282 + 0.0116)]
1
2

µeff = 0.498 mm−1

Penetration Depth

The reciprocal of the effective attenuation coefficient provides the penetration depth:

δ = 1
µeff

δ = 1
0.498

δ = 2.008 mm
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4.2. Lung carcinoma Samples

4.2 Lung carcinoma Samples

The tissue-like samples were created to mimic the optical properties of the human
lung carcinoma tissues at 630 nm.

Table 4.4: The power intensities of the 630 nm laser through a pure slime phantom sample,
obtained by mixing 30g/l concentration of borax with 100 ml of PVA slime glue.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut ≈ µs θ(deg) g

0.51 4.22 3.61 0.156 0.306 1.5 0.999
1.08 4.42 3.36 0.274 0.254 4 0.992
1.48 4.38 3.02 0.372 0.251 5.25 0.986
2.05 4.48 2.70 0.507 0.247 6.5 0.973
2.52 4.32 2.26 0.649 0.257 7 0.973
3.06 4.24 1.90 0.804 0.263 7.5 0.972

1.78 0.263 0.983

Figure 4.4: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.
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4.2. Lung carcinoma Samples

Table 4.5: The power intensities of the 630 nm laser through the same mixture of 30g/l
concentration of borax with 100 ml of PVA slime glue, and 0.6 ml of India Ink, to
assess the effects of adding absorbers on total attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut

0.51 4.30 3.08 0.334 0.655
1.08 4.95 2.60 0.644 0.597
1.56 4.99 2.13 0.852 0.546
2.03 5.00 1.66 1.104 0.544
2.56 4.88 1.14 1.456 0.569
3.02 4.97 0.72 1.935 0.592

1.79 0.584

Figure 4.5: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.

49



4.2. Lung carcinoma Samples

4.2.1 Analysis of lung carcinoma slime phantom samples

Attenuation Coefficients

Table 4.6: The results obtained by calculation and graphically from the slope of the best fit
line.

PVA slime glue sample [Calculated] [Graphical]
µt(mm

−1) µt(mm
−1)

Pure 0.263 0.258
0.6 ml of India Ink 0.584 0.592

The attenuation coefficient is greater in PVA slime phantom with 0.6 ml of India Ink,
a good indication of the effectiveness of the India Ink (absorbers) at this wavelength.

Reduced Scattering Coefficient

The average scattering coefficient obtained from the graph (Table 4.6) based on the
assumption (µt ≈ µs), and the anisotropy factor (Table 4.4) was used to estimate
reduced scattering as follows,

µ
′
t = (1− g)µs

µ
′
t = (1− 0.983)(0.258)
µ

′
t = 0.00439 mm−1

Determination of the Absorption Coefficient

The phantom sample with India Ink had a higher attenuation coefficient µt of 0.592
mm−1 and a scattering coefficient µs of 0.258 mm−1. From this, it was possible to
deduce the absorption attributable to the added India Ink using the equation:

µa = µt - µs
µa = 0.592 - 0.258
µa = 0.334 mm−1

Optical Albedo

a = µs
µt

= 0.258
0.592

a = 0.44
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4.3. Post-menopausal uterus Samples

Hence 44% of the attenuation in the sample was due to scattering property and the
other portion (56 %) was caused by absorption.

Effective Attenuation Coefficient

µeff = [(3µa(µa + µ′s)]
1
2

µeff = [(3(0.334)(0.334 + 0.00439)]
1
2

µeff = 0.582 mm−1

Penetration Depth

δ = 1
µeff

δ = 1
0.582

δ = 1.718 mm

4.3 Post-menopausal uterus Samples

The tissue-like samples were created to mimic the optical properties of the human
post-menopausal uterus tissues at 630 nm.

Table 4.7: The power intensities of the 630 nm laser through a mixture of 30g/l concentra-
tion of borax with 100 ml of PVA slime glue and 0.4 ml of Al2O3, to assess the
effects of adding scatterers on total attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut ≈ µs θ(deg) g

0.54 4.02 2.79 0.366 0.677 5.5 0.985
1.00 4.02 2.39 0.520 0.520 6 0.982
1.50 4.59 1.96 0.852 0.568 7 0.977
2.03 4.95 1.61 1.124 0.554 9 0.957
2.53 4.91 1.21 1.403 0.554 9 0.969
3.00 5.00 0.84 1.787 0.596 10 0.972

1.77 0.578 0.974
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4.3. Post-menopausal uterus Samples

Figure 4.6: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.

Table 4.8: The power intensities of the 630 nm laser through the same mixture of 30g/l
concentration of borax with 100 ml of PVA slime glue, 0.4 ml of Al2O3 and 0.4
ml of India Ink, to assess the effects of adding scatterers and absorbers on total
attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut

0.55 4.04 2.48 0.488 0.888
1.00 4.05 1.97 0.721 0.721
1.53 5.11 1.56 1.188 0.776
2.01 5.01 1.17 1.456 0.725
2.55 5.10 0.79 1.868 0.733
3.05 5.09 0.39 2.576 0.845

1.78 0.781
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4.3. Post-menopausal uterus Samples

Figure 4.7: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.

4.3.1 Analysis of post-menopausal uterus slime phantom samples

Attenuation Coefficients

Table 4.9: The results obtained by calculation and graphically from the slope of the best fit
line.

PVA slime glue sample [Calculated] [Graphical]
µt(mm

−1) µt(mm
−1)

sample with 0.4 ml of Al2O3 0.578 0.572
0.4 ml of India Ink and 0.4 ml
of Al2O3

0.781 0.782

The attenuation coefficient is greater in PVA slime phantom with 0.4 ml ofAl2O3 and
0.4 ml of India Ink, a good indication of the effectiveness of the India Ink (absorbers)
and Al2O3 (scatterers) at this wavelength.
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4.3. Post-menopausal uterus Samples

Reduced Scattering Coefficient

By considering the assumption (µt ≈ µs) for the pure sample, the average scattering
coefficient obtained graphically (Table 4.9) and the anisotropy factor (Table 4.7) was
used to estimate the reduced scattering:

µ
′
t = (1− g)µs

µ
′
t = (1− 0.974)(0.572)
µ

′
t = 0.0149 mm−1

Determination of the Absorption Coefficient

The phantom sample with India Ink and Al2O3 had a higher attenuation coefficient
µt of 0.782 mm−1 and a scattering coefficient µs of 0.572 mm−1. From this, it was pos-
sible to deduce the absorption attributable to the added India Ink using the equation:

µa = µt - µs
µa = 0.782 - 0.572
µa = 0.21 mm−1

Optical Albedo

a = µs
µt

= 0.572
0.782

a = 0.73

Hence 73 % of the attenuation in the sample was due to scattering property and the
other portion (27 %) was caused by absorption.

Effective Attenuation Coefficient

µeff = [(3µa(µa + µ′s)]
1
2

µeff = [(3(0.21)(0.21 + 0.0149)]
1
2

µeff = 0.376 mm−1

Penetration Depth

δ = 1
µeff

δ = 1
0.376

δ = 2.66 mm
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4.4. Malignant brain tumor Samples

4.4 Malignant brain tumor Samples

The tissue-like samples were created to mimic the optical properties of the human
malignant brain tumor tissues at 630 nm.

Table 4.10: The power intensities of the 630 nm laser through a mixture of 60g/l concentra-
tion of borax with 100 ml of PVA slime glue.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut ≈ µs θ(deg) g

0.53 4.46 3.27 0.311 0.586 4 0.993
1.01 4.18 2.83 0.390 0.387 4.8 0.989
1.52 4.81 2.39 0.700 0.461 6 0.982
2.04 4.94 1.96 0.925 0.454 7 0.977
2.50 4.60 1.61 1.051 0.420 8 0.973
3.02 4.72 1.19 1.380 0.457 9.5 0.966

1.77 0.461 0.980

Figure 4.8: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.
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4.4. Malignant brain tumor Samples

Table 4.11: The power intensities of the 630 nm laser through the same mixture of 60g/l
concentration of borax with 100 ml of PVA slime glue, and 0.4 ml of India Ink,
to assess the effects of adding absorbers on total attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] ut

0.49 4.03 2.89 0.333 0.679
1.03 4.21 2.34 0.588 0.571
1.52 4.39 1.89 0.830 0.546
2.01 4.62 1.40 1.195 0.595
2.56 4.58 1.07 1.453 0.568
3.11 4.67 0.71 1.888 0.607

1.79 0.594

Figure 4.9: Graph of -ln
(

P
P0

)
vs L to determine the attenuation coefficient µt, represented

by the slope in the equation of the linear fit.
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4.4. Malignant brain tumor Samples

4.4.1 Analysis of malignant brain tumor slime phantom samples

Attenuation Coefficients

Table 4.12: The results obtained by calculation and graphically from the slope of the best fit
line.

PVA slime glue sample [Calculated] [Graphical]
µt(mm

−1) µt(mm
−1)

Pure 0.461 0.445
0.4 ml of India Ink 0.594 0.587

The attenuation coefficient is greater in PVA slime phantom with 0.4 ml of India Ink,
a good indication of the effectiveness of the India Ink (absorbers) at this wavelength.

Reduced Scattering Coefficient

The average scattering coefficient obtained from the graph (Table 4.14) based on the
assumption (µt ≈ µs), and the anisotropy factor (Table 4.12) was used to estimate
reduced scattering as follows,

µ
′
t = (1− g)µs

µ
′
t = (1− 0.980) (0.445)

µ
′
t = 0.0089 mm−1

Determination of the Absorption Coefficient

The phantom sample with India Ink had a higher attenuation coefficient µt of 0.587
mm−1 and a scattering coefficient µs of 0.445 mm−1. From this, it was possible to
deduce the absorption attributable to the added India Ink using the equation:

µa = µt - µs
µa = 0.587 - 0.445
µa = 0.142 mm−1

Optical Albedo

a = µs
µt

= 0.445
0.587

a = 0.76
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4.5. Source of Errors

Hence 76 % of the attenuation in the sample was due to scattering property and the
other portion (24 %) was caused by absorption.

Effective Attenuation Coefficient

µeff = [(3µa(µa + µ′s)]
1
2

µeff = [(3(0.142)(0.142 + 0.0089)]
1
2

µeff = 0.254 mm−1

Penetration Depth

δ = 1
µeff

δ = 1
0.254

δ = 3.94 mm

4.5 Source of Errors

The experimental setup was sufficient enough to provide significant results. How-
ever, possible source of errors might includes:

• The measuring ability of the hand-held power meter and correcting the power
to three figures.

• Inherent challenges with creating a homogeneous sample with evenly dis-
tributed scatterers and absorbers.

• Air bubbles during vigorous mixing in the slime lead to additional and irre-
producible scattering.

• Obtaining precise values on the goniometer.

• The unaccounted multiple scattering effects of the laser light.
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Chapter 5

Effective Attenuation Coefficient
and Penetration Depth of 630nm
Laser Light In Polyvinyl Alcohol
Slime Glue Phantoms Simulating
the Human Brain Tumour

1

1Lindokuhle Ntombela, Naven Chetty, Bamise Adeleye. Effective attenuation coefficient and pen-
etration depth of 630nm laser light in polyvinyl alcohol slime glue phantoms simulating the human
brain tumour. Proceedings of the Estonian Academy of Sciences, 2022,71, 3, 221-226.
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ABSTRACT

The effectiveness of optical methods such as photodynamic therapy (PDT) depends
on the amount of light distribution within the tissue to aid their potential for early
cancer detection in a quantitative and non-invasive manner. Knowledge of the ef-
fective attenuation coefficient and penetration depth for the laser light is crucial to
ensuring the tumour tissue receives adequate optical energy. This study investi-
gated the effective attenuation coefficient and penetration depth of He-Ne 630 nm
red laser light in polyvinyl alcohol slime glue phantoms simulating the human brain
tumorous tissues. The effective attenuation coefficient (µeff ) and penetration depth
(δ) were deduced from absorption coefficient (µa), scattering coefficient (µs), and
anisotropy factor (g) obtained from Henyey-Greenstein (H-G) function with col-
limated laser beam measurements. We found the effective attenuation coefficient
(µeff ) and penetration depth (δ) as 0.25 ± 0.02 mm−1 and 4.00 mm in the simulated
phantoms. These values were in reasonable agreement with values reported for ma-
lignant human brain tumours tissue in literature. The constructed phantoms would
be an excellent tool for the continued evaluation of PDT as an essential therapeutic
procedure in cancer management.

Keywords: Biomedical physics, Polyvinyl alcohol (PVA) slime, Effective attenuation
coefficient, Penetration depth, He-Ne Laser.
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5.1. INTRODUCTION

5.1 INTRODUCTION

An accurate and early diagnosis of cancerous tissue is a crucial factor in reducing
mortality and management costs. The cancer cells multiply uncontrollably to crowd
healthy areas of the affected tissue, consequently forming a tumour lump. Brain tu-
mours known as intracranial tumours occur when brain cells show abnormal growth
ranging from benign to malignant and eventually metastatic [109].
Biomedical imaging techniques have emerged as a useful resource in all phases of
cancer management, including screening, detection, staging, and treatment [110,
111]. Existing imaging modalities to have shown great capabilities for cancer cells
are positron emission tomography (PET), computed tomography (CT), magnetic res-
onance imaging (MRI), and optical imaging [112–116]. The several contrast mecha-
nisms for identifying normal from pathologic process and tissues of optical imaging
with relatively simple instrumentation and speed have raised interest in the technol-
ogy [117, 118]. Laser light interaction with tissues includes the attenuation and pen-
etration of light as a function of absorption and scattering properties. These optical
properties are utilized to obtain biochemical and morphological information about
specific cells [111, 117]. However, it is still challenging to accurately heat a deep-
seated tumour, such as a malignant brain tumour, with appropriate power intensity
[119]. The probability that an interaction will occur when photon energy passes
through a target tissue depends on the tissue’s energy, composition, and thickness
[120], which magnitude varies among different tissues. Measurement employing a
phantom with appropriate optical properties to the desired tumour tissue are essen-
tial to thoroughly estimate the amount of laser light needed to heat a tumour [119].
Phantoms mimicking the brain tumour should be of non-toxic materials, practical
imaging applications, specifically ultrasound attenuation and CT contrast. Such
optical phantoms must also hold important vital properties as durability, similar
mechanical behaviour to the human tissue so that it can be handled and used re-
peatedly [121, 122]. The phantom slime material considered for this study was for-
mulated by mixing Polyvinyl Alcohol (PVA) slime glue with natural borax powder
[Na2B4O7.10H2O]. After mixing the substances, the effective chemical component
in borax cross-linked the polyvinyl acetate molecules in glue together to form the
viscoelastic slime [123].
A major advantage of PVA based phantoms is their superior mechanical properties,
which are readily adjustable over the range found in tissue by varying its freeze-
thaw cycles [121, 122]. They show good optical transparency, a high degree of elas-
ticity, lower surface friction resistance suitable for applications such as blood vessel
biomedeling, with good acoustic and durability properties [121, 124, 125].
Considerable studies on PVA slime-based phantoms have already been performed

61



5.1. INTRODUCTION

with valuable results. Hebden et al [123]. presented a novel design of highly com-
pressible phantoms for diffuse optical tomography with polyvinyl alcohol (PVA)
slime as the principal component mixed with scattering or absorbing agents for re-
producible optical properties. They established that phantoms of arbitrary size and
shape might be produced by containing the slime within a thin latex shell with con-
stant properties for at least three months [123]. The effect of poly (ethylene oxide)
(PEO) on the mechanical properties of PVA/ borax gels and capability of retaining
and improving interactions with miscible organic solvents in conservation applica-
tions was investigated by Riedo et al [126]. The addition of PEO to the PVA/ borate
dispersion modifies the viscoelastic behaviour of the gels and the liquid phase re-
tention with an increase of the apparent gel relaxation time, the dispersions stability,
and their ability to maintain the shape after use. Yusoff et al [127]. investigated
the homogeneity and stability of poly (vinyl alcohol) (PVA) slime phantom and its
suitability and potential as MRI phantoms. The results were promising as the signal-
to-noise (SNR), T1, and T2 values of the fabricated phantoms were stable over time
and in good agreement with the average values of human tissues.
This study designed and developed PVA slime phantom tissues to determine the ef-
fective attenuation coefficient and optical penetration depth compatible with values
reported for a malignant human brain tumour at 630 nm. The low-power red light
(emitting 630 nm) is regularly employed for tumour destruction following the oral
or intravenous administration of a photosensitizing drug in photodynamic therapy
(PDT). Evaluating the penetration depths for tissues with phantom materials with
relatives ease of fabrication and controllable properties to real tissues is essential for
correct dosimetry.
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5.2 MATERIALS AND METHODS

5.2.1 Phantom composition and recipe

The slime phantoms were prepared with Poly (vinyl alcohol) slime glue (Port Eliz-
abeth, EC, 6025, South Africa), Borax powder (sodium tetraborate decahydrate (Al-
lied drug company, South Africa), and India ink (PRO-4100, Pro Art). The fabrication
process involved the following steps:

• 3 g of Borax powder [Na2B4O7.10H2O] was dissolved in a beaker containing
50 ml of deionized water. The borax solution was stirred vigorously on the
hot plate with a magnetic stirrer until it reached 70◦C to dissolve the powder
granules completely.

• The powder appearance changed from murky to crystal clear, indicating that
the borax powder was utterly dissolved and the solution in uniform distribu-
tion at this temperature.

• The borax solution was allowed to cool to about 20◦C while 100 ml of PVA
slime glue was prepared in a second beaker.

• The absorption properties were induced by adding 0.4 ml of India ink while
the borax solution was gradually added using a 20-ml syringe, and the solution
was stirred gently with a wooden rod.

• The India ink (PRO-4100, Pro Art) was added slowly to increase the internal
absorption of the slime phantom.

• The slime phantom was formed when the borax completely diffused with the
PVA glue chains. The fabricated phantom was then subjected to shear stress
for brittleness.

• Lastly, the slime phantom was filled into a beaker, wrapped with foil, and
placed overnight in a refrigerator to allow for full cross-link and prevent ex-
treme changes in temperature and humidity.

• During the heating process, the temperature of the sample was monitored us-
ing a techgear TG732TK dual channel digital thermometer modified to uti-
lize a thermocouple attached on the reverse side of a Velcro strap. The digi-
tal thermocouple strapped around the beaker provides accurate temperature
measurements of the heated solution on the accuracy of ± 5◦C
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Figure 5.1: Set-up for measurement of optical properties.

5.2.2 Measurements of Optical Properties

The red laser wavelength 630 nm was incident on slices of the phantom sample with
the beam positioned at a fixed distance (0.4m) away from the sample. The samples
were mounted on a slice holder perpendicular (0◦ of incidence angles) to the inci-
dent light power (P0) with the transmitted power at an angle (Fig. 5.1). A 25 mm
diameter cube splitter (Edmund Optics, USA) was used to continuously monitor the
incident beam power. Measurements of the laser light power incident and transmit-
ted through each slice were obtained by directly compressing thin samples of the
slime phantom of various sizes between two optical glasses (n = 1.52) and the actual
thickness (L) measured using a digital vernier calliper. A drop of saline solution
was used to improve the optical contact between the tissue and glass and minimize
rough effects for perfect scattering. The powers of the laser source were estimated
in mW using an EO 54-018 collimated digital handheld laser power meter with a
response time of 2 to 10 ms (Edmund Optics, USA). The singly unscattered light rel-
atives to the normal line was detected by the ray optics technique. The scattering
angle was measured using a goniometer since the light is mostly forward scattered
(anisotropy scattering) [128]. All measurements were at room temperature.

The total attenuation coefficient (µt) was computed from the Lambert-Beer law rela-
tion (Eq 5.1), assuming multiple scattering does not occur:

µt = − 1

L
ln[

P

P0
] (5.1)
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Where L is the sample thickness, P0 is the power of the incident beam and P is the
power of transmitted light.

A graph of − ln[ PP0
] against thickness L was plotted for each phantom-sample tis-

sue and the attenuation coefficient µt is represented by the slope of the linear fit. In
a turbid medium, the attenuation coefficient µt is also described as the sum of the
absorption and scattering coefficients as:

µt = µa + µs (5.2)

The effective attenuation coefficient (µeff ) and penetration depth (δ) were deduced
from the absorption coefficient (µa), scattering coefficient (µs), and anisotropy (g).
The anisotropy factor g was computed using the Henyey-Greenstein (H-G) phase
function (Eq. 5.3) valid in the limit of single scattering. Wherein the exit angle de-
pendence of transmitted intensity is expressed as [129]:

P (θ) = K

[
1− g2

(1 + g2 − 2gcos(θ))
3
2

]
, (5.3)

This information allowed for the evaluation of the effective attenuation coefficient
with (Equation 5.4)

µeff =
√

3µa[µa + (1− g)µs] (5.4)

The reciprocal of the effective attenuation coefficient gives an estimation of the pen-
etration depth:

δ =
1

µeff
(5.5)

5.3 RESULTS AND DISCUSSION

In this study, PVA slime phantoms were developed to determine the effective atten-
uation coefficient and optical penetration depth of the 630 nm laser light in grade III
malignant brain tumour tissues, as found in the literature. Table 5.1 and 5.2 present
the incident and transmitted laser power intensities through different thicknesses of
the pure phantom and samples with added absorption. The range of optical thick-
nesses (L) was tested in this experiment, and L ≤ 3 mm showed significantly neg-
ligible multiple scattering effects. The pure phantom scattered the light beam at
small angles (<10◦) measured with a goniometer. The anisotropy factor (g) values
computed from Equation 5.3 using Wolfram Mathematica applied only to the pure
scattering samples were typical of cancerous tissues for visible light wavelengths
[130]. Each value reported is the average of four reaped measurements on each

65



5.3. RESULTS AND DISCUSSION

slice’s thickness.

Table 5.1: The power intensities of the 630 nm laser through a mixture of 60g/l concentra-
tion of borax with 100 ml of PVA slime glue.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] θ(deg) g

0.53 4.46 3.27 0.311 4 0.993
1.01 4.18 2.83 0.390 4.8 0.989
1.52 4.81 2.39 0.700 6 0.982
2.04 4.94 1.96 0.925 7 0.977
2.50 4.60 1.61 1.051 8 0.973
3.02 4.72 1.19 1.380 9.5 0.966

Figure 5.2: The logarithmic intensity as a function of thickness with associated linear fitting
options to determine the total attenuation coefficient for the pure slime phantom
at 630 nm.
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Table 5.2: The power intensities of the 630 nm laser through the 60g/l concentration of
borax with 100 ml of PVA slime glue, and 0.4 ml of India Ink, to assess the effects
of adding absorbers on total attenuation coefficients.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
]

0.49 4.03 2.89 0.333
1.03 4.21 2.34 0.588
1.52 4.39 1.89 0.830
2.01 4.62 1.40 1.195
2.56 4.58 1.07 1.453
3.11 4.67 0.71 1.888

Figure 5.3: The logarithmic intensity as a function of thickness with associated linear fitting
options to determine the total attenuation coefficient for the slime phantom with
absorbers at 630 nm.

Figs. 5.2 and 5.3 shows the graph of ln( PP0
) plotted as a function of thickness for

all phantom samples with error bar plots showing the standard deviation of uncer-
tainty. The total attenuation coefficient corresponds to the slope of the linear fit. The
statistical measure (R2 ≈ 1) overall samples indicated a robust correlation between
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the values of ln( PP0
) and L. Therefore, increasing the incident intensities with large

thicknesses will be an effective way to deliver adequate light to deeper areas of the
tumour tissue. The phantom slime material possesses negligible optical absorption
properties; hence the assumption: µt ≈ µs was considered for the pure phantom
sample and the absorption properties (µa) of the ink act additionally to create the µt
of the phantom.
The scattering coefficient (µt = 0.445 mm−1), anisotropy factor (g = 0.980), reduced
scattering coefficient (µ′s = 0.0089 mm−1), absorption coefficient (µa = 0.142 mm−1)
were obtained from (Eq. 5.2) considering (µt ≈ µs) for the pure slime phantom sam-
ple. These optical properties allowed for the estimation of the effective attenuation
coefficient and penetration depth (Table 5.3)

Table 5.3: Comparison of effective attenuation coefficient and penetration depth values in
this study with other work at 630 nm.

Brain tumour
tissue

µeff (mm−1) δ (mm)

Present study 0.25 ± 0.02 4.00
[131] 0.24 4.17
[132] 0.22 - 0.66 1.52 - 4.55
[133] 0.38 - 0.588 1.7 - 2.6

Despite the relative simplicity of the methodology developed to measure the opti-
cal properties with several approaches to minimizing artefacts from this study, the
results obtained were comparable to reported values in the literature (Tables 5.3).
However, Svaasand et al. [133] found lower penetration depth values compared to
this study and that by Wilson et al. [131] and Muller et al. [132], respectively. These
observed differences may be due to the varying tissue samples, theoretical mod-
els employed and approximations made. The penetration depth was evaluated for
five human brains (two neonatal and three adults) immediately after autopsies by
Svaasand et al. [133], following interstitial irradiation of the tissues. They concluded
that the degree of myelination influences the penetration depth, which increases the
scattering of light and reduces the diffusion coefficient. The slight variation in values
may also be attributed to changes in the real issues such as blood drainage and de-
oxygenation with time after resection or alterations in blood flow or oedema caused
by irradiation [131]. Moreover, the tissues were probably a mix of both normal brain
matter and tumour. Discrepancies among the results may also be from undetectable

68



5.4. CONCLUSION

multiple scattering in our study. This much impacted the transmitted powers and
scattering angles recorded. To satisfy the condition of single scattering, the samples
were sliced to significantly small thickness while maintaining rigidity. Besides, the
distance between the sample holder and the detector was enough to reduce the scat-
tering effects at optical properties measurements. Generally, the depth of light pene-
tration into normal tissues is considerably less than tumorous tissues. Nevertheless,
the ability of light-based techniques like PDT to treat deep-seated pathologies is lim-
ited by a significant attenuation in potency as the light penetrates deeper into the
tissue [134]. Clinically, the delivery of lights into deeper and complex treatment
sites is achieved through thin optical fibers that deliver light and simultaneously act
as diagnostic sensors to gauge vital PDT parameters, critically impacting the thera-
peutic response [134].

5.4 CONCLUSION

This study confirms that PVA slime glue-based phantoms with optical properties
evaluating the effective attenuation coefficient (µeff ) and penetration depths (δ) of
red laser (630 nm) in malignant brain tumours tissues could be fabricated. The re-
peatability of the recipe was verified and showed the capability to reproduce the
desired properties. Undoubtedly, the developed phantoms can be used with further
investigations to optimize PDT irradiation procedures and establish accurate light
dosimetry for brain tumour treatments.
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ABSTRACT

A matrix of poly (vinyl alcohol) (PVA) slime phantoms was investigated to replicate
the published optical properties of the lung carcinoma, post-menopausal uterus, and
brain tumorous tissues at 630nm wavelength. The effective attenuation coefficients
(µeff ) and penetration depths of light in the tissue phantoms were deduced from
measurements of its optical properties and the anisotropy factor (g), obtained using
the Henyey-Greenstein (H-G) phase function and Wolfram Mathematica. The me-
chanical response of the fabricated phantom materials was characterized and found
to be flexible and mouldable into shapes and sizes comparable to desired tissue
types.
In the context of accuracy and stability, the phantoms were monitored for over
two months and managed to preserve their optical properties with inconsiderable
changes, possibly due to dehydration. Further data analysis is required to clarify
if the optical properties would significantly change for long periods. We conclude
that the fabrication of deformable tissue phantoms capable of uniformly incorpo-
rating any inserted lesion-like objects with relatively available materials and clear
procedure is realizable. These phantoms are promising for testing and calibrating
new optical imaging systems and developing disease diagnosis and treatment tech-
niques.

Keywords: Lung carcinoma, optical properties, penetration depth, slime materials.
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6.1 INTRODUCTION

Materials that simulate the optical properties and geometries of real biological tis-
sues are highly demanded and desirable for performance evaluation and validation
of new methods and technologies [135]. Such materials, called optical phantoms,
mimic the idealized tissue to understand their characteristics and distributions of
laser light through them during imaging procedures [136, 137]. Moreover, optical
phantoms are invaluable in treating the threats and management of cancer diseases
and comparing different cancer photodetection tools in human tissues [138, 139].
Phantoms are an effective alternative to real tissue in the initial test of modalities
for diagnosing and treating many cancer types since it allows for systems or human
tissue simulation with varying levels of complexity [139, 140].

Several efforts have been devoted to describing the recipes for phantom materials
with tissue-equivalent properties under controlled experimental conditions and dif-
ferent imaging technologies [141–143]. For instance, Silicone-based composite phan-
toms were designed and fabricated to mimic human breast tissue’s ultrasonography,
mammography, and surgical responses [144]. The performance of two different ad-
ditives: i) silicone oil and ii) vinyl terminated poly (dimethylsiloxane) (PDMS), were
monitored by a homemade acoustic arrangement in the design of the ultrasonog-
raphy model [144]. A significant challenge in the design was the realization of the
acoustic close to that of human tissues. Similarly, Silicone (PDMS) was implemented
for phantoms tuned to specific optical properties in the near-infrared spectrum for
optical system calibration and performance testing [145]. Though the process was
efficient and controllable, silicone is incompatible with organic materials as tissue
constituents. Consequently, a material system to which cellular components may be
added is readily employed [142].
Gelatin-Agar phantoms have been used for their accessibility, excellent optical and
chemical properties, and mechanical properties [138]. These gelatinous phantoms
can be easily machined and moulded into different shapes with a conventional cutter
[138, 146]. However, there are several fundamental issues with Agar gel phantoms.
The properties are often subject to random variability due to irregularities in sev-
eral parameters controlled during phantom creation [146]. They dehydrate rapidly
and have short durability of about a week, making them unsuitable for some appli-
cations [139, 142]. Epoxy resin-based optical phantoms have also been used exten-
sively [147, 148], but they are much stiffer than soft tissue, limiting their applicability
[142].
although values of elasticity properties of materials are reported, little attention has
been given to the degree to which elastography phantom materials also This study
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explores the potential of slime as a suitable base material for fabricating phantoms
with reproducible and stable optical and mechanical properties as different human
tissues. Slime is a viscous material generated by mixing solutions of polyvinyl
alcohol (PVA) and sodium tetraborate decahydrate (Known as Borax) [135]. The
polyvinyl alcohol (PVA) slime-based phantoms have long-term optical stability and
greater shaping flexibility without distortion to their structural integrity [149]. Their
optical properties are controlled by adding appropriate quantities of scattering (e.g.,
aluminium oxide (Al2O3), titanium dioxide (TiO2), or polystyrene microspheres)
and absorbing materials as water-soluble dye or ink [135].
To our knowledge, limited studies have been conducted on tissue-equivalent slime
phantoms. Hebden et al [135] developed a recipe of highly compressible and de-
formable slime phantoms with excellent tissue-like optical properties for diffuse op-
tical tomography. Yusoff et al [149] investigated the homogeneity and stability of
the PVA slime phantom and its suitability as a magnetic resonance imaging (MRI)
phantom. The results were promising as the measured T1 and T2 values were sta-
ble over time and comparable to various soft tissues. Sha [150] also tested the slime
material’s suitability to develop a phantom material able to change its shape auto-
matically to simulate the different morphologies of breast imaging in the prone and
supine positions.
In this work, a functional but cheap method of fabricating tissues-like slime phan-
toms with optical properties such as lung carcinoma, post-menopausal uterus, and
malignant brain tumour tissues at 630nm was presented. Although values of optical
properties are reported for varying phantom materials at this wavelength, we con-
sider this a novel study with polyvinyl alcohol (PVA) slime as the primary medium.
The development of tissue-mimicking phantoms that can be compressed and moulded
to a similar shape and size as real organs/tissues are crucial for disease diagnosis
and treatment processes such as Photodynamic Therapy (PDT) of cancerous tissues
and in the introduction of new imaging techniques.
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6.2 Experimental procedure

6.2.1 Phantoms materials

Since the PVA polymer does not dissolve easily and to ensure the slime material’s
consistency, a PVA glue solution was obtained from local providers at Port Eliz-
abeth, EC, 6025, South Africa. Borax powder (sodium tetraborate decahydrate)
[Na2B4O7.10H2O] was purchased from Allied drug company, South Africa. The de-
sired optical properties of the phantom were reached by adding appropriate quan-
tities of aluminium oxide (Al2O3) (64271, Darmstadt, Germany) as the scattering
agent and India ink (PRO-4100, Pro Art) as the absorbing agent.

Phantom Fabrication

• Different amounts (1.5 g and 3 g) of borax powders determined using a digital
balance (readability of 0.01 g) were added separately into beakers containing
50 ml of deionized water. The mixture was then heated and stirred vigorously
using a magnetic stirrer until the solution reached a temperature of approxi-
mately 70◦C and all the powder granules were dissolved.

• This resulted in concentrations of 30g/L and 60g/L. The appearance was crystal-
clear, indicating the solution was homogenous distribution at this temperature.

• 100 ml of PVA glue solution was prepared in a second beaker while the borax
solution was allowed to cool to about 20◦C.

• To ensure uniform mixing within the slime material, suitable amounts of opti-
cal agents (Absorbing and Scattering) to simulate the optical properties of the
targeted tissues at the imaging wavelength(s) were added to the borax solution
before combining the two solutions.

• The borax solution was gradually added to the 100 ml PVA glue solution using
a syringe while the mixture was gently stirred until the slimes produced were
uniform.

• The samples are poured into convenient moulds with specific geometry while
carefully removing any bubbles or disturbance.

• Finally, the slime phantom was wrapped with foil and placed overnight in a
refrigerator to allow for full cross-link and prevent extreme changes in temper-
ature and humidity.

The sample temperature was monitored using a Techgear TG732TK dual channel
digital thermometer adapted to utilize a thermocouple attached on the reverse side
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of a Velcro strap. The digital thermocouple provides accurate temperature measure-
ments of the heated solution on the accuracy of ± 5◦C. Table 6.1 summarizes the
quantities of significant materials for phantom fabrication.

Table 6.1: PVA Slime phantom recipes with tissue at different wavelengths.

Mimicked tissue PVA slime glue (ml) Borax (g/l) Al2O3 (g) India Ink (ml) λ (nm)

Lung Carcinoma 100 30 0.6 630
Post-menopausal Uterus 100 30 0.4 0.4 630
Malignant Brain Tumor 100 60 0.4 630

6.2.2 Measurements of Optical Properties

The experimental setup to characterize the optical properties of the fabricated phan-
tom tissues is shown in Figure 6.1.

Figure 6.1: Schematic illustration of the procedure involved in laser irradiation of phantom
slime samples.

A red He-Ne laser source emitting at 630 nm was incident on slices of the phan-
tom of a thickness (L) mounted on a slice holder perpendicular to the incident light
power (P0) with the scattered light power at angles (range between 0 - 90◦) as shown
in Fig 6.1. The incident beam was first passed through a 25 mm diameter cube split-
ter (Edmund Optics, USA) to monitor the power before illuminating the sample.
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The light through the sliced sample is scattered into an elemental solid angle dΩ in
direction (θ, φ) and was detected in (mW) using an EO 54 - 018 digital handheld
laser power meter (Edmund Optics, USA) with aperture size 8 mm, positioned a
considerable distance from the sample. The slime phantom was squeezed between
two optical glasses to obtain slices of suitable thickness determined using an LCD
150mm electronic digital vernier callipers. With a drop of 0.9 % saline solution, the
optical contact between the slime phantom and glass was improved for perfect scat-
tering. The ray optics technique detected the single scattered light relative to the
normal line, and the scattering angle was estimated using a goniometer. The op-
tical behaviour of the phantoms is characterized by the scattering coefficient (µs),
absorption coefficient (µa), anisotropy factor (g), and the penetration depth (δ). The
scattering and absorption coefficients were deduced from the total attenuation coef-
ficient (µt) applying the Lambert-Beer law relation (Equation 6.1) and (Equation 6.2)
and minimizing multiple scattering effects [151]:

µt = − 1

L
ln[

P

P0
] (6.1)

µt = µa + µs (6.2)

Where L is the sample thickness, P0 is the power of the incident beam and P is the
power of transmitted light.

The slime phantom material possesses negligible absorption properties, hence the
assumption that µt ≈ µs was considered for the pure sample. The anisotropy factor
(g) was computed using the Henyey-Greenstein (H-G) phase function with Wolfram
Mathematica valid in the limit of single scattering where the exit angle dependence
of transmitted intensity is expressed as Equation 6.3 and θ the mean scattering angle
[152].

P (θ) = K

[
1− g2

(1 + g2 − 2gcos(θ))
3
2

]
, (6.3)

This information allowed for the evaluation of the effective attenuation coefficient
(µeff ) with Equation 6.4 and its inverse value, the penetration depth (δ) is repre-
sented in Equation 6.5.

µeff =
√

3µa[µa + (1− g)µs] (6.4)

δ =
1

µeff
(6.5)
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6.3 Results and discussion

The suitability of polyvinyl alcohol (PVA) slimes as an enabling material to create
optical phantoms that mimic the optical properties and are shapeable to a healthy
and diseased biological tissue under various imaging modalities was investigated.
Phantoms with similar and controllable optical properties as lung carcinoma, post-
menopausal uterus, and cancerous brain tissues were successfully fabricated. Ta-
bles 6.2-6.4 give the power of the incident and transmitted laser light through thick-
nesses of each phantom type. Each data reported is the mean of the four repeated
measurements on each slice’s thickness. The range of optical thicknesses (L) and
concentration of Al2O3 was tested in this study, and L ≤ 3 mm showed significantly
minor multiple scattering effects. The scattering angle increases with the thickness
of the slime phantom sample as the number of particles increases, in agreement with
Rutherford’s scattering explanation.
The linear attenuation coefficient (µt) for all phantom types is represented by the
slope of the linear curve on ln( PP0

) against thickness (L) graph (Figures 6.2-6.4). R2 ≈
1 is the correlation coefficient with the error bars indicating the degree of uncertainty
for each phantom thickness.
The optical coefficients are evaluated based on the hypothesis that the absorption
coefficient (µa) of the India ink and the scattering coefficient (µs) of the slime glue
act additionally to create the total attenuation coefficient (µt) of the phantom tissues
are presented in Table 6.5. The anisotropy factor (g) was the average of the six val-
ues computed by Equation 6.3 using Wolfram Mathematica applicable in the pure
and scattering samples. Furthermore, g ranges from -1 to 1, and as g approaches 1,
the distribution peaks in the forward direction. The presented values were obtained
from a series of measurements performed within several months, aided by the quan-
titative information on desired tissues in literature (Table 6.6). Possible variations
might be indicative of the difficulties in accurately determining these coefficients,
such as the complex nature of biological tissues, the number of samples available,
age, and the direction and method of measurements [153–155]. This latter factor of-
ten limits the number of optical coefficients to be determined, and so many studies
only report the penetration depth or effective attenuation coefficient value. Addi-
tionally, it is noted that marked changes occur, even when such obvious factors are
missing [155].
To investigate the deformable capability of the fabricated phantoms and the stability
of their optical properties over a period, they were assembled and filled within a
latex shell mould with geometric features of desired tissues. The shell mould con-
sisted of four layers of liquid latex (Mouldmaster, House of Handicrafts, Braintree,
England) brushed on convenient models, avoiding the formation of bubbles [135].
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The phantom slime materials contained in the latex moulds were covered with a
glass plate for a straight surface removed after some minutes. The moulds were
then sealed with a latex patch. The optical properties of the phantoms were moni-
tored over two months and found to be consistent with possible dehydration-related
changes.

Table 6.2: The power intensities through different thicknesses of the lung carcinoma slime
phantom.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] θ(deg) g

0.51 4.30 3.08 0.334 1.5 0.999
1.08 4.95 2.60 0.644 4 0.992
1.56 4.99 2.13 0.852 5.25 0.986
2.03 5.00 1.66 1.104 6.5 0.973
2.56 4.88 1.14 1.456 7 0.973
3.02 4.97 0.72 1.935 7.5 0.972

Figure 6.2: The logarithmic intensity as a function of thickness to determine the total atten-
uation coefficient for lung carcinoma slime phantom.
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Table 6.3: The power intensities through different thicknesses of the post-menopausal
uterus slime phantom.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] θ(deg) g

0.55 4.04 2.48 0.488 5.5 0.985
1.00 4.05 1.97 0.721 6 0.982
1.53 5.11 1.56 1.188 7 0.977
2.01 5.01 1.17 1.456 9 0.957
2.55 5.10 0.79 1.868 9 0.969
3.05 5.09 0.39 2.576 10 0.972

Figure 6.3: Graph of logarithmic intensity data as a function of thickness to determine the
total attenuation coefficient for the post-menopausal uterus slime phantom.
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Table 6.4: The power intensities through different thicknesses of the brain tumour slime
phantom.

L(mm) Incident
Power(mW)

Transmitted
Power(mW)

-ln[
P

P0
] θ(deg) g

0.49 4.03 2.89 0.333 4 0.993
1.03 4.21 2.34 0.588 4.8 0.982
1.52 4.39 1.89 0.830 6 0.982
2.01 4.62 1.40 1.195 7 0.977
2.56 4.58 1.07 1.453 8 0.973
3.11 4.67 0.71 1.888 9.5 0.966

Figure 6.4: Graph of logarithmic intensity data as a function of thickness to determine the
total attenuation coefficient for brain tumour slime.
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Table 6.5: Optical coefficients of fabricated tissues at 630 nm from this study

Fabricated tissues µa (mm−1) µs (mm−1) µ′s (mm−1) µeff

(mm−1)
δ (mm)

Lung Carcinoma 0.334 ± 0.004 0.258 ± 0.005 0.0049 ± 0.0009 0.582 1.718
Post-menopausal Uterus 0.210 ± 0.001 0.572 ± 0.165 0.0149 ± 0.0004 0.376 2.66
Malignant Brain tumour 0.142 ± 0.002 0.445 ± 0.001 0.0089 ± 0.0002 0.254 3.94

Table 6.6: Optical properties reported for fabricated tissues in Literature at 630 nm.

Fabricated
tissues µa (mm−1) µs (mm−1) µ′s (mm−1) µeff (mm−1) δ (mm) [Ref]

Lung Carcinoma 0.546 - 0.654 1.53 - 1.83 [152, 153]
Post-menopausal
Uterus

0.0515 ± 0.54 0.91 ± 0.17 0.351 - 0.429 2.33 - 2.85 [154]

Malignant Brain
tumour

0.219 - 0.370 2.70 - 4.55 [156]

6.4 CONCLUSION

We have outlined the possibility of creating a reliable tissue-mimicking material with
controllable deformable properties using a cost-effective and easy-to-follow proce-
dure. The method was based on polyvinyl alcohol (PVA) slime materials with direct
comparison to the lung carcinoma, post-menopausal uterus, and malignant brain
tumour tissue’s optical coefficients found in the literature at selected wavelengths.
For our experiments, we did not consider oxygenation, blood content, the stage of
the menstrual cycle (for the uterus) with morphological and structural changes, and
other tissue conditions but focused on simulating the optical tissue properties. Nev-
ertheless, the selected phantom matrix and procedure provide the flexibility to in-
clude significant healthy and cancerous tissue features.
Further measurements are required to understand better the durability and the dif-
ference between the tissue types with increasing deformation to aid their use in op-
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6.4. CONCLUSION

tical imaging research and applications. There are limited probable sources of errors
in this study. First, the optical properties of the tissue-like phantom were deter-
mined using the additive law of optical coefficients. The accuracy of the law has
been tested by comparison with experimentally predicted optical coefficients, with
less than a 5% difference [157]. Second is the rough estimation of scattering angle
and unseen multiple lights scattering. The sample was sliced to a significantly small
thickness while maintaining rigid slices to satisfy the condition of single scattering.
Moreover, our experimental setup used an optical collimator to limit the field of view
and prevent most scattered light from reaching the power meter (detectors). Lastly,
the slime phantoms of arbitrary size and shape were generated within a latex shell.
However, the optical property of the latex is reported to have a negligible influence
on phantom sample measurements [135].
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Chapter 7

Conclusion and Future work

This study successfully developed realistic phantom tissues using PVA slime with
optical properties similar to human tissues. The in-expensive experimental design
and repeatability make it an efficient method for determining phantom tissues’ op-
tical properties. The set-up was extended to measure the phase function on thin
slices and determine the anisotropy factor. The scattering function of the simulated
slime phantoms showed a strong forward peak, indicating anisotropy scattering as
actual human tissues. This created the possibility of predicting various optical prop-
erties of medical and clinical interest. The predicted optical parameters (absorption
and scattering coefficient, effective attenuation coefficient, and penetration depth)
were stable and comparable to the human brain, lung carcinoma, post-menopausal
uterus, and malignant brain tumour at laser wavelengths of 532 nm and 630 nm.

Furthermore, the created slime phantoms were flexible to the actual human tissues’
anatomical shape. Tissue phantoms with relative ease of creation and a high degree
of spatial homogeneity and reproducibility are efficient and reliable in developing
non-invasive models for light propagation.

The dependence of India Ink and aluminium oxide on optical absorption and scat-
tering were also quantified. Accurate tissue-mimicking phantoms were created by
carefully adjusting the concentrations of the absorption and scattering agents. Using
microspheres (with well-defined size distributions) as scatterers can likely improve
the scattering effects. However, due to the expensive nature of these particles, we
highly recommend the aluminium oxide particles since they match the transport
scattering coefficients appropriately. Moreover, thinner tissue slices limit multiple
scattering effects.

The recipe presented enables simple and safe reproducibility of anatomically realis-
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tic phantoms useful for laser-based applications. Furthermore, these new phantoms
will provide very valuable information for correct dosimetry and the timely under-
standing of biological effects in imaging systems.

This low-cost bio-mimic material would also be ideal for training and practical pur-
poses specifically in medical education allowing for a detailed explanation of the
steps required in a medical procedure.

Further studies, to verify the compatibility and effectiveness of the fabricated phan-
tom models across multiple imaging modalities in a real clinical setting will be eval-
uated. Additionally, investigating the optical properties of slime phantoms over a
broad range of wavelengths computationally and with a measuring device such as
a Digital Camera would be an excellent extension for this study. This would help
to demonstrate the optimal wavelength range for therapeutic and diagnostic light
applications. Further research is also required to take advantage of the proposed
phantoms as a helpful tool for cancer imaging by introducing cancer cells to phan-
tom samples.
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