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Chapter 1

Introductory Remarks

1.1 General Review for Tissue Optics

In recent years, the use of light for clinical diagnostics and therapeutic medicine
has been attracted as the non-invasive technique and, thus, various optical methods have
been studied. The visible to near-infrared light propagated through the biological tissue
is strongly influenced by many chromophores within the tissue. Human skin is a typical
example of such biological object. There are many chromophores in the skin tissue such
as melanin, carotene, bilirubin, hemoglobin, and so on. These chromophores are related
to physiological conditions of the tissue and, have their own optical absorption properties.
For example, the color of venous and arterial blood is different in an oxygen state. The
pigmentation or tanning of skin is caused by the multiplication of melanin due to the
physiological response. Therefore, if the optical properties of the tissue can be
successfully measured, the useful information on health states and metabolisms of living
tissue can be obtained through the skin. Alternatively, the optical properties may be
required to calculate the distribution of light in the tissue during photodynamic therapy
or laser surgery. Thus, the optical techniques have a large potential in the biomedical field.
In clinical situation, however, there are only a few reliable instruments based on optical
methods. This is because the biological tissues are strongly scattering media and, thus,
the determination of optical properties is generally difficult by the conventional optical
methods such as the ray optics and attenuation according to the Lambert-Beer law. For

this reason, various theories and methods have been studied to model the light



propagation in the tissue-like scattering media.
The quantitative distribution of light intensity in scattering media can be described
from the solution of Chandrasekhar’s radiative transfer equation [1] as,

di(r,s) _

~(pt+ 1)V () +E T | p )1 (1) Y (L.1)
dS A 4r

where 1(r,s)is the intensity per unit solid angle at target location r in the direction s (s is
the directional unit vector), u, and u, are the absorption coefficient and scattering
coefficient of medium, respectively. p(s,s’) is the scattering phase function, representing

scattering contribution from the direction S to §’, and dQ'is the solid angle. The first

term on the right-hand side of Eq. (1.1) represents the loss in 1(r,s)per unit length in

direction S due to absorption and scattering. The second term describes the gain in

I (r,s) per unit length in direction S due to scattering from other scattered light 1(r,s")

dQ’ (i.e. light intensity confined in the elemental solid angle dQ") from direction S’ .

This integro-differential equation expresses the rate of change in the intensity of
a narrow incident light beam as a function of the optical properties of the medium
involved. Although the radiative transfer theory gives a more adequate description of the
distribution of light intensity in the optically turbid medium than does any other model,
the general analytic solution is not known yet. However, there are some approximate
analytical theories or numerical method in the following.

Diffusion Approximation. The diffusion approximation is obtained by considering
the lowest-order approximation of the expansion in spherical harmonics of the radiative
transfer equation. The diffusion approximation can be solved for homogeneous diffusing
media for different boundary conditions such as infinitely extended medium, semi-infinite

slab, finite slab, cylinder, and sphere. Theoretical studies of light propagation in the



multiple scattering media based on the diffusion approximation have been published by
Ishimaru [2] and Furustu [3]. The solutions obtained well describe photon propagation
when the distance of a detector from the source is larger than about 10 transport mean
free paths.

Random Walk Method. The motion of a photon in the scattering medium is
approximated as a random walk on a simple cubic lattice. The photon proceeds through
the lattice as steps to one of six nearest neighboring lattice points. By using this simple
scheme, it is possible to obtain analytical relationships similar to the ones obtained using
the diffusion approximation [4].

Kubelka-Munk Theory. The Kubelka-Munk theory has been widely used to
determine the absorption and scattering coefficients of turbid media. This theory
considers the two opposite fluxes, and can be employed when the scattering is
significantly dominant over the absorption. This model is not accurate for forward-
directed scattering and complicated geometric media such as a biological tissue because
the isotropic scattering is assumed in this theory. Recently, however, 3-, 4-, and 7-flux
models are also studied as the special cases of the multi-flux theory [5-9]. Applying to
the photon-tissue interactions, 3-flux model includes two diffuse fluxes (forward and
backward) and collimated forward flux, and 7-flux model consists of six diffuse fluxes in
3D space and collimated forward flux.

Monte Carlo Method. The Monte Carlo method provides a physical simulation
of photon propagation in the scattering medium. The model assumes a non-deterministic,
stochastic nature for high scattering and absorption of individual photon [10,11]. By
using a random number generating routine, the trajectories of emitted photons are chosen

according to the statistical rules relevant for photon propagation through the medium.



The trajectory of any emitted photon is followed until it exits from the scattering medium
or it arrives at the detector. The Monte Carlo method allows a full-dimensional
description of photon propagation and the actual scattering properties of tissue can be
taken into account in the simulation. The parameters of a scattering coefficient,
absorption coefficient, and scattering phase function are usually required in this method.
This Monte Carlo method requires the long computational time for the reliable results.
Various techniques based on the light propagation model mentioned above have
been studied and reported for measuring the optical properties of tissue. They are roughly
classified into the three types of measuring technique, the time-resolved measuring
technique, the frequency-domain measuring technique, and the spatially resolved

measuring technique. An outline of these types is briefly described in the following.

Q) Time-Resolved Measureing Technique

When an ultrashort light pulse (a few picoseconds long) is incident on the
scattering medium such as tissues, the received pulse backscattered from, or transmitted
thorough the medium is a few seconds long. This temporal spreading of a light pulse is
called the temporal spreading function (TPSF) [12], and depends on the optical properties
of the medium. Therefore, the TPSF can be used to acquire the absorption and scattering
coefficients of tissues. The use of a source emitting ultrashort pulse (picosecond,
femtosecond) and an ultrafast detector such as a streak camera makes possible a direct
measurement of the TPSF of the received pulse, which is known as the time-resolved
measurement. Chance et al. [13] have reported the usefulness of the time-resolved
technique for measuring the oxygenation state in the brain. Delpy et al. [14], Wilson et

al. [15], and Nomura et al. [16] also utilized the time-resolved technique for measuring



the optical properties of tissue. Patterson ef al. [17] investigated the behavior of light in
tissue by using the time-dependent diffusion approximation, whereas Hasegawa et al. [18]
and Delpy et al. [14] employed the Monte Carlo method to analyze the time-resolved
transmittance. Jacques [19] described light irradiance at various time intervals after
impingement of femtosecond and picosecond light pulses using the Monte Carlo method.

In recent years, some researchers have reported on the possibility of the optical-
computed tomography (CT) based on the time-resolved techniques numerically and
experimentally. Ito et al. [20] have obtained an image of oxygenation change in a rat
brain by using the optical-CT scanner based on the conventional X-ray CT algorithm.
Araki and Nashimoto [21] developed a deconvolution technique using the point spread
functions and succeeded in reconstruction of an optical-CT image experimentally. Using
the time dependent diffusion equation, Arridge ef al. [22] analytically and experimentally
studied a reconstruction method as an inverse method. Singer et al. [23] proposed
numerically a new algorithm for using the six-flux model for radiation and an iterative
method for reconstruction. For the instrumentation of optical-CT, Yamada et al. [24, 25]
have investigated the use of temporal variations of transmittance of a light impulse

numerically.

(i)  Frequency-Domain Measuring Technique

Frequency-domain photon migration [FDPM] methods, in which the light source
intensity is modulated at high frequency, have been successfully applied to in vitro
spectroscopy studies of turbid media [26-30]. Analytical solutions to the frequency-
domain standard diffusion equation (SDE) have been employed in these studies to deduce

the absorption and scattering properties from the frequency-domain data acquired in the



optical turbid media. The frequency-domain SDE has been evaluated to be applicable to
the study of thick, turbid, and macroscopically homogenous scattering media when the
source-detector separation is typically greater than 1 cm and the source modulation
frequency is less than 1 GHz [31]. Fishkin ef al. [32] measured the optical properties of

normal and malignant in vivo tissue by using the FDPM method.

(iii)  Spatially Resolved Measuring Technique

When a narrow photon beam is incident on the homogeneous scattering medium,
the radial dependence of backscattered light depends on the optical properties of the
medium. The spatially resolved technique is based on this radial dependence of the
diffuse reflectance from the scattering medium. Different physical models have been
used to determine expressions for the dependence of the diffuse reflectance on radial
distance from the incident point of light. Groenhuis et al. [33,34] utilized the diffusion
theory to derive the Green’s function for photon fluence resulting from an isotropic point
source at depth in a semi-infinite tissue as an infinite sum of modified Bessel functions.
Shmitt et al. [35] extended this approach to express the radial reflectance from a multi-
layered tissue such as the skin. Wilson ef al. [36] proposed the use of the relative
reflectance curve to determine the tissue optical properties. Farrell et al. [37] conducted
the spatially resolved measurement of diffuse reflectance by using the multiple fiber-optic
detectors in contact with the tissue surface at varying distances from the source. To avoid
the pressure due to the contact probe, Bolt and ten Bosch [38,39] introduced an alternative
technique based on a remote, non-contact, video camera detector (video reflectometry).
Jacques et al. [40] used this technique to measure the ex vivo tissue. Results obtained

from the similar instrumentations have also been reported by Splinter et al. [41], Dogariu



and Asakura [42], and Kienle et al. [43]. More recently, Wang and Jacques [44] proposed
the use of a laser beam with an oblique incidence to deduce the reduced scattering
coefficient of a turbid medium. Lin et al. [45] extended this technique to measure the
absorption coefficient and reduced scattering coefficient simultaneously.

Spectrophotometry over a broad range from visible to near-infrared wavelength
has also become a common method to measure the reflectance spectra of tissue. Edwards
et al. [46], Kuppenhiem et al. [47], Anderson and Parrish [48], and Feather et al. [49],
employed the reflectance spectra to investigate the relation between the color of human
skin and chromophores. Spectral feature analysis has been studied to evaluate the various
physiological conditions of living tissue. Diffey et al. [50] have studied the
vasoconstriction and erythema by using the numerical indices derived from the
reflectance spectra of human skin. Dawson ef al. [51] utilized the reflectance
spectrophotometry for measurement of human skin tissue to characterize the spectral
properties. Harrison ef al. [52] also measured the oxygen saturation and concentration of
hemoglobin in the human skin tissue during the tuberculin reaction by using the numerical
indices based on the reflectance spectra. Marchesini et al. [53,54] and Wallace et al. [55]
have studied the method to discriminate between benign and malignant lesion in the skin
tissue by using features of reflectance spectra of human skin.

As the other spectral analysis, chemometrics have been studied for evaluating the
chromophores in the skin tissue. Tsumura ef al. [56] proposed a method using the
independent component analysis of color images for visualizing spatial distributions of
melanin and hemoglobin in the human skin. Shimada et al. [57-59] reported a method
for predicting absorption spectra of skin tissue using the multiple regression analysis

based on the modified Lambert-Beer law [ 60-63].



1.2 Motivation

Analysis of spectral reflectance of skin has been widely preferred as an integral
part to obtain necessary knowledge of skin conditions and to some extent physiological
conditions. As change in physiological and skin conditions [64-67] are believed to be
responsible for alteration of chromophores concentration (mainly melanin, and
oxygenated and deoxygenated hemoglobin) and tissue micro-structure, it leads to
variation in spectral reflectance. Thus, it becomes essential to find some relation between
spectral shape, chromophores and tissue morphology. Also, it is well known that melanin
corresponds to absorption coefficient in epidermal layer and hemoglobin to absorption
coefficients of dermal and subcutaneous layers. Although, such relations are difficult to
analyze in general.

In regard to this, many researchers have utilized various methods to evaluate the
connection between skin condition and spectral reflectance. For example, diffusion
approximation [68,69], solution of radiative transfer equation using auxiliary function [ 70,
71], and most widely used statistical method including principal component analysis [72],
independent component [56] analysis and multiple regression analysis [57-59, 73-76]. All
of these method have the common drawback of fitting respective mathematical models to
different skin conditions including healthy or normal to diseased or abnormal.

By referring to the idea of Zang et. al. [69] to use library-based spectral fitting for
identification of optical property from measured spectra, in this dissertation a method has
been proposed using spectral mining from database consisting of simulated spectra using
a nine-layered skin tissue model. The method is used to evaluate mainly the change of
absorption conditions in measured spectra, as change in absorption condition corresponds

to change in chromophores concentration.



1.3  Synopsis of Contents

This dissertation is aimed at the investigation on evaluation of changing
absorption property of measured spectra using spectral mining from database consisting
of simulated spectral reflectance curves. This study can mainly be segregated into two
parts. In the first part, construction of the spectral database is discussed including the
numerical investigation on the database, In the second part, actual spectral measurements
were carried out under some specific conditions in order to analyze mainly absorption
property of measured spectra using spectral mining from the database. The fundamental
theories and principles that are integral to this dissertation are introduced in the chapter 2.

Chapter 3 highlights the effect of a detecting aperture size on spectral reflectance
measurement of human skin through numerical simulation and experiments. To do so,
Monte Carlo simulation of light propagation in the nine-layered skin tissue model was
employed to generate simulated spectral reflectance curves and photon fluence map, and
spectrophotometric experiments was carried out using an optical setup with an integrating
sphere. This particular study becomes functional for the study made in chapter 5, where
spectra are measured from human subject in order to show the effectiveness of the spectral
mining method.

Chapters 4 and 5 are assigned to the proposed method of spectral mining from the
spectral reflectance database to analyze unknown optical parameters of measured spectra.
In chapter 4, the construction of the database which consists of simulated spectra with
varying absorption and scattering coefficients is discussed. To make the construction of
database in a convenient way, absorption coefficients are made into two groups and
scattering coefficients into three groups. This resulted in five types of spectral change in

simulated spectra which are included in the database. Among the five types, two types



presented similar spectral change with different absorption and scattering coefficients,
which leads to an ambiguity problem in the constructed database. The possibility of these
five types is investigated numerically for spectral change in evaluating unknown optical
parameters of measured spectra.

In chapter 5, the five types of spectral change in simulated spectra are validated
by observing five types of spectral change in measured spectra from three-layered
agarose-gel phantom. Pressure-cuff occlusion and hot water immersion experiments are
carried out on human forearm to confirm the applicability to analysis of change in
absorption coefficients of measured spectra as both the experiments are supposed to vary
hemoglobin concentration or absorption coefficients in dermal and subcutaneous layers.
Also, use of application based customized database is briefly described as a possible way
to overcome the ambiguity of the original full-size database.

Chapter 6 provides an overall summary of the various results obtained by studies

executed in this dissertation.
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Chapter 2.

Fundamental Theories and Principles

2.1 Physiology and Anatomy of Human Skin

2.1.1 Introduction

The optical and visual properties of skin components at each level of our
taxonomy differ significantly depending on their anatomical characteristics. For example,
light scattering behaviors of cells and fibers depend on their sizes and shapes. Light
propagation in the skin layers, i.e. the epidermis and the dermis, is very different since
their structures, densities and thicknesses vary greatly. Reflection at the surface of skin is
influenced by the morphological characteristics of fine wrinkles. The appearances of
wrinkles themselves also depend on their morphological characteristics such as depth,
width and density variations. Most of these optical and visual properties are different for
different body regions and body parts since the anatomical characteristics of the lower-
level components vary across the body. The above examples are used to convey the

importance of understanding the anatomical properties of each of the skin components.

2.1.2 Cells Elements

Although skin is composed of various types of cellular level elements, cells, fibers
and chromophores are of special relevance to us. This is because light scattering and
absorption in these fundamental elements are the building blocks of the gross optical

phenomena observed at the cellular level. Skin includes various types of cells. The main
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cells are keratinocyte, fibroblast, fat cell, melanocyte and red blood cells. These cells are
present in different locations and have different structures and functions. Keratinocytes
are quantitatively the dominant constituent cells in the epidermis. These cells produce
fibriform proteins called keratin which contribute to the rigidity of the outermost layer of
skin.

Keratinocytes protect the body from the external environment, for instance from
stimulation, friction and viruses, while retaining moisture. Keratinocytes can be further
categorized into four types of cells based on their functions and structures: basal cells,
prickle cells, granular cells and horny cells. Although these cells have the same origin,
they have different shapes, functions and sub-cellular level elements called organelles.
For example, the basal cell, which reproduces keratinocytes, is a cylindrical and soft
living cell. On the other hand, the horny cell, which mainly acts as a protector from the
external environment, is a very flat and hard dead cell in which most organelles are
degenerate.

Fibroblasts are long and narrow cells present in the dermis, the second skin layer
beneath the epidermis. They produce collagen and elastin fibers which are the primary
constituents of the dermis.

Fat cells are quantitatively the most abundant cells of the dermis. These cells
accumulate fat and their sizes vary according to the volume of fat contained in them.
These cells do not absorb much light. On the other hand, melanocyte and erythrocyte cells,
both of which contain chromophores, mainly absorb light.

Melanocytes carry melanin which is one of the main light-absorbing pigments in
skin. There are generally 1,000 to 2,000 melanocytes in 1 mm2 of skin. This cell contains

specialized organelles called melanosomes. When skin is exposed to sunlight,
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melanosomes are activated and produce melanin. The density of melanosomes depends
on the body region. For example, regions that are frequently exposed to sunlight, such as
the face, have higher density than other regions.

Red blood cells are the carriers of hemoglobin, another light-absorbing pigment
in skin. Red blood cells have biconcave structures. The diameter of an erythrocyte is
approximately 5 um. Red blood cells usually contain more than 300 mg/ml of hemoglobin
and carry oxygen from the lungs to tissues and carbon dioxide from tissues to the lungs.

A typical cell is composed of a cell membrane and organelles such as nucleus,
mitochondria, lysosome, cytoplasm, Gelid apparatus, endoplasmic reticulum, etc. The
nucleus, which is the largest spherical organelle, ranges from 3 to 10 um in size and is
enclosed in a membrane called the nuclear envelope. The nucleus includes most of the
DNA of a cell and serves as the storage area for genetic information. The mitochondrion
is 0.5 to 1.5 um in size and is an oval-shaped organelle composed of a double membrane.
The mitochondrion generates energy from food. The cell membrane is the outermost layer
of a cell and has a doubly-layered structure of lipids (bilayer membrane). The thickness

of the cell membrane is approximately 15 nm.

2.1.3 Fibers Elements

Skin contains several types of fibers. Keratin, collagen and elastin will be
considered here as typical types of fibers found in skin.

Keratin fibers are mainly found in the outer-level epidermal cells, including horny
cells. These fibers protect the inner side of skin from the external environment. At the
same time, they contribute to moisture-retention in skin by holding water. The length and

diameter of these fibers depend on the amount of moisture they actually hold.
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Collagen fibers are the main constituents of the dermis. They represent about 70%
of the dermis in dry weight. These fibers form vast and tough networks providing the
dermis with strength, tension and elasticity. A collagen fiber is 0.5 to 3 um in diameter
and has a very long shape. A collagen fiber has a hierarchical structure [77] and is
essentially a bundle of smaller microcables called collagen fibrils. Collagen fibrils are 10
to 300 nm in diameter and many micrometers long. A collagen fibril is a bundle of triple
stranded collagen molecules (about 1.5 nm in diameter [77, 78] and 300 nm long [78]),
three polypeptide chains that are wrapped around each other as a triple helix. The structure
of collagen fibers starts to denature around the age of thirty. Photo-damaging, which
occurs with ultraviolet light in sunlight and due to smoking, also denature the structure of
collagen fibers. These factors eventually cause morphological changes to the network of
collagen fibers. This leads to loss of skin elasticity and finally induces wrinkling [79-83].

Elastin fibers are random coiled proteins that are also present in the dermis. These
fibers are thinner than collagen bundles (1 to 3 um in diameter [78]). They occupy 2 to
4% of the total weight of the dermis. An elastin fiber consists of two components—micro-
fibrils and matrix elastin. The micro-fibrils are aggregated at the periphery of elastic fiber
(10 to 12 nm thick) and are also present within elastin fibers as strands aligned along the
longitudinal direction (15 to 80 nm thick) [78]. Elastin fibers provide skin with elasticity
and resilience. Even though the volume of elastin fibers is much smaller than that of
collagen fibers, elastin fibers also play an important role in providing structural support
to the dermis. Similar to collagen fibers, aging and ultraviolet light degrade elastin fibers,
which finally leads to wrinkling. Elastin fibers are extensible and return to their original

shapes after stretching. This property is not found in collagen fibers [78].
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2.1.4 Chromophores

Skin includes various types of light-absorbing chemical compounds called
chromophores. Among these chromophores, melanin and hemoglobin are especially
important for understanding the appearance of normal skin since they absorb light
particularly in the visible wavelength range [84, 85].

Melanin is the dominant chromophore of the epidermis. It can also be found in
hair. Melanin is first produced in melanosomes, then is diffused into the epidermal layer,
and moves up towards the surface of skin while denaturing. Through this upward process,
melanin changes its color from tan to white. Melanin is divided into two types, eumelanin
and pheomelanin, depending on its chemical structure. Eumelanin is a black or dark
brown chromophore usually found in dark hair and eyes. Pheomelanin is yellow or
reddish brown chromophore that is observed in red hair and feathers. Usually, normal skin
contains some amount of eumelanin. Therefore, in most studies on skin, “melanin” is
referred to as “eumelanin” [86]. The physiological function of melanin is to protect the
inside of skin by absorbing and scattering ultraviolet light. When exposed to sunlight,
melanocytes start to produce melanin. This is the biological reaction that eventually
makes our skin appear tanned. The color of skin depends on the fraction of the volume of
the melanosomes. In the light colored skin of Caucasians, the fraction is only between 1
and 3%. In the skins of well-tanned Caucasians and Mediterraneans, the percentage
increases to 11 to 16%. In dark colored African skin, it goes up to 43% [86].

Hemoglobin is a red colored chromophore found in erythrocytes. Hemoglobin
represents 95% of the dry mass of an erythrocyte. Hemoglobin binds oxygen effectively
and carries oxygen to all body site through vessels and capillaries. When hemoglobin

contains oxygen, it is called oxy-hemoglobin. Otherwise, it is called deoxy-hemoglobin.
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Usually, in the vein, more than 47% of the hemoglobin is oxy-hemoglobin [87]. Oxy-

hemoglobin is a brighter shade of red than deoxy-hemoglobin.

2.2 Constitution of Skin Tissue

2.2.1 Introduction

Skin is the largest body organ and forms the interface between the human body
and the environment. Some of its functions are thermo-regulation, protection, metabolic
functions, and tactile sensitivity. Skin tissue varies in thickness according to body location
and wear-and-tear and this thickness variation contributes to the overall skin reflectance.
Skin represents about 12 to 16% of the total body mass and covers an area of about 1.2 to
2 m2 in adults [88]. Skin tissue is also different between men and women, being generally
less thick in women. The stratum corneum layer of the epidermis exhibits the greatest
variation in thickness: in thin skin there may be fewer than 10 cell layers in the stratum
corneum compared to over 100 layers in thick skin. The overall skin structure is
constructed from three main layers: the epidermis, dermis, and hypodermis, as shown in
Fig. 2.1. Each structure provides a distinct role in the overall function of the skin. Skin
reflectance is mainly determined by two pigments: melanin and hemoglobin. Skin optics
have been investigated by several authors in medicine, biology, and biophysics [86-93],
to name a few. As we will discuss, skin is a highly scattering media, i.e., scattering is
much more important than absorption, and it also exhibits a strong forward scattering
behavior. Skin models are complicated by the fact that skin is irregularly shaped,

inhomogeneous, multi-layered, has anisotropic physical properties, and has hair follicles

16



and glands [87]. The next sections provide descriptions of the anatomy, physiology, and
optics of the various skin layers. The interaction of light with skin plays a metabolic
function since the action of light on a precursor compound in the skin produces Vitamin-
D which has a role in calcium and phosphate metabolism [94].

Cellular level elements form the three different skin layers: epidermis, dermis and
subcutaneous. These layers are composed of different types of cellular level elements.
Hence, they are very different in terms of structure and function. As a result, they exhibit

different types of light propagation.

Free nerve ending

o ~ " Epidermis
Hair follicle

Small blood vessek .
— Dermis

Hair root
— Subcutaneous

Adiposetissue —/'

Fig. 2.1. A cross-sectional schematic diagram of skin. Skin is a complex
multi-layered tissue consisting of various types of components,

including veins, capillaries, hairs, cells, fibers, etc.
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2.2.2 Epidermis

The epidermis is the outermost layer of skin. There are no veins and capillaries in
this layer. Its thickness is about 0.2 mm on average and this thickness varies depending
on the location on the body. Furthermore, the thickness also varies according to the
volume of water that the epidermis holds.

The epidermis is further divided into five sublayers. From the bottom (innermost),
these sublayers are stratum basale (basal cell layer), stratum spinosum (prickle cell layer),
stratum granulosum (granular cell layer), stratum lucidum (clear layer) and stratum
corneum (horny cell layer).

The epidermis is a metabolically active tissue. Keratinocytes produced in stratum
basale move upward to the outer surface. This process is called turn-over. During this
turn-over, keratinocytes change their structures and physiological functions. One cycle of
this turn-over process takes about 28 days. In the following, we will describe the physio-
anatomical properties of each sublayer.

Stratum basale (basal cell layer) is the deepest sublayer of the epidermis and is
composed of a single layer of basal cells. This sublayer forms the boundary to the dermis.
Keratinocytes are produced in this sublayer. It holds approximately 8% of the water in the
epidermis. With aging, this layer becomes thinner and loses the ability to retain water.
Melanocytes, which were mentioned in the previous section, also lie in this layer.
Stratum spinosum (prickle cell layer) refers to the 10 to 20 layers that lie on top of the
basal cell layer. Basal cells, through the process of turn-over, make their shape somewhat
flatter (multi-sided) and form these layers. These cells are called prickle cells and have
little spines on the outside of their membrane. The thickness of this sublayer is typically

from 50 to 150 um [84].
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Stratum granulosum (granular cell layer) is composed of 2 to 4 granular cell layers.
The typical thickness is 3 pm [84]. In this sublayer, cornification called keratinization of
keratinocytes begins. In this process, organelles such as nuclei and mitochondria start to
resolve. Cells are increasingly filled with keratin fibers and contain less moisture than
basal and prickle cell layers. The shape of these cells becomes much flatter during this
process.

Stratum lucidum (clear layer) can only be found in soles and palms. It is a highly
refractive sublayer. Its cells become flatter and more densely packed during turn-over.

Stratum corneum (horny cell layer) is the exterior sublayer of the epidermis. Its
thickness ranges from 8 to 15 pm [84]. This sublayer is composed of several layers of
hexagonal-shaped flat and hard cells named horny cells or corneocytes. These are dry
dead cells without organelles and filled with keratin fibers. This sublayer prevents
excessive dehydration of the skin tissue and usually contains 10 to 15% of the mass of
water in the epidermis, depending on the skin condition. Horny cells are surrounded by
intercellular lipids. A principal constituent is ceramide, which plays a crucial role in water
retention [95]. Horny cells also contain special chemical compounds called natural
moisturizing factor (NMF) that also plays an important role in retaining skin moisture.
NMF is composed of sodium PCA, sphingolipids and ceramides, phospholipids, fatty
acids, glycerol, squalane and cholesterol [95]. Skin that lacks NMF and ceramide tends

to be very dry.

2.2.3 Dermis
The dermis is the second layer of skin, beneath the epidermal layer. This layer is

much thicker than the epidermis (usually 1 to 4 mm [84]). The main components of the
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dermis are collagen and elastin fibers. Compared to the epidermis, there are much fewer
cells and much more fibers in the dermis. Dermis has the following two sublayers.

Papillary layer is the upper sublayer of the dermis that is clearly demarcated from
the epidermis. This sublayer is a loosely connected tissue and includes a large amount of
nerve fibers, capillaries, water and cells (e.g fibroblasts). In this sublayer, collagen fibers
form a finer network than those of the reticular layer [96].

Reticular layer constitutes the lower part of the dermis and represents a continuous
transition to the subcutis. This sublayer has a denser and thicker network than the
papillary layer and includes fewer nerve fibers and capillaries. In this sublayer, collagen
fibers are aggregated into thick bundles which are mostly aligned parallel to the surface
of skin [96].

The micro-anatomical complexity of skin, particularly in cell level, makes
quantitative analysis of the optical properties of skin difficult. However, it can be
significantly simplified by considering the physio-anatomical characteristics of each skin
layers. As mentioned above, the epidermis and the dermis are very different in
composition, thickness and functions. Hence, these two layers can be considered to be
independent of each other in terms of optical behaviors. Indeed, the epidermis and the
dermis are viewed as independent optical media in many early studies on skin optics. For
example, melanin is present only in the epidermis. On the other hand, hemoglobin is
found only in the dermis since there are no veins and capillaries in the epidermis. Hence,
the epidermis can be essentially viewed as a melanin layer and the dermis can be viewed

as a hemoglobin layer when analyzing the absorption properties of skin.
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2.2.4 Subcutaneous Tissue

Subcutaneous tissue, or hypodermis in histology, is the third layer beneath the
dermis. It is important to note that it is not categorized as another skin layer. Subcutaneous
tissue is an elastic layer and includes a large amount of fat cells that work as a shock
absorber for blood vessels and nerve endings. The thickness of this layer is reported to be
4 to 9 mm on average. However, the actual thickness differs from person to person and

also depends on the body region.

2.2.5 Skin Layers

Skin is mainly composed of skin layers, fine wrinkles, hairs and skin surface lipids.
Skin layers are the main component of skin. Fine wrinkles, hairs and skin surface lipids
are observed on the outermost surface of skin. These components exhibit very different
optical behaviors according to their structures. Skin layers usually consist of two different
layers, the epidermis and the dermis. There is a very clear wavy boundary between these
two layers. The thickness of the skin layers differs quite a bit depending on gender, age,
individual, body regions, etc. It has been found that males tend to have thicker skin layers
than females [97]. On the other hand, while several studies on the relation between age
and the thickness of the skin layers have been reported [98—100], a clear relationship has
not yet been found. Conditions of skin such as water-retention also differ depending on
region, age and individual. For instance, skin layers of older people have less ability for
water-retention, since the NMF tends to decrease with age. It has also been reported that
the transparency of the stratum corneum (the outermost sublayer of the epidermis)

decreases with the amount of water contained in it [101].
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2.2.6 Hairs

Hairs behave as strong scatterers of light and affect the surface reflection of skin.
Hairs are distributed all over the surface of the body except for the palms of the hands,
the soles of the feet, the tops of the feet and mucocutaneous junctions [102, 103]. Hair
grows from a hair follicle which resides in the dermal layer and opens onto the surface of
skin. The bottom end of a hair follicle sits close to the boundary between the dermis and
the subcutis. The color of hair is determined by the amount of eumelanin (dark brown) or
pheomelanin (yellow reddish brown) it contains. Hair that does not contain melanin is
white.

Hair can be categorized into two types — terminal thick hair and vellus fine hair.
Terminal hair is usually hard and long. Examples include, the hair on the head, eyelashes,
and eyebrows. Vellus hairs, sometimes called “peachy fuzz”, are soft and short
(approximately I mm long). They can be found on the cheek, forehead, arms, etc. In body
regions that are covered with vellus hair, the hair plays an important role in the visual

appearance of the region.

2.2.7 Skin Surface Lipid

Skin surface lipid plays an important role in surface reflection from skin. It reflects
incident light specularly and makes skin appearance shinier. Skin surface lipid can be
observed in most body regions, but its volume varies from one region to another.
Furthermore, it also varies with respect to gender, age, etc.

Skin surface lipid forms a thin film called the skin surface lipid film (SSLF) on
skin layers. The SSLF protects excess evaporation of water from skin and keeps skin

moisturized and smooth. The basis of the SSLF is sebum, which is a yellowish oily liquid
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secreted by sebaceous glands. Sebaceous glands are present in the dermal layer and are
connected to hair follicles. They cover a large region of the face, the middle of the back
and the chest [102]. Although the contents of sebum vary depending on the body region,
the composition of sebum is roughly estimated to be 30% of free fatty acid, 33% of
triglycerides, 15% of wax, 5% of sterol esters, 5% of squalene and 7% of paraffin [104].
After sebum is secreted, it gets mixed with sweat and lipid. This results in an emulsified
film over the surface of skin [104]. The SSLF spreads over the skin surface as an unevenly
distributed amorphous sheet. The thickness of the SSLF varies from one body region to
another and is roughly estimated to range from 0.01 to 2.1 um [104]. The degree of sebum
secretion depends on age, gender, body regions, etc. Sebum secretion starts to decrease
from the mid-twenties and at the age of fifty becomes similar in degree to that in the case

of a ten years old [104].

2.3 Optical Propagation Theory in Biological Tissue

2.3.1 Spectral Reflectance and Transmittance

The reflection is the return of radiation intensity by a surface, without a change in
wavelength. The reflection is usually divided into two components, the specular
reflection, in which the angle of incidence is equal to the angle of reflection, and diffuse
reflection, in which the angle of incidence is not equal to the angle of reflection. Every
surface returns both specular and diffuse reflections. Some surfaces may return mostly
specular reflection, others more diffuse reflection. The glossier the surface, the more

specular the reflection. Spectral reflectance is the ratio of the spectral radiant intensity or
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luminous flux reflected in a given cone, whose apex is on the surface considered, to that
reflected in the same directions by the perfect diffuser identically irradiated, and is

expressed as

_1 A=)

MM_MM4AM’

(2.1)

where Is is the sample intensity at wavelength A, Ip is the dark intensity at wavelength A,
Ir is the reference intensity at wavelength A.

The transmission is the percentage of the radiant intensity passing through a
system considered relative to the amount that passes through the reference (such as air).
The spectral transmittance is the ratio of the spectral transmitted radiant intensity or
luminous flux to the incident flux under specified conditions of irradiation, is expressed

as

BRORNG)
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where s is the sample intensity at wavelength A, Ip is the dark intensity at wavelength A,

Ir is the reference intensity at wavelength A.

2.3.2 Lambert-Beer’s Law

The absorbance spectrum A(A) is a measure of how light is absorbed by a
absorbing sample such as a solution. The absorbance spectrum of a solution is related to
the concentration of the absorber within it. This relationship is known as the Lambert-
Beer law, and is given as

A(A) = log,,(LIT(A)) = (A)-C-1, (2.3)

where 7(A) is the transmittance spectrum, &A1) is the molar extinction coefficient of
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absorbers at wavelength A, C is the molar concentration of absorber, and / is the optical

pathlength.

2.3.3 Spectrocolorimetry

Spectrocolorimetry [105, 106] is a typical method for calculating the colorimetric
value from the measured spectral power, reflectance, or transmittance. The most popular
color system is the CIEXYZ color system [105, 106], which recommended by
Commission Internationale de 1’Eclairage, CIE. In this color system, the tristimulus
values, X, Y, and Z corresponding to so-called R (red), G (green), and B (blue),
respectively, are treated as the colorimetric values. For the surface color of an object,

these tristimulus values are expressed as

X =K> S(1)-X(4)-R(2), (2.4)
Y =KD S(1)-¥(1)-R(A), (2.5)
Z=K> S(1)-7(1)-R(1), (2.6)

where S(1) and R(A) denote the spectral power distribution of illuminant and spectral
reflectance of object, respectively. X(1), Y(A), and Z(A) are the color matching
functions [105, 106] as shown in Fig. 2.2. The values of the constant K which results in
Y being equal to 100 for the perfect diffuser is given by

K =100/ S(2)-¥(4). (2.7)
In Egs. (2.4)-(2.7), the summation can be carried out using data at every 20 nm, from 400
to 700 nm. For the most applications, it is necessary to take values either at every 10 nm,

or preferably at every 5 nm, and use a rage of wavelengths from 380 to 780 nm.

The retina of human eye varies considerably in its properties from one point to
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another, and matches if the field size is altered. If the field size is reduced, the ability to
discriminate one color from another becomes less marked. Hence, 2° matches tend to
break down. For this reason, CIE recommended a different set of color matching
functions for the samples having field sizes greater than 4°. These supplementary color

matching functions, X,(1), Y,,(1), and Z,,(1), are also shown in Fig. 2.2. It can be

seen that the two sets of functions are similar, but the differences are large enough to be

significant. The X,(1), ¥;,(4),and Z,,(1) functions can be used as weighting functions

to obtain the tristimulus values Xio, Y10, and Zio, by means of procedures analogous to
those adopted to obtain X, Y, and Z. All measures are distinguished by the presence of a
subscript 10. The tristimulus value Y represents the percentage luminance factor, and this
is an approximate correlation of the perceptual attribute of lightness. The values then
range from 100 for white, or transparent objects, that absorb no light, to zero for objects
that absorb all the light. It is sometimes convenient to use the ratio Y/Y,, where Y is the
value of Y for a suitable chosen reference white or reference transparent specimen. If the
reference object absorbs some light, as is usually the case, Y/Y, will be slightly more that
1 for the perfect diffuser.

The CIE x-y chromaticity diagram and the CIE 1976 uniform chromaticity scale
diagram have many uses. However, as they show only proportions of the tristimulus
values and not their actual magnitudes, they are only strictly spplicable to color all having
the same luminance. In general, colors differ in both chromaticity and luminance, and
therefore, some method of combining these variables is required. To meet this need for
luminance factor (but not for luminance), the CIE has recommended the use of one of two
alternative color spaces, CIELUV color space and CIELAB color space [105, 106]. Here,

only CIELAB color space shown in Fig. 2.3 is described. It is produced by plotting along
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three axes at right angles to one another as,

L' =116(Y/Y,)*~16  for Y /Y,>0.008856, 2.8)
L' =903.3(Y/Y,)  forY /Y, <0.008856, 2.9)
a” =500 [(X/Xn)%—(Y/Yn)%}, 2.10)

b = 200 [(Y A% —(Z/Zn)%} @.11)

where Xu, Yn, and Z, are the tristimulus value of perfect diffuser, and is equal to or less
than 0.008856.

The CIELAB color space is intended to apply to object colors of the same size
and shape, viewed in identical white to mid-gray surroundings, by an observer
photopically adapted to a field of chromaticity not too different from that of average
daylight. If the samples considered have an angular substance greater than 4°, then Xjo,

Y10, and Z10 should be used instead of X, Y, and Z.
If the differences between two colors in L', @, and b", respectively, the total

color difference AE;, may be evaluated as
AE, =[(AL) +(4a’)* +(Ab*)2]%. (2.12)

Thus, the value of AE,, is equal to the distance between the two points representing the

color in the CIELAB color space.
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Fig.2.2. Color matching functions.
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Fig.2.3. A three dimensional representation of the CIE LAB color space.
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2.3.4 Photon Fluence
Photon fluence ¢ [11] represents the amount of light absorption in each volume

element of skin tissue model, and is calculated by,

Aliy, iy, L]

™ [cm™?] (2.13)

Glix, iy i,] =

Where A denotes the probability density of amount of light absorption per unit volume
with u, being the local absorption coefficient, and i, iy and i: indicate the element number
of each grid in the horizontal (ix, iy) and vertical (i) direction in the skin tissue model.
The fluence is usually resolved along the depth (iz) and such examples are shown in Fig.
2.4, where photon fluence is mapped along x-z plane, and x direction represents skin
surface and z direction depth of tissue model. The fluence near the photon incident has a
larger value due to the addition of back scatter light. Also, medium with refractive index
mismatched boundary has higher fluence rate because of internal reflection compared to
refractive index matched boundary (detailed explanation is given in chapter 3). Two types
of flucence calculation are used in this study. One is a fluence map of the total components
which consist of all the reflected, absorbed and transmitted components and the other
fluence map is of the detected components consisting only reflected components, as

shown in Fig. 2.4.
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(a) Fluence of the total components.  (b) Fluence of the detected components.

Fig.2.4. Two typical maps of simulated photon fluence along z direction.
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2.3.5 Point Spread Function of Reflected Intensity

When an infintely narrow photon beam incident on the surfacr of the skin tissue
model, it strats propagating inside the skin model with random steps in random direction.
After the endo of propagation, if the backscattered photons are recorded on the skin
surface, it generates an intensity decaying map which has maximum intensitynear the
point of incident. From this intensity map, point spread function (PSF) of reflected
intensity on the skin surface can be calculated. Typical examples of simulated PSF at
400nm, 550nm and 700nm are shown in Fig. 2.5, in which x= 0 means center of point
like illumination. PSF has wavelength dependency because of varying optical path length
in tissue. Owing to this property PSF of longer wavelength (700nm) shows broaddening
nature and is suitable for evaluating change of skin condition in deeper layers, as can be

seen in Fig. 2.5(c) (detailed explanation is given in chapter 4).
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Fig.2.5. Typical examples of simulated PSF at three different wavelengths.
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2.4 Multiple Regression Analysis
In the multiple regression analysis [107], a relationship between two variable sets
vi(k=1,2, ..., p)and xix (j =1, 2, ..., g) is assumed to be given by the following linear

equation,

q
W=%+z%xwww (2.14)

j=1
where y, and X, represent response variables and predictor variables, respectively, a,

means a constant component, and e; expresses unknown error components. In this
multiple regression model, p is the number of sample data being analyzed and ¢ is that of

predictor variables. The regression coefficients «;(j =0, 1, 2,---,q) are unknown values

that are estimated by the method of least squares in the analysis. Let us denote the

estimated regression coefficients by &;, then the corresponding multiple regression

equation is expressed as
q
Vo =G+ D - Xy (2.15)
j=1

Yi =Y + 1 (2.16)
where ¥, means the response variables estimated with using &;, and 1, is the residual.

A measure for suitability of the regression equation is given by the parameter P?, which

is defined as the square of the multiple correlation coefficient P, that is,

2

Zk(yk _yk)(yk _§k)

\/Zk(yk _Vk)z\/zk(yk _§k)2

where Y, and §k denote the average of y, and ¥, , respectively, over the p number of

P’ = , (2.17)
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data. The value of P means the correlation coefficient between y, and ¥, . The value of

P? ranges from 0 to 1, and the linear approximation becomes better as P approaches to

1.

2.5 Monte Carlo Modeling of Light Transport in Scattering Medium

2.5.1 Optical Properties
The simple concept of absorption of light can be explained as following
description. Consider a chromophore idealized as a sphere with a particular geometrical
size. Consider that this sphere blocks incident light and casts a shadow, which constitutes
absorption. The size of the absorption shadow is called the effective cross-section, oa
(cm?), and can be smaller or larger than the geometrical size of the chromophore, 4 (cm?),
related by the proportionality constant called the absorption efficiency, Q.
(dimensionless), as,
o,(cm?) =Q,(-)- A, (cm?). (2.18)
The absorption coefficient 1 (cm™) describes a medium containing many chromophores
at a concentration described as a volume density, pa (cm?). The absorption coefficient is
essentially the cross-sectional area per unit volume of medium.
sy em*) = p, (em?)- o, (em?). (2.19)
Experimentally, the units (cm™) for s are inverse length, such that the product g, -L is

dimensionless, where L (cm) is a photon’s path length of travel thorough the medium.

The probability of survival or transmission 7 of the photon after a path length L is:
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T =exp(—u, -L). (2.20)

This expression for survival holds true regardless of whether the photon path is a straight
line or a highly tortuous path due to multiple scattering in an optically turbid medium.
The simple concept of scattering of light can be explained as following
description. Consider a scattering particle idealized as a sphere with a particular
geometrical size. Consider that this sphere redirects incident photons into new directions
and so prevents the forward on-axis transmission of photons, thereby casting a shadow.
This process constitutes scattering. The size of the scattering shadow is called the
effective cross-section, os (cm?), and can be smaller or larger than the geometrical size of
the scattering particle, 4 (cm?), related by the proportionality constant called the

scattering efficiency, Qs (dimensionless), as,

o.(cm®)=Q,(-)- A (cm?). (2.21)
The scattering coefficient s (cm™) describes a medium containing many scattering
particles at a concentration described as a volume density, ps (cm®). The scattering
coefficient is essentially the cross-sectional area per unit volume of medium.

u,(cm™) = p (cm?)-o, (cm?). (2.22)

Experimentally, the units (cm™) for s are inverse length, such that the product s -L is
dimensionless, where L (cm) is a photon’s path length of travel thorough the medium.
The probability of transmission 7 of the photon without redirection by scattering after a
path length L is:

T =exp(—s, L) (2.23)

Biological tissue can be assumed to be a random turbid medium, with variations
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in the optical properties small enough to prevent localized absorption. In other words,
tissue is considered to have volumetric scattering and absorption properties rather than
being composed of discrete scattering and absorption centers distributed in a non-
scattering, non-absorbing medium. The advantage to the distributed scattering center
approach is that for perfect spheres the phase function is known, however there is little
similarity between perfect spheres and tissue. Volumetric absorption or scattering is
obtained by multiplying an absorption or scattering cross section with the density of
absorbers or scatterers [108]. This is how the absorption coefficient w, and scattering
coefficient s are defined. The scattering and absorption coefficient are typically
measured in inverse centimeters and the reciprocal of these coefficients is the average
distance that light will travel before being scattered or absorbed, respectively.

The anisotropy factor g (dimensionless) is a measure of the amount of forward
direction retained after a single scattering event. Considering that a photon is scattered
by a particle so that its trajectory is deflected by a deflection angle 6, as shown in Figure
2.6. Then the component of the new trajectory which is aligned in the forward direction
is shown in a dash line as cos(#). On average, there is an average deflection angle and
the mean value of cos (6) is defined as the anisotropy. A scattering event causes a
deflection at angle & from the original forward trajectory. There is also an azimuthal angle
of scattering, w. But it is the deflection angle & which affects the amount of forward
direction, cosé, retained by the photon. Consider an experiment in which a laser beam
strikes a target such as a cylindrical cuvette containing a dilute solution of scattering
particles. The scattering phase function p(6) is measured by a detector that is moved in

a circle around the target while always facing the target. Hence the detector collects light
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scattered at various deflection angle @in a horizontal plane expectation value for cos(6):

g :j p(#)cosO 27sinf dO =< cosH >, (2.24)
0

where
T

[ p©)27sino do =1 (2.25)

0

It is common to express the definition of anisotropy in an equivalent way:

g= J p(cos#) cosé d(cosH), (2.26)
where
I p(cosd) d(cosh) =1 (2.27)
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Fig.2.6. Schematic of the definition of anisotropy factor g. A scattering event

causes a deflection at angle & from the original forward trajectory.
There is also an azimuthal angle of scattering, . However, it is the
deflection angle @ which affects the amount of forward direction, cos
(), retained by the photon.
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2.5.2 Scattering Phase Function

The angular dependence of scattering is called the scattering phase function, p(6)
which has units of [sr '] and describes the probability of photon scattering into a unit
solid angle oriented at an angle @ relative to the photons original trajectory. Note that the
function depends only on the deflection angle #and not on the azimuthal angle y. Such
azimuthally symmetric scattering is special case, but is usually adopted when discussing
scattering. However, it is possible to consider scattering which does not exhibit azimuthal
symmetry.

The simplest scattering phase function is the isotropic phase function:

JOR (2.28)
T

The isotropic phase function would scatter light with equal efficiency into all possible
directions.

The Henyey-Greenstein scattering phase function [ 109] has proven to be useful in
approximating the angular scattering dependence of single scattering events in biological
tissues. The Henyey-Greenstein scattering phase function allows the anisotropy factor g
to specify p() such that calculation of the expectation value for cos(é) returns exactly

the same value of g. This scattering phase function is given as,

p(O) = 1-9 - (2.29)

d (1+9° —2g cos6)?

It is common practice to express the Henyey-Greenstein function as the function p(cos6);

1-g?

p(coséd) =%- (2.30)

(1+9° 29 0059)2 |
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2.5.3 Monte Carlo Method

Monte Carlo method [10, 11] has been used to simulate the photon migration in
the random scattering media such as a biological tissue. In all applications of the Monte
Carlo method, a stochastic model is constructed in which the expected value of a certain
random variable is equivalent to the value of a physical quantity to be determined. The
Monte Carlo method describes local rules of photon propagation that are expressed, in
the simplest case, as probability distributions that describes the step size of photon
movement between sites of photon-tissue interaction, and the angles of deflection in a
photon’s trajectory when scattering event occurs. Since, the Monte Carlo method is
statistical in nature and, thus, relies on calculating the propagation of a large number of
photons by the computer, the method requires a large amount of computational time.

The Monte Carlo simulations are based on the macroscopic optical properties that
are assumed extend uniformly over small units of tissue volume. In this dissertation, the
photons are treated as classical particles, and polarization and wave phenomenon are
neglected. Once photon which has the weight w launched in the tissue, it is moved a step
size s where it may be scattered, absorbed, internally reflected, or transmitted out of the
medium. The photon is repeatedly moved until it either escapes from or is absorbed
completely in medium. This process is repeated until the desired number of photons has
been propagated. The physical quantities such as the diffuse reflectance, total
transmittance, and internal absorption are scored during the simulation. In this section,
the algorithms of Monte Carlo simulation reported by Prahl ef al. [10], and Wang et al.

[11], are mainly referred.
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A. Coordinate Systems

The simplest Monte Carlo simulation deals with the transport of an infinitely
narrow photon beam, perpendicularly incident on a simple- or multi-layered tissue. Each
layer is infinitely wide, and is described by the following parameters: the scattering
coefficient z5(cm™), absorption coefficient za(cm™), anisotropy factor g, refractive index
n, and thickness ¢ (cm). The refractive indices of the ambient medium above the tissue
(e.g. air) and the ambient medium below the tissue (if existing) need to be given as well.
The layers are parallel to each other. For the simplicity of notation, the total interaction
coefficient s4, which is the sum of the scattering coefficient s and the absorption
coefficient y4, is sometimes used in this dissertation. The interaction coefficient means
the probability of photon interaction per unit infinitesimal path length.

Three coordinate systems shown in Fig.2.7 are used in the Monte Carlo simulation
[10, 11] at the same time. A Cartesian coordinate system is used to trace photon
movements. The origin of the coordinate system is the photon incident point on the tissue
surface; the z-axis is the normal of the surface pointing toward the inside of the tissue;
and the xy-plane is on the tissue surface.

As the infinitely narrow photon beam is perpendicular to the tissue surface, the
problem has cylindrical symmetry. Therefore, a cylindrical coordinate system is set up
to score internal photon absorption as a function of radial » and z. The cylindrical
coordinate system share and Cartesian coordinate system share the origin and z-axis. The
r coordinate of cylindrical coordinate system is also utilized for the diffuse reflectance
and diffuse transmittance as a function of 7 and ¢, where « is the angle between the photon

exiting direction and the normal (-z-axis and z-axis) to the tissue surface.
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A moving spherical coordinate system, whose z-axis is dynamically aligned with the
photon propagation direction, is used for sampling of the propagation direction change of
a photon. In this spherical coordinate system, the deflection angle #and the azimuthal
angle y due to scattering are first sampled. Then, the photon direction is update in terms

of the directional cosines in the Cartesian coordinate system.
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B. Launch of the Photon

The location of a photon is described by the Cartesian coordinates (x, y, z). The
propagating direction of a photon is described by the directional cosines (&, t¢, 1z). Each
photon is initially assigned a weight w, equal to unity. The photon is injected orthogonally
onto the tissue at the origin. The photon position (x, y, z) is initialized to (0, 0, 0), and
directional cosines (i, L4, 1) are se to be (0, 0, 1). The weight w is initialized to be 1.

Once the photon is launched, if there is a refractive-index-mismatched interface
between the tissue and ambient medium, some specular reflectance will occur. When the
refractive indices of the ambient medium and tissue are n1 and n», respectively, the

specular reflectance, Rsp, is specified as,

— (nl — nz)z

N (2.31)

sp

If the first layer is clear medium, which is on top of layer of medium whose
refractive index is n3, multiple reflections and transmissions on the twp boundaries of the

clear layer are considered. The specular reflectance in this case is calculated as,

J— 2 .
= l’1+—(1 L), (2.32)
1-1-1,

where 71 and r; are the Fresnel reflectance on the two boundaries of the clear layer:

L= —E:};:ziz : (2.33)
r, = —EES n :2;2 . (2.34)

After the specular reflection, the photon weight initialized to 1 is decreased by Ry for the
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photon to enter the tissue as
w=1-R. (2.35)
C. Moving of the Photon
The step size 4s represents the distance between two successive interactions, or
scattering in the tissue. The step size for each photon step 4s follows Beer’s law, that is
to say, it is more likely for a photon to travel a short distance than a long distance and the
probability is proportional to exp(—g, -AS) . A function of a random variable (&)

uniformly distributed between 0 and 1, which yields a random variable with this

distribution [10, 11] is

As=—Me. (2.36)
L,

Once a step size A4S is determined, the photon is moved in the tissue. The position
of photon is update by:

X< X+, - A4S
y<y+u,-as, (2.37)

Z<Z7+u,-As

where the arrows indicate quantity substitutions. The variables on the left-hand side have

the new updated values, and the variables on the right-hand side have the old values.
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D. Absorption of the Photon
Once the photon has reached an interaction site, a fraction of the photon weight

(energy of photon) Aw, absorbed by the interaction site is calculated as

AW = [&j.w, (2.38)
Hy

which will be deposited in the local grid element. The photon weight Aw is scored into
A(r, z) at the local grid element:
A(r, z) <« A(r, z)+ Aw. (2.39)
The current photon weight is updated as well by:
W<—W—AW. (2.40)

The photon with new weight w will suffer scattering at the interaction site.

E. Scattering of the Photon

Once the photon has reached an interaction site and its weight decreased, the
photon with new weight is ready to be scattered. There will be a deflection angle,
0(0<0 <), and an azimuthal angle, (0 <y <27), to be sampled statistically. The
probability distribution for the cosine of the deflection angle, cosé, is dscribed by the

scattering phase function. When the Henyey-Greenstein function [110] is employed, the

scattering phase function is described as

1-g?

p(cos@) = (2.41)

3

2(1+9°% —2g cos #)?
where the anisotropy, g, equals < c0s@ >and has a value between —1 and 1. A value of 0

indicates isotropic scattering and a value near 1 indicates forward-directed scattering. The
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cos@is expressed as a function of the random number, &:

1 2 1_g2 -

cosf =—-<1+9°—-|————— |+ ifg =0, (2.42)
29 1-9+29c,
cosf=25-1 ifg=0. (2.43)

The azimuthal angle, , is uniformly distributed over the interval 0 to 27, is sampled as
y=2rs,. (2.44)
Once the deflection and azimuthal angles are chosen, the new direction of the photon can

be calculated [10, 11] as

, sind .
Hy = P (:ux':uz COS‘//_:uySIrH//)-i_:ux cosé
1_/ux
, sing@ .
My = F(yy-yz COSY — i, Siny) + u, COSE . (2.45)
— Hy

4, =—sin@cosy 12 + 1, cos O
If the photon direction is sufficiently close to the z-axis (e.g. | /12| >0.99999), then the

following formulas should be used:

L, =sin@cosy
wy =singsiny . (2.46)
1, = cosy

14|

F. Internal Reflection of Photon
The internal reflection may occur when the photon in the current layer is across a
boundary into another layer with a different index of refraction. The possibility that the

photon will be internally reflected is determined by the Fresnel’s formulas [111, 112]:
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R(a)—l Sinz(ai—at)+tan2(ai—at) (2.47)
Y2 sin? (g ) tani(e +a) | '

where ¢; = COS'1(| M, |) is the angle of incidence on the boundary and the angle of
transmission ¢, is given by Snell’s law as
nsing; =n,sing,, (2.48)
where n; and n, are the indices of refraction of the medium from which the photon is
incident and transmitted, respectively. A random number & uniformly distributed
between 0 and 1 is used to decide whether the photon is reflected or transmitted, that is,
If £, <R(¢;), then the photon is internally reflected. (2.49)
If £, > R(«;), then the photon transmits. (2.50)
If the photon is internally reflected, the photon stays on the boundary and its directional
cosines (&, L4, 1) are updated by reversing the z component:
(ttgr prys 1) < (10 fy0 — 145) - (2.51)
If the photon transmits across the boundary, it is determined whether the photon has
entered another layer of tissue or ambient medium. If the photon is transmitted to another
layer of tissue, it continues propagation with an updated direction and step size. The new

directional cosines are given as

u, =sing, - 1, Ising,

wy, =sing, -, Ising, (2.52)
My = £ cosa,
12|

or employing Snell’s law, Eq.(2.52) rewritten as
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iy =g, -0l (2.53)
U, = o cos,
4|

G. Scoring Physical Quantities

In this section, two scored physical quantities; diffuse reflectance R and
transmittance 7 are described. The other quantities such as the internal absorption and
fluence rate are excluded because this dissertation does not treat these quantities. If the
photon escapes the tissue into the ambient medium, the photon weight is scored into
diffuse reflectance or transmittance. If the photon has not been scattered, the photon
weight is scored into unscattered reflectance or transmittance depending on the where the
photon escapes. If the photon has been scattered at least once, the diffuse reflectance, R
(r, ), or diffuse transmittance, 7 (r, &), at particular grid element (7, &) is incremented
by the amount of escapes photon weight, W:

R(r, &) < R(r, &¢)+w ifz=0

- : (2.54)
T(r, &) < T(r, o,)+w if z=the bottom of the tissue.

Because the photon has completely escaped, the tracing of this photon ends here. A new
photon may be launched into the tissue and traced thereafter. After tracing multiple
photons, the total diffuse reflectance R and transmittance 7 are calculated from the array
of R (r, &) and T (r, at). They are represented by R.o[ir, 1] and Trq[i, 1], respectively.
The coordinates of the center of a grid element are calculated by:

r=(3i,+05)-4r (cm), (2.55)
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a=(,+0.5)-Aa (rad), (2.56)
where i, and i» are the indices for » and «, respectively. The raw data give the total photon
weight in each grid element in the two-dimensional grid system. To obtain the total

photon weight in the grid elements in each direction of the two-dimensional grid system,

the 2D arrays are summed in the other dimension:

R[i,]= iN“z_:Rm fi,. i1, (2.57)
R[i,]= NZ:: R, i, i,1. (2.58)
Tli,]= NZ:T fi,, i,]. (2.59)
7M1= NZOlT i, i,]. (2.60)

To obtain the raw data of total diffuse reflectance and transmittance, the 1D arrays are

summed again:

R=> Rl (2.61)
T= NilTr [i.]. (2.62)

Finally, the total diffuse reflectance and transmittance are obtained by dividing the raw
total diffuse reflectance and transmittance by the total number of photons as

R<R/N [, (2.63)
T«T/N [ (2.64)

where [-] indicates dimensionless units.
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2.5.4 Inverse Monte Carlo Method

As mentioned section 2.5.3, the Monte Carlo method is generally used for
simulation of measurable physical quantities such as the reflectance, transmittance, and
internal absorption using given parameters. On the other hand, it can also be a means to
estimate those parameters of the tissue such as the absorption coefficient za, scattering
coefficient 14, and anisotropy factor g, from the measured quantities such as the measured
reflectance, transmittance, and/or collimated transmittance. This approach is called the
inverse Monte Carlo method [88,113]. In the inverse Monte Carlo method, to determine
the unknown optical parameters from measurable macroscopic values, the Monte Carlo
simulation is inverted. First of all, the Monte Carlo simulation taking the set of initial
values for the optical parameters z4, 16, and/or g calculates the reflectance, transmittance,
and/or collimated transmittance. Then, the calculated quantities are compared with the
measured ones. If the significance deviations, the optical parameters are varied slightly,
and the new forward simulation are performed. This process is repeated until the

deviation between measured and calculated values is within the predetermined threshold.

2.6 Optical Properties of Skin Tissue Components

2.6.1 Scattering by Tissue
The light scattered by a tissue has interacted with the ultrastructure of the tissue.
The tissue ultrastructure extends from membranes to membrane aggregates to collagen

fibers to nuclei to cell. The light are most strongly scattered by those structures whose

50



size matches the wavelength of light. For the human skin tissue, the major scatters are
the keratin fibers of epidermis, collagen fibers of dermis, and red blood cell, or
erythrocyte in blood. The epidermis with its keratin fibers appears to behave somewhat
like dermis with collagen fibers, and the scattering coefficient of epidermis is tentatively
approximated by that of dermis [7, 88]. The scattering coefficient of dermis have been
studied theoretically, as the combination of Mie and Rayleigh scattering primarily from
the collagen fibers [88]. The scattering of blood is mainly caused by a refractive index
mismatch between the hemoglobin solution within the erythrocyte and the surrounding
plasma. In the visible to near-infrared wavelength region, the typical values of
anisotropy scattering parameter g of the skin tissue are in the range of 0.7-0.95, while that
of red blood cell in human blood is the range of 0.985-0.995 [111,113,114]. These values
vary with wavelength. Fig. 2.8 shows the published values of (a) scattering coefficient
of epidermis and dermis, (b) scattering coefficient of blood, (c) anisotropy scattering

parameter of epidermis and dermis, and (d) anisotropy factor of blood.

2.6.2 Absorption by Biological Chromophores

Molecules that absorb light are called chromophores. The major biological
chromophores in the human skin tissue are melanin and hemoglobin. Melanin is a
polymer built by condensation of tyrosine molecules and usually found in melanosome at
basal layer of epidermis. Melanin has a broad absorption spectrum exhibiting stronger
absorption at shorter wavelengths [115-117] as shown in Fig.2.9. Melanosomes may
contain a variable amount of melanin. The average epidermal absorption coefficient
depends on both the absorption coefficient of melanosome and the volume concentration

of melanosome in epidermis. Figure 2.10 shows the average absorption coefficient of
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melanosome as the function of wavelength [117]. For the human skin, typical ranges for
the volume concentration of melanosome Cy,e; in epidermis have been reported [118]: Cier
= 1-3% for light-skinned Caucasian, 11-16% for Mediterranean, and 18-43% for darkly
pigmented African.

Hemoglobin exists in the erythrocyte and its absorption spectrum changes
according to the binding. Hemoglobin molecule bound to oxygen is called oxygenated
hemoglobin, while one bound to nothing is deoxygenated hemoglobin. Their spectra of
molar extinction coefficients are shown in Fig.2.11. These spectral data are listed in
Appendix Al. Hematocrit (Hct) is expressed as the volume fraction or volume
concentration of the red blood cells in the whole blood. Typical human whole blood
consists of 55% plasma and 45% red blood cells, and, thus, its hematocrit is Hct=45%.
In such a condition, hemoglobin has the concentration of 150g/liter of blood. The
absorption coefficient of whole blood having Hct=45% can be derived from the following

expression:

_2.303-g(cm™-M™)- (150 g/liter)
64500 (g/mol) '

#,(cm™) (2.65)

where 2.303 is the conversion constant from the common logarithm to natural logarithm,
and 64500 is the gram molecular weight of hemoglobin. The unit M is the molar
concentration, that is, (mol/liter). The absorption coefficient of dermis depends on both

the absorption coefficient of whole blood and its volume concentration Cp of in dermis.
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Fig. 2.8. The published values of (a) scattering coefficient of epidermis and dermis,
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epidermis and dermis, and (d) anisotropy factor of blood.
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2.6.3 Refractive Index of Tissue

The refractive index n for the tissue has been studied theoretically and
experimentally. Takatani and Graham [119] have studied the values of refractive index
for the primary compounds which make up tissue theoretically and reported these values
range from 1.47 to 1.49. On the other hand, Jacques et. al, [92] calculated n = 1.37 at 4
= 632.8 nm for tissue using a predictive method based on the water content of tissue.
Parrish et. al, [120] have reported a value of n = 1.55 for the stratum corneum. Bolin et.
al, [121] have investigated the refractive index for some mammalian tissues (bovine,
porcine, canine, and human) experimentally, and their results showed that the values of n

for most tissues range form 1.38-1.42 in the visible to near-infrared wavelength region.

2.7 Layered Skin Tissue Model

It is known that human skin has complex structure as shown schematically in Fig.
2.12(a). Studies of light propagation in skin tissue usually employ a two- or three-layered
model which consists of epidermis, dermis, and subcutaneous fat tissue for simplicity.
However, the three-layered model is insufficient for reliable investigation of various
changes in skin conditions. For example, melanin in epidermis and hemoglobin in dermis
have inhomogeneous distribution in a vertical direction. Regarding this aspect, Maeda et.
al. [122] developed a nine-layered skin tissue model on the basis of histological
classification. Figure 2.12 shows the nine-layered model of human skin tissue. There is
stratum corneum (layer Li) of about 10 um in thickness in the top of skin tissue, and
epidermis exists under stratum corneum. Epidermal layer is composed of stratum

granulosum and stratum spinosum (layer L), and stratum basale (layer L3). We consider
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Fig. 2.12 (a) Illustration of skin tissue having complex structure, (b) nine-layered
and (c) three-layered models.
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that stratum granulosum and stratum spinosum have close histological nature, and treat
them as a single layer. The thickness of epidermis is about 100 um or less usually. Dermis
extends under epidermis and is classified into five layers consisting of papillary dermis
(layer Ls4), subpapillary dermis (layer Ls), upper blood net dermis (layer Ls), reticular
dermis (layer L7), and deep blood net dermis (layer Lg). Dermis is totally about 1.5 mm
thick. Subcutaneous fat tissue (layer Lo) is several millimeters in thickness and extends
under dermis. Layers L to Lo are in parallel and we assume that scattering and absorption
properties are uniform within each of the nine layers.

If inhomogeneous distribution should be considered, layers may be increased
occasionally, to be specific by dividing any such layers into sublayers having different
absorption and scattering coefficients from one another. Inclusion of a specific blood
region such as an internal blood layer or a blood vessel may be possible as necessary.
Blood vessels in the skin tissue are mainly arteriole and venule in layers L¢ and Lg, and
capillary loop in layer L4. These blood vessels may contribute to absorption through the
presence of hemoglobin, as well as to scattering due to their network structure. So the
effect of these contributions may not be negligible, but it is difficult to treat the
distribution of vessels in this model. So, we assume that the overall effects of these
contributions are captured as a part of values of absorption and scattering coefficients
through the proposed model, which reduces the complexity in calculation of light
propagation. Moreover, a lot of fiber components such as collagen and elastin exist in
dermis and keep elasticity of the skin. It is known that both of these are also related to
scattering properties in tissue, and are characterized by a scattering coefficient in this
scheme. On the other hand, pigments such as melanin in epidermis and hemoglobin in

dermis are closely related to absorption properties which depend on their concentration,
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and are characterized by an absorption coefficient. In this way, the nine-layered structure
is considered to give more realistic skin tissue model than the conventional three-layered
type used so far. Taking account of various conditions in scattering, absorption, and
geometry for each of the nine layers, one can settle various skin conditions. Thickness of
layers in Fig. 12 shows typical values obtained by modifying data of Meglinski and

Matcher [123], which in this study referred to cheek or forearm area.
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2.8 Spectral Reflectance Database

Spectral reflected database is constructed with various simulated reflectance
curves using a certain skin model. Through the process of spectral mining from this
database one or more simulated spectra can be extracted for a measured spectrum using
a basic criterion of root mean square error. From the known optical parameter information
of the extracted spectrum, the unknown parameter information of measured spectrum is
estimated. To construct the database with simulated spectra in a reasonable size, only
absorption coefficient u, and scattering coefficient u, are changed, keeping other
parameters refractive index n, anisotropy scattering parameter g and layer thickness ¢
fixed at the standard condition. Figure 2.13 represents some typical simulated spectra that
exists in the database. Furthermore, details of spectral database are discussed in chapters

4 and 5.
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Fig. 2.13 Selected example of simulated spectra in the constructed database.
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2.9 Agarose-gel Phantom

To confirm the feasibility of the proposed method, experiments on agarose-gel
phantoms has been carried out. To produce skin-alike phantoms a three-layered phantom
model is considered, in which layer L1, layer Ly2 and L,3 represents epidermal layer,
dermal layer and subcutaneous-fat tissue, respectively. The thickness of layers are: 0.6mm
for Lp1, 6.8mm for L,2 and 4.65mm for L,3. This set of selected thickness for layers
comes from the investigation of various other phantom model with different thickness,
where the main prority was given to the nature of the phantom model in recreating the
specteal characteristics of human skin tissue. The current selected model with thickness
set mentioned above was by far the closest in generating spectral characteristics similar
to that of human skin.

In order to accumulate absorption effect or as an melanosome substitute, coffe
solution is used in layer L,1. In case of layers L,2 and L3, horse blood (Nihon Biotest
Kenkyujo, Saitama, Japan) with 44% of hematocrit is used as absorber. To achive the
scattering effect in all the three layers of phantom different volume concentration (vol.
conc.) of 20% intralipos solution (Otsuka Pharmacutical Co. Ltd, Tokyo, Japan) are
incorporated. Agar solution is used as the base material in each of the three layers. The
agar solution is prepared through the infusion of agar powdre (Ina Shokuhin Kogyo,
Nagano, Japan) in saline with a weight ration of 0.8%. No deoxygenetaing agent (for
example NaxS>04) is added in layers L2 and L3, as most of the time it produces chemical
imbalance and influences change in optical properties of these layers. So, it is assumed
that the oxygeneation level of layers Lp2 and L,3 is of 100%. Figure 2.14 shows an

example of stacked three-layered agarose-gel phantom.
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Fig. 2.14 Example of an agarose-gel phantom used in this study.
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Chapter 3

Effects of Detection Area on Measurements of Spectral

Reflectance in Human Skin Tissue

3.1 Introduction

Light propagation in biological media is interesting physical phenomenon. Human
body is especially an important medium in which light is absorbed and scattered in the
wavelength-dependent manner. In a visible (VIS) to near-infrared (NIR) range of
wavelength, light is known to penetrate in the human tissue in depth of 1~3 mm [124].
This region corresponds successfully to human skin tissue. From this nature, light
propagation in human skin tissue have received much attention from researchers who
study and develop techniques for measuring concentrations of chromophores such as
melanin and hemoglobin [74,125], tissue structural abnormality [126,76,127,128], and
skin color [128]. These give useful information for dermatology and cosmetic industry.
In general, propagation of light in VIS-NIR wavelength is investigated by
spectrophotometry which gives spectral reflectance. By this typical instrumental
approach, many researchers studied the method for estimating melanin and hemoglobin
concentration and blood oxygenation dynamics [74,125,128] from analysis of spectral
curves. Various types of spectrophotometric systems are commercially available and can
easily be used for spectral reflectance measurements.

It should be noticed, however, that measured spectral reflectance contains
contribution of light component coming back from a diffusing object and condition of

measurements depends on property of light diffusion inside the object. Most direct
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measuring condition relating to the light diffusion is a size of a detecting aperture and
secondary an area of illumination. When the skin spectral reflectance is measured, the
size of a detecting aperture should appropriately be set by considering diffusion properties
of light in skin tissue. However, general-purpose spectrophotometer contains only two or
three preset sizes of the detecting aperture. Therefore, the necessary size should be
investigated for appropriate use of the spectrophotometer which is specific to human skin
tissue.

In this study, we investigate the effect of a detecting aperture size on
measurements of spectral reflectance in human skin tissue by numerical simulation
followed by experiment. For this, we employed Monte Carlo simulation of light
propagation in a layered skin tissue model [11], and discussed results of simulated spectral
reflectance and photon fluence map. A result of experiment with an integrating sphere
demonstrates the same tendency with that of the simulation, though values of reflectance

changes are different between simulation and experiment.

3.2 Model of Light Propagation in Skin Tissue

3.2.1 Skin Tissue Model

As introduced in chapter 2, skin tissue has complex structure which is
inhomogeneous and shaped irregularly, and has anisotropic physical properties. From a
histological point of view, skin tissue is often considered by multi-layered structure which

is useful for numerical modelling. Though the conventional studies generally employ a
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three-layered model consisting of epidermis, dermis, and subcutaneous fat tissue as
shown in Fig. 2.12(c), Maeda et. al. developed a nine-layered skin tissue model [122] as
shown in Fig. 2.12(b) on the basis of detailed histological knowledge. In Fig. 2.12, typical
thickness of each layer is given by literatures [7,122,123,127,129]. Chromophores such
as melanin in epidermis and oxygenated or deoxygenated hemoglobin in dermis and
subcutaneous tissue are main factors of light absorption properties which depend on their
concentration. Cells and fiber components such as blood cells, collagen, and elastin are
closely related to light scattering properties due to difference in refractive index. In this
model, we assume that absorption and scattering properties are uniform in each of the
nine layers. The nine-layered skin tissue model is successfully used for Monte Carlo
simulation of light propagation. By setting of values for necessary optical and geometrical
parameters in each layer, realistic spectral reflectance curves and visual photon fluence

distributions are obtained.

3.2.2 Monte Carlo Simulation

Figure 3.1 shows a concept of Monte Carlo simulation (MCS) for light
propagation in multi-layered tissue [11]. The MCS treats light as a bundle of photons. A
photon of unit weight enters at the origin of x, y, and z axes on the tissue surface and
begins propagation. Random numbers generated by a computer give a propagating length
S and direction (€ and ) step by step, which are characterized by five input parameters
specified to each layer at each wavelength: scattering coefficient u, absorption coefficient
Ua, anisotropy scattering parameter g, refractive index »n, and thickness ¢. Typical values

of the parameters can be given by those in literatures [7,122,123,127,129].
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Fig. 3.1 Concept of Monte Carlo simulation of light propagation
in multi-layered tissue.

A traveling length in which the photon undergoes neither an absorbing event nor
a scattering event is considered as a free path length. After traveling the path length of
one step, the photon weight is attenuated at a rate determined by absorption and scattering
coefficients. This step-like propagation is repeated by continuous generation of random
numbers. When traveling on many steps and the resultant weight is smaller than a preset
threshold (107 in this study), then this photon is regarded as negligibly attenuated, and
the second photon enters the tissue. By accumulating values of the weight that are re-

emitted from the top surface, reflectance is calculated with reference to the total values
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of incident photon weight. We used 10° photons to obtain a stable reflectance result at
each wavelength. This process is carried out at each of the necessary wavelength points,
and finally spectral reflectance is obtained. We took the process in the wavelength range
380-780 nm at an interval of 10 nm.

During the MCS process mentioned above, the computer records and stores all
the values of the photon weight with its position in the three-dimensional manner. Thus,
the MCS algorithm [11] used in this study provides the amount of light absorption in each
volume element of the skin tissue model. This amount is referred to as photon fluence ¢

[11] given by

Ha [em?]  G.1)

where A denotes the amount of light absorption per unit volume, and iy, i), and i. indicate
the element number of each grid in the horizontal (i, iy) and vertical (i:) directions in the
numerical skin tissue model. Here, we investigate the fluence in x-z plane with y = 0 in
this paper.

We have two different modes in the calculation of photon fluence. One is the total
fluence which include all the reflected, absorbed, and transmitted components of light,
and another is the detected fluence which contains only reflected component returning to
the skin surface. The latter fluence presents light component which is measurable
instrumentally on the skin surface. Both these two can visually be expressed by

illustration as energy distribution pattern of light propagation.
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3.3 Numerical Investigation

3.3.1 Method and Condition

A surface of a skin tissue model is designated by x and y axes, and a direction of
penetration into the deep layers is given by z axis. As shown in Fig. 3.2, photons of
incident light are launched one by one into the tissue perpendicularly. We investigated
three different areas of illumination by a point, circular-spot with 2 and 4 mm in diameter
d;. As for the detection area, we investigated various diameters d of 0.2-40 mm, and all
the direction of photons re-emitted from the surface into space are accounted as it is with
an integrating sphere. No polarization is considered, but Fresnel reflection law is included
in the algorithm. In this study, we assume human forearm skin as an object to be measured
and employed its typical values of the MCS parameters from the literature

[7,122,123,127,129].

Detection area,

d

Incident

Incident area

Fig. 3.2 Definition of a point and area for illumination
and detection on the skin surface.
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3.3.2 Point-like Illumination

Figure 3.3 shows simulated spectral reflectance curves with various diameters of
the detection area in the case of point illumination. Results with the large detection area
having d = 6 - 40 mm in diameter demonstrate no significant difference in the curves
which are overlapped. With reducing the diameter d, reflectance is decreased especially
in the longer wavelength range. Figure 3.4 demonstrates the photon fluence maps in x-z
plane for the case of 550nm wavelength. The map in (a) of Fig. 3.4 gives the total fluence
distribution, while that in (b), (c), and (d) gives the detected fluence distributions. The
latter maps are found to depend on diameter d of the detection area. Figure 3.5
demonstrates the photon fluence maps for a case of 700 nm wavelength in the same way
as Fig. 3.4. It is clear that light penetrates into the deeper and is diffused more widely.
This property indicates that light component penetrated into the deeper layers and
diffused and coming back to the surface is not sufficiently detected in cases of using small
diameters of the detecting aperture. This tendency is significant in the longer wavelength
range in which light penetrates into the deeper and broadens widely in the skin tissue. It
is found that the smaller area of detection is unacceptable for appropriate spectral
reflectance measurements. The results of Figs.4 to 6 are specific to an ideal situation of

the point-like illumination. More realistic situation is to use a circular-spot illumination.
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a point-like illumination.
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3.3.3 Circular-spot lHlumination

Figures 3.6 and 3.7 show simulated spectral reflectance curves with various
diameters d of the detection area in cases of circular-spot illumination having d; = 2 and
4 mm in diameter, respectively. In Fig. 3.6, reflectance curves for d < 4 mm significantly
than those in Fig. 3.3. This is probably due to insufficient detection area with respect to
the diffused light component which is produced by d; = 2 mm diameter illumination. In
Fig. 3.7, reflectance curves for d < 6 mm are clearly reduced in the same way as those for
d <4 mm in Fig. 3.6. This is also because of insufficient diameter for the detection with

respect to di = 4 mm diameter illumination.
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Fig. 3.6 Simulated spectral reflectance curves with different
diameters d of a detecting aperture for a circular spot

illumination of di = 2 mm in diameter.
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Figures 3.8 and 3.9 give the photon fluence maps in 550 nm and 700 nm
wavelength cases for di = 2 mm circular spot illumination. The maps in (a) of Figs. 3.8
and 3.9 show the total fluence while those in (b) to (d) show the detected fluence. By an
areal illumination with di = 2 mm in diameter, the photon fluence demonstrates
horizontally broaden distribution in comparison with those of Figs. 3.4 and 3.5. The

fluence maps in 700 nm are again found to be more widely diffused than those in 550 nm.
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Fig. 3.8 Two-dimensional distribution maps of (a) the total photon
fluence and (b) — (d) the detected photon fluence with
d=1, 6, and 10mm in diameter of the aperture, respectively,
in 550 nm wavelength of a circular spot illumination of

di =2 mm in diameter.

76



—1

Ez 10¢
e 3 &
L . ; ; £
4 TS , - 4 S,
5 -4-3-2-101 23 5-4-32-10123 435 8
X [mm] X [mm] §
(a) Total photons (b)d=1mm E
g
o

104

S5 -4-3-2-10123 45 S5 -4-3-2-1012 3 45
X [mm] X [mm]

(c)d=6mm (d)d=10mm

Fig. 3.9 Two-dimensional distribution maps of (a) the total photon
fluence and (b) — (d) the detected photon fluence with
d =1, 6, and 10mm in diameter of the aperture, respectively,
in 700 nm wavelength of a circular spot illumination of

di = 2 mm in diameter.

Figures 3.10 and 3.11 show the maps in 550 and 700 nm wavelength cases for d;
= 4 mm circular spot illumination. An increase of diameter from 2 to 4 mm results in
further broadening of the photon fluence distribution in a horizontal direction. The
diameter d of 6 mm or more in the detection area is probably necessary for receiving

substantial amount of the diffused light component coming back to the surface.
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Fig. 3.10 Two-dimensional distribution maps of (a) the total photon
fluence and (b) — (d) the detected photon fluence with
d=1, 6, and 10mm in diameter of the aperture, respectively,
in 550 nm wavelength of a circular spot illumination of

di = 4 mm in diameter.
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Fig. 3.11 Two-dimensional distribution maps of (a) the total photon
fluence and (b) — (d) the detected photon fluence with
d =1, 6, and 10mm in diameter of the aperture, respectively,
in 700 nm wavelength of a circular spot illumination of

di =4 mm in diameter.

79

104

104

Photon fluence [cm?]



3.4 Experimental Investigation

3.4.1 Method and Apparatus

Figure 3.12 shows a measuring apparatus for the spectral reflectance using an
integrating sphere and spectrophotometer. Light from a halogen lamp source (Hayashi
LA-150UX) was focused by lens to skin surface with a circular spot of di = 4 mm in
diameter via a sample window of a 6-inch integrating sphere (Labsphere RT-060-SF).
Diftusely reflected light from the skin was received at the detection port by a fiber probe
having 400 um diameter. The detected area was changed by setting detecting aperture
having diameters d = 4, 5, 6, 8, 10, 15, and 22 mm on the sample window. The received
light was transmitted into a multichannel spectrophotometer (Ocean optics USB-4000),

which measures spectral reflectance in a visible wavelength range of 380-780 nm.

White light Integrating sphere Human skin
(Halogen lamp)
Light trap \ "
Q llluminated area
. d;=4 mm
N

Lens
Detector port

Detection area
d=4 ~22mm

! Spectrophotometer Sample window
.. 1R 1

Optical fiber

PC

Fig. 3.12 Measuring apparatus for spectral reflectance using a

6-inch integrating sphere.
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3.4.2 Results

Figure 3.13 shows spectral reflectance curves measured by different diameters d
of the detecting aperture on the human forearm skin. Measured reflectance decreases as
the detecting aperture becomes small. This decrease is significant in the wavelength range
longer than 600 nm. The curves with d =10, 15, and 22 mm seem to have almost the same
behavior. The absolute values in reflectance are different between simulated curves in Fig.
3.7 and measured ones in Fig. 3.13 for the same detecting aperture diameter. However,
the simulation and measurement demonstrate the same reduction behavior in reflectance
especially in the longer wavelength range with insufficient size of the detection area. It
can be seen that the appropriate diameter of a detecting aperture is estimated to be 10 mm
or more from both the simulated and measured results in case of di = 4 mm spot
illumination. This estimation is of course dependent on the size of illuminating spot.
However, a necessary margin of the detection area is supposed to be about 4 to 6 mm by
considering the broadening in the diffused light in skin tissue. Therefore, the appropriate
diameter for detection area is estimated to be the sum of illuminating spot diameter and

this margin of 4 to 6 mm for human skin.
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Fig. 3.13 Measured spectral reflectance curves with different
diameter d of a detecting aperture for a circular spot
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3.5 Conclusion

This chapter investigated effects of the detecting aperture size on spectral
reflectance curves in human skin tissue by Monte Carlo simulation and simple
spectrophotometric experiments on human forearm. Undesirably small size of detecting
aperture causes reduction of measured reflectance especially in the longer wavelength
range. The necessary size is probably given by the sum of an illuminating spot size and a
detection margin of 4 to 6 mm which results from the broadening of diffused light in the
skin tissue. This estimation is useful for reliable measurement of spectral reflectance in
skin tissue in the fields of dermatology and cosmetic product development. The study
presented in this chapter is specific to human skin and may have some different properties
for different objects to be measured. However, the same kind of investigation and

discussion may be effective for the other objects.
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Chapter 4

Simulated Reflectance Spectra and Point Spread Functions
in Database Constructed by Moderate Grouping of

Nine Layers in Skin Model

4.1 Introduction

Over the years, multiple studies [49,51,52,55,125,130] have been carried out on
how the appearance of human skin reflects physiological condition in the tissue, using
optics as an effective tool. Generally, the skin tissue is analyzed by measuring spectral
reflectance in a visible wavelength range. Analysis of spectral reflectance provides a
variety of knowledge about skin condition such as skin color, skin diseases and skin aging.
The spectral reflectance is governed mainly by absorption and scattering coefficients in
the skin tissue which are very closely related to the concentration of typical chromophores
as melanin and hemoglobin and the tissue morphology which may alter under various
skin diseases and conditions [64-67]. In this respect, the skin spectral reflectance is a
definitely useful measure for diagnostics of skin diseases in dermatology and monitoring
of the skin color and tissue conditions in the cosmetic field. It is, however, generally
difficult to analyze directly skin tissue conditions including pigment concentration and
tissue structural abnormality from measured spectral reflectance. Thus, several different
methods have been studied on a relation between the skin condition and spectral
reflectance [131-132].

Shimada et al. [57-59] presented studies on the multiple regression analysis for

assessment of melanin and blood concentration in human skin. This type of linear

84



regression method became popular and further studied by some groups [73-76] for
estimation of skin conditions. Tsumura et al. [56] studied independent-component
analysis of skin color image for evaluating melanin and hemoglobin distribution on
human face. The regression methods are influenced by ranges of parameters used to
derive the regression equation. In contrast to these approaches, Zhang et al. [68,69]
presented the method using the diffusion approximation, and Magnain et al. [70,71]
studied the solution of the radiative transfer equation by use of the auxiliary function
method for determination of skin optical properties and skin color. These approaches are
theoretically clarified, but have some limit in application. Ohtsuki ef al. [133] reported
application of the Kubelka-Munk theory for estimation of pigment concentrations. This
method has difficulty in use for an inhomogeneous skin tissue model.

The above-mentioned various approaches have the common drawback of
difficulty in application to various skin conditions including normal to abnormal. To
overcome the difficulty, a group of Zhang et al. [68,69] developed their idea to library
based spectral fitting for determination of optical properties in their framework of the
diffusion model. They showed reasonable estimation of nine skin parameters by genetic
algorithms, but their skin model was limited to the layers of epidermis and dermis.
Magnain et al. [70,71] tried to develop their skin model from 5 to 22 layers in their
treatment of the radiative transfer equation with the auxiliary function method. They
discussed the shape of reflectance spectra in detail with relation to skin parameters. In
their model, however, the optical parameters are not discriminated layer by layer. Thus,
the effect of absorption and scattering in each layers are only qualitatively discussed on
the total spectral shape.

Changes of skin condition from normal to abnormal are primarily estimated by
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absorption and scattering coefficients in skin tissue. The absorption coefficient is defined
as a product of molar extinction coefficient and molar concentration of chromophore such
as melanin in epidermis and oxygenated and deoxygenated hemoglobin in dermis. The
scattering coefficient is closely related to tissue structure having various cells since light
scattering occurs at the boundary between different refractive-index media. It is, thus,
desirable that a method for analysis of spectral reflectance guarantees a scalable range of
values estimated for the absorption and scattering coefficients. To this aim, the Monte
Carlo method is advantageous for numerical simulation of light propagation in skin tissue
[11]. Meglinski and Matcher [123,129] presented simulation of reflectance spectra using
a seven-layered skin model. Their approach is useful for analyzing elemental factors of
absorption and scattering layer by layer, but they assumed wavelength-independency of
scattering condition. To make more realistic simulation, Maeda et al. [ 122] developed the
nine-layered model with the set of five parameters (absorption coefficient, scattering
coefficient, anisotropy scattering parameter, refractive index, and thickness) layer by
layer. By adjusting a value of each parameter, they demonstrated well simulated spectra
similar to the measured spectra. We use this approach to estimate the absorption and
scattering coefficients layer by layer, since we consider that the five parameters used for
producing the well-simulated spectrum give reasonable candidate values for the measured
spectrum. However, a manual iteration is quite time-consuming and unstable process for
finding a simulated spectrum well similar to the measured spectrum.

By referring to the idea used in the work of Zhang [69], in this study, a skin
reflectance spectral database has been constructed in the framework of the nine-layered
skin tissue model which is used for determining the absorption and scattering coefficients

of a measured spectrum by spectral mining in the database. To build a reasonable size of
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database, we propose a moderate grouping method [134] for nine layers by using two
magnification factors to the absorption and scattering coefficients. This database suffers
from uncertainty or ambiguity in identification of a simulated spectrum which seems
close to a measured spectrum since two or more different combinations of absorption and
scattering coefficients produce similar reflectance spectra [135] in simulation. To resolve
this situation, we also discuss in this paper possibility of using a point spread function
(PSF) of reflected intensity on the skin surface, which strongly exhibits scattering

property of skin tissue rather than the absorption.

4.2 Simulation Model for Spectral Reflectance

4.2.1 Skin Tissue Model

Human skin tissue has a very complex structure with different optical properties
to contribute to its light propagation nature. Previously it was known that human skin
tissue was modeled of three layers such as epidermis, dermis and subcutaneous layers, as
can be seen in Fig. 2.12(c). To imitate human skin condition with better accuracy, a nine-
layer model [122] has been taken into account as shown in Fig. 2.12(b) and each layer
has its own separate thickness and optical properties. This nine-parallel layered model
was used for performing simulation of spectral reflectance and PSF in this study. More
detailed explanation regarding nine-layered skin model has been described in Section 2.7

of Chapter 2, including information about all the necessary optical properties.
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4.2.2 Monte Carlo Method for Simulation of Reflectance

In the Monte Carlo simulation (MCS) of light propagation in tissue media
[10,136-140], light is treated as a bundle of photons. Pseudo random numbers generated
by a computer statistically determine trajectories of photons in the media, which are
characterized by optical properties such as absorption coefficient and scattering
coefficient. A conceptual diagram of the MCS method for light propagation in multi-
layered tissue is described in Fig. 3.1 [11]. A photon bundle of unit energy (Wi=1) enters
the tissue and undergoes scattering and absorption. A travel distance in which the photon
undergoes neither an absorbing event nor a scattering event is defined as the free path
length and denoted by a step size s. This length s is given by — In (&) / (us+ ua) with a
random number & ranging from 0 to 1 with scattering coefficient us and absorption
coefficient .. After traveling the path length, the photon energy is assumed to be
attenuated at a rate of us / (us+ ua) determined by scattering and absorption coefficients.
If the resultant energy is smaller than a preset threshold (107 used in this study), then this
photon bundle is regarded as negligibly attenuated, and the second photon bundle enters
the tissue. When the energy is still larger than the threshold, propagation continues and
new traveling direction (6, y) is given by random numbers, where 0 is the deflection or
polar angle and y is the azimuthal angle. By accumulating the energies of photons that
are emitted from the top surface to the detection side, reflectance is calculated with
reference to the total energy of incident photons. This process is performed at each of the

necessary points of wavelength 4, and thus spectral reflectance is obtained numerically.

In this study, the above process is performed in the wavelength range of 400-

700nm at an interval of 10 nm. To obtain stable simulation results, 10°-107 photons are
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usually necessary from our experience. For the MCS, we used the algorithm of Wang et
al. [11], in which the five input parameters must be specified at each wavelength for each
layer: scattering coefficient us, absorption coefficient ua, anisotropy scattering parameter
g, refractive index n, and thickness ¢. Furthermore, oxygen saturation Sat-O> should also
be specified. g is the average cosine value of the phase function P(#), and it ranges from
—1 to +1, corresponding to the perfect backscattering and forward scattering. By
following the algorithm of Wang et al., we employ the Henyey-Greenstein function [110]
as a well-known approximated form of the phase function, thus, g is characterized by this
function. As is known usually, typical resultant values of g are 0.7-0.8 for tissue and
greater than 0.9 for blood. Each value of g for each layer is set by published data [123,141-
144] and our experience, which is shown later in this chapter. The refractive index 7 is a
wavelength-dependent function but is assumed to be constant in the wavelength range
used, while set different layer by layer. For specifying values of these input parameters,
we surveyed several articles having some plausible values at specific wavelength points
[76,123,127,141-146] and, then modified them in experiments and simulations so that
some simulated spectra could match measured sample spectra [122]. We employ these
values as a standard condition, as can be seen in Section 4.3. Then, one of the parameters
in a specified layer was varied from the standard value and the others were fixed to be the
standard, and MCS was carried out to produce many spectral reflectance curves for

various cases.
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4.3 Simulated Reflectance Spectra and PSF in a Standard Condition
Figure 4.1 depicts a typical example of simulated reflectance spectrum and point
spread functions in three different wavelengths in the standard condition. Table 4.1
represents example of the input data set (5 parameters in each of nine layers) in a specific
wavelength (700nm) used as the standard condition. It is noticed that four optical
parameters except for thickness have wavelength dependency nature. Their spectral
properties are shown in our preceding work [122]. In Fig. 4.1(a), the spectral reflectance
is low in the shorter wavelength range and large in the longer wavelength range while
showing a well-known ‘W’-like shape coming from the absorption characteristics of
oxygenated hemoglobin [147]. These features of the spectrum resemble to typical
appearance of a human skin spectrum. For the PSFs in Fig. 4.1(b), the vertical axis is
normalized by the maximum intensity of each PSF curve and also its intensity decay is
presented in a range of 0-Imm in x axis, in which x=0 means the center point of an
illuminating spot having a diameter of 0.8 mm. As it is known that the PSF has
wavelength dependency due to the nature of optical path length in tissue. With the longer
wavelength, the PSF curve becomes broadened and is desirable for estimating change of
skin condition, which is described later. By this reason, the wavelength of 700nm is

chosen for the investigation on simulated PSF conducted in this study.
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Table 4.1 Input data-set for nine layers at 700nm in the standard condition.

Refractive | Absorption Scattering Anisotropy .
L . Thickness
Layer Index coefficient coefficient factor (t) [om]
(n) (Ma) [em] | (k) [em™] (9)
L1 1.5 0.27 108.10 0.88 0.0015
L2 1.34 2.35 81.10 0.82 0.006
L3 1.34 21.1 432.30 0.82 0.0015
L4 14 0.37 1426.60 0.92 0.0045
L5 14 0.30 2118.20 0.92 0.0175
L6 1.39 0.41 2593.74 0.97 0.008
L7 14 0.29 2377.60 0.82 0.06
L8 1.38 0.37 2550.51 0.97 0.01
L9 1.44 0.32 2191.43 0.77 0.6
100 I ey
. 500nm
80 | 08 ——- 600nm
g - | 700nm
S, — \,
® 60Ff 0.6 N,
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Fig. 4.1 Typical spectrum and PSFs in different wavelengths

simulated with standard values in parameters.
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4.4 Construction of Database

4.4.1 Spectral Fitting

It is known that a measured reflectance spectrum is used to derive the content of
melanin and hemoglobin in skin tissue by using, for example, multi-variate analysis.
However, preparation of regression matrix is usually a difficult task for general purposes.
We studied the MCS-based spectral fitting method [148] in which a simulated spectrum
can be produced so that it agrees well with the measured spectrum by means of manual
iteration in the MCS. Finally-accepted spectrum is referenced to provide its absorption
and scattering coefficients, 14 and s in each of nine layers. This approach provides
flexible fitting potentiality, but it is difficult to adjust appropriately values of five
parameters in each of the nine layers. Knowledge obtained from the simulated spectral
library [149] may probably be helpful for decreasing the iteration cost, but it requires

sufficient experience. So, the fitting is yet time-consuming and less reproducible.

4.4.2 Spectral Database

To improve the process of identifying the spectrum agreeing well to a measured
spectrum, we employ a spectral database method in which the most plausible spectrum is
extracted from the database with a criterion of root mean square error (RMSE), which is

defined here by
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RMSE = li{k (1) — R.(A)}? (4.1)
m L S l t l ) "

where Ry(Ai) and R¢«(Ai) are simulated and target (measured) spectra, respectively, and Ai
indicates an i-th discrete value of wavelength and m is the total number of discrete
wavelength points contained in the spectral data. We recognize a condition of RMSE <
1% as acceptable agreement criterion in the beginning for all the target spectra, since this
criterion extracts simulated spectra very close to the target spectrum in our preceding
works [134,135]. With this criterion, we consider that one or more simulated spectra can
be extracted from the database for the measured spectra in general. However, it may also
be the case with no extraction for RMSE < 1%. For this case, we consider two optional
approaches. One is to increase the number of data by enlarging the range of optical
parameters in simulation. Another is to loosen the condition of RMSE, for example <2 ~
3%, though the estimation accuracy may be degraded.

To construct the database, we intended to prepare a great number of spectral data
by using various values uniformly for all the five parameters (14, i, g, 1, and ) in each
of the nine layers. However, this is unrealistic since the database may potentially contain
a number of useless spectral data, which correspond to unreal skin conditions, and cause
unnecessary effort for spectral matching. Then, we carefully considered the behaviors of
reflectance spectra in the above-mentioned library [149]. Among the five parameters, the
absorption coefficient 4 and scattering coefficient i are considered as the primary
factors to find changes in the skin condition. The rest three parameters g, n, and ¢ are also

related to some changes in skin, but we consider that probably they do not yield
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substantial changes in their values that can be found from a spectral change. Therefore,
we assume that anisotropic scattering parameter g, refractive index », and layer thickness
t take constant values with keeping different values layer by layer, and we change values
of the absorption and scattering coefficients,  and 4 in the nine layers. By this
assumption, the number of parameter values to be changed is reduced from 45 (5
parameters by 9 layers) to 18 (2 by 9). In the constructed database, each spectrum is
contained with its associative data-set of 45 parameter values. Once a simulated spectrum
matched to the measured spectrum is found in the database, we can obtain 45 values for
the five parameters in the nine layers. To construct a reasonable size and easy-to—use
database with keeping this unique advantage of the nine-layered skin model, we propose
a moderate grouping method [134] for the nine layers by using two magnification factors
M, and M; for the absorption coefficient s and scattering coefficient s, respectively.
Change of values in t& and us is performed by M. and Ms in terms of 1 multiplied by M.
and s multiplied by M, respectively. It is known that the absorption coefficient s is
characterized by melanin in epidermis and hemoglobin in dermis and subcutaneous layer.
To change a value of 14 in a convenient way, we set two groups of layers, L1 — L3 and L4
— L9 and change the value of the absorption coefficient g by magnification factors,
specifically denoted in M. 13 and M, 4.9, respectively. It is supposed that the scattering
coefficient usis closely related to tissue structure and is characterized by three regions of
epidermis, the upper dermis, and the lower dermis followed by subcutaneous fat layer.
For the scattering coefficient us, we set three groups of layers, L1 — L3, L4 — L, and L7 —
Lo and change the value by magnification factors, specifically denoted in Ms 1.3, Ms4.s,

and M 7.9, respectively. Each of these takes a range for varying values as given in Table
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4.2.

Table 4.2 Magnification values used for producing
database. /, is intervals where L indicates

a grouping range of layers.

Layers M, M
1-3 06~1.6 06~14
(|1_3= 0.10 ) (|1_3= 0.10 )
0.3~9.3
4~6 0.2~3.6 (126=0.30)
(|4_9: 020)
01~10
9 (1.6=0.10 )

It should be noted that, this grouping of 14 (in 2 groups) and /& (in 3 groups) makes
the magnification in each group uniform but keeps the condition of different values for
e and & 1n all the nine layers. To determine the number of the discrete steps, first we
evaluated the range of change for each magnification factor so that a difference range
between the minimum and maximum reflectance spectra could cover all the target spectra
used in this study. Then we set the smallest discrete step available (0.1 in this study) for
each magnification factor. However, the ranges of Ma 4.9 and Ms 4.6 are larger than those
of the other magnification factors, and it results in the larger number of steps, which

increases the computation cost and the database size. So, we optimized and finally
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employed the step to be 0.2 for Ma4.9 and 0.3 for Ms4.6. In this study, the number of
discrete steps for changing is 11 for M,,13, 18 for Ma 49, 9 for Ms 13, 31 for M 4.6, and 10
for M; 7.9, and therefore, the database accumulates totally 552,420 spectral curves. It is
also noted that a ratio of ta- or us-values in layers within each group is maintained when
this group-based changing of parameters are performed. So, the advantage of having nine
layers as a skin model is guaranteed in this database. As mentioned earlier, the wavelength
for all spectral reflectance curves is in a range of 400-700nm at an interval of 10 nm (31
wavelength points) to make the size of database reasonable. Figure 4.2 shows some
examples of simulated spectra included in the constructed database. These examples were
selected to represent in the figure a variety of simulated spectra contained in the proposed
database, and have a difference range about 10-15% in reflectance over the wavelength
of 400nm-700nm. As a special mention, the thickness ¢ is not only different in individual
but also has variance in different positions of body. So, it is difficult to incorporate such
variance in the present constructed database. Estimation of 4 and s values are made
under the condition of fixed thickness values, since this version of database treats only
the change in z4 and s values but keeps fixed values for g, n, and ¢, which may be related
to a standard virtual person. At least, with this present version we can observe relative
change in 4 and us values in each of different subjects. In the near future, we intend to
develop an advanced version of database, where change in thickness values will be

incorporated.
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Fig. 4.2 Example of spectral reflectance in database.

4.4.3 Numerical Validation Experiment

To estimate the performance of the constructed database, we need target spectral

samples as measured ones. In this study, we referred to published measured spectral
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reflectance samples (459 curves) of Japanese women’s cheek which are included in SOCS
(standard object colour spectra) library [150] and commercially available. To test these
samples as target spectra for validation experiments, we need knowledge on their input
values corresponding to the five simulation parameters for the nine layers. The SOCS
data do not contain this information. Instead of using directly 459 raw data in SOCS, we
selected 459 substitutive simulated spectral data from the constructed database so that
they are most similar to the 459 raw data in the SOCS one by one. Then, we chose a target
spectrum as a test data one by one from those of 459 selected data, and performed the
data mining from the database of 552,420 — 1 spectra by the criterion of the minimum
RMSE. Here we employed the leave-one-out method in the partial cross validation, so we
excluded the target spectrum itself in the mining process. The extracted spectrum seems
to be very similar to the target spectrum, but not the real target spectrum. This process
was repeated one by one for each the of 459 selected spectra. Each of the extracted spectra
holds its five magnification factors in the database. So, we compared values of the five
magnification factors between the extracted and the target spectra and evaluated its
difference as an estimation error AM.; defined by

M;,L_MC.L

AM,, = , (4.2)

Iy,

where M*., and M., are magnification values of the target and extracted spectra,
respectively, subscript ¢ indicates ‘a’ for absorption and ‘s’ for scattering, and L is a group
of layers. I is a changing unit or interval of magnification which is the gap between two
consecutive discrete steps in each of the five magnification factors. This is used to divide

the difference between magnification values of the extracted and target spectra in Eq.
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(4.2) so that the estimation error could be expressed in a normalized form and compared
among all the five magnification groups that have different ranges of magnification values.

Figure 4.3 shows estimation error distributions of the 459 extracted magnification
values for the absorption coefficient in two groups and scattering coefficient in three
groups. The peak of the distribution was found to appear at the center (which indicates
error of 0%) in Figs. 4.3(a)-4.3(d). This indicates that the absorption and scattering
coefficients can be appropriately estimated for the target spectrum by using the
constructed database, except for the scattering coefficients in the deeper layers, L7- Lo in
Fig. 4.3(e). It seems difficult to estimate correctly ss-value in the deeper three layers
because of experience of multiple scattering through relatively long path length of
photons. In Figs. 4.3(a) and 4.3(c), the results show a case with no error, and indicate that
values of M, 1.3 and M 13 for all the 459 extracted spectra are correctly assigned to those
for the 459 target spectra. This is slightly questionable. It probably comes from the nature
that the absorption and scattering of light in the upper layers of the skin are strongly
reflected on the shape of reflectance spectrum. We consider that the same kind of
validation experiments should further be made with addition of noise in the near future.
For example, if a certain amount of noise is randomly added to the target spectrum, we
consider that our mining still extracts a similar spectrum from the database. So, the
magnification factors are estimated from the extracted spectrum, but we may see the
larger estimation error due to the added noise. It is also noticed that the estimation error
AM.,; in Eq.(4.2) is defined as a normalized value by the magnification interval /; given

in Table 4.2.
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4.4.4 Ambiguity Problem and Identification with PSF

Although the spectral database is promising for extraction of the simulated
spectrum similar to the measured spectrum, we found the problem that some different sets
of 1 and s values produce the similar reflectance spectra in the database. This can be
an ambiguity problem for extracting correctly the desirable simulated spectrum from the
database. Figure 4.4 demonstrates a typical example of the three similar spectra, which

are simulated with values of 4 and s changed by different magnification factors given

in Table 4.3.
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Fig. 4.4 Examples of similar spectra simulated with

different values of M, and M._.
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Table 4.3 Different magnification values of M, and M_ for u,

and u, respectively.

M agnification values
Ua s
REMEANL | Mass | Mass | Maas | Muss | Mirs
1 1.1 0.4 0.8 0.3 0.6
2 1.3 1.6 0.8 4.8 0.1
3 1.4 2.2 1 9.3 0.2

To access this problem, we investigated changing behaviors of simulated spectra
and also a simulated point spread function (PSF) of reflected intensity on the surface of
the skin model, with the above-mentioned five magnification groups. In general, the PSF
is known to reflect the scattering property of skin tissue. The PSF is simulated in this
study at wavelength of 700 nm under the condition of circular spot illumination with
Gaussian nature having a standard deviation of ¢ = 0.4 mm in the direction normal to the
skin surface. We regarded this spot size as point-like illumination. If the PSF with a real
point illumination is necessary, the deconvolution process can be used. Figures 4.5 and
4.6 show typical spectra and PSFs with different values of M, 1.3 and M, 4.9, respectively.

In Fig. 4.5(a), the reflectance changes in the whole wavelength range which is probably
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due to the effect of melanin. This type of spectral change is assigned to “Type A” here. In
Fig. 4.6(a), the reflectance demonstrated its large change especially in the middle
wavelength range of 500-600nm, and assigned to “Type B”. Almost no change is found
in PSFs of Figs. 4.5 and 4.6. This means that change of absorption coefficient z4 is not
reflected on the PSF curves. Figures 4.7, 4.8, and 4.9 show typical spectra and PSFs
obtained by changing values of Ms 1.3, Ms 4.6, and M 7.9, respectively. It is found that the
reflectance changes in a specific range of wavelength with respect to the three groups of
layers. The spectral changes by Ms 1.3 are found in the shorter wavelength range, those by
M; 4.6 in the middle, and those by M 7.9 in the longer, and are respectively assigned to
“Type C”, “Type D, and “Type E” here. It should be here noticed that the two changing
types B and D of spectra seems to be very similar to each other in Figs. 4.6(a) and 4.8(a).
We consider that this can probably be a cause of producing the similar spectra. In Fig.
4.6(a), the reflectance decreases in the middle wavelength range with increasing value of
M,, while in Fig. 4.8(a), it decreases in the same range with decreasing value of Ms. The
magnification factor Mas9 changes the value of absorption coefficients in the whole
dermal layers and subcutaneous fat layers at the same time. But the primary eftect by this
change probably occurs in the upper dermal layers of L4 — Ls. Therefore, an increase or
decrease of s and s in the upper dermal layers makes an opposite effect on the
reflectance in the middle wavelength range. This significant finding elucidates that it is
difficult to discriminate between the change of /& and that of z4 in the upper dermis from
the spectral reflectance changes. We considered that the broadened distribution of

estimation errors in Figs. 4.3(b) and 4.3(d) are also due to the same cause.
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Results of the simulated PSFs show no change with M 1.3 and Ms 7.9 in Figs. 4.7
and 4.9, respectively, but demonstrate remarkable change with M; 4.6 in Fig. 4.8. Here, we
found that PSF behavior shows different properties between Figs. 4.6 and 4.8. Change of
s by M 4.6 results in clearly different slopes in Fig. 4.8, but no change in the slope in Fig.

4.6. We interpret this difference by a step size, or mean free path of photon in the
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Fig. 4.9 Typical spectra and PSFs in 700nm simulated with
different values of M, ; ,.

framework of the MCS. The step size s is given by
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in the MCS of light propagation in the layered skin model [11], where &£ is a random
number between 0 and 1. As seen from Table 4.1, s is typically much larger than z4in
the skin tissue. Thus, change of n-value has negligibly small effect on the step size s,
while change of /&-value has a substantial amount of influence on 5. Increase of us results
in decrease of s, and this probably enhances multiple scattering near the illuminating point,
which corresponds to the origin of distance x in the PSF graph. This can be considered
as a source that the PSF curve becomes steep with increase of 15 by Ms46. In Fig. 4.8(b),
the full width at half maximum, FWHM decreases from 0.95 to 0.69 with increase of M 4-
¢ from 0.3 to 9.3 in the wavelength of 700 nm.

Figure 12 shows the intensity distribution maps simulated in the MCS of photon
fluence [11] by using the same condition as those in Fig. 4.6(b) and Fig. 4.8(b). In Fig.
4.10(1), the circular area of intensity distribution seems not to be affected by the change
of values in M, 49 or the absorption coefficient s in dermis. In Fig. 4.10(II), it is found
that the circular area with a certain level of intensity becomes small with increasing values
of Ms 4.6 or the scattering coefficient 4, and indicates agreement with the PSF property in
Fig. 4.8(b). From the present discussion, we consider that the database including PSF data
as well as reflectance spectra are useful for identification of the target spectrum. Probably,
the PSF curves at 700 nm is effective for improving the present ambiguity problem.

On actual measurements, it is necessary to obtain PSF data as well as the spectrum
to use the present identification procedure. Usually, this can be made, for example, by
hyper-spectral imaging with a point-like illumination. It should also be noticed that
discrimination of the five types A to E of spectral changes can be made by comparing the

spectral shape between before and after the change of skin condition and by finding the
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wavelength band that shows the reflectance change. For the similar spectral changes in
types B and D, PSF becomes effective to differentiate the similarity. Therefore, we should
develop a certain intelligent procedure for identification of a measured spectrum and skin
parameters in the framework of the constructed database in the near future. One possible
example is considered briefly here. We first measure spectra from non-diseased and
diseased areas of the same person, or occasionally before and after getting diseased. After
that, we compare those spectra and assign the spectral change to Types A to E. If it
matches with B and D, we need to compare PSFs from diseased and non-diseased sites.
If a certain change is found in PSFs, it can be recognized as type D, and we may say that
the skin condition changes in its scattering property and we adopt the extracted spectrum
having a change of the magnification factor M;4.¢ for the estimation of optical properties

from the database. If no change is found in PSFs, it can be said as type B.
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To evaluate accuracy of the absorption and scattering coefficients, za and us
obtained by the proposed method in the actual situations, it is desired to use any
alternative method to estimate z4 and s in skin tissue and to compare the results. This is
probably a possible approach to investigate the estimation accuracy. There are several
evaluation methods, as we mentioned in Section 4.1, which can be used for this purpose.
Also, the optical coherence tomography (OCT), and some advanced microscope
techniques including confocal scanning laser microscopy [151] and polarization-resolved
second-harmonic microscopy [152] are promising means to observe tissue structural
changes which are closely related to the scattering coefficient. The comparison study with
some of these possible techniques should be performed in the future to clarify the

accuracy on the proposed estimating method.

4.5 Conclusion

We constructed a skin reflectance spectral database in the framework of the Monte
Carlo simulation with the nine-layered skin tissue model. To realize the database in the
reasonable size, we proposed the moderate grouping method for nine layers which enables
us to change values of the absorption and scattering coefficient, & and s in the nine
layers in the reduced numbers of combinations. To identify the desirable spectrum in the
extraction from the database, we described also the use of PSF behaviors. Using the
present identification procedure, we expect to extract the most desirable spectrum which
is well close to the target spectrum, and to evaluate 4 and us values associated with the

spectrum in the database in a real time manner. This approach provides us to obtain
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information on & and us in the target skin tissue to be measured without multi-variate
analysis and related mathematical modeling. However, the accuracy of skin parameters
obtained through the database is not yet investigated in actual situations. This study
described numerical approaches and, therefore, we intend to enhance the demonstrate the

usefulness of this approach by in vitro and in vivo experimental studies in the near future.
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Chapter 5

Spectral Classification and Mining in Simulated Reflectance
Database for Detection of Absorption

Change in Skin Tissue

5.1 Introduction

In the previous chapter [153], we proposed the use of a database consisting of
various simulated spectra for estimating the absorption and scattering coefficients of a
measured spectrum, in which a simulated spectrum that closely resembles with the
measured spectrum is extracted out from the spectral database. The absorption and
scattering coefficients associated with the extracted spectrum are regarded as estimated
absorption and scattering coefficients of the measured spectrum. To construct the database,
we also introduced the moderate grouping method [134] for changing values of
absorption and scattering coefficients in the nine layers. By this method, we constructed
the spectral reflectance database in the reasonable size while utilizing the merit of having
nine layers in skin tissue model. We treated nine layers as two groups of the first to third
and fourth to ninth layers for the absorption coefficient, and three groups of the first to
third, fourth to sixth, and seventh to ninth layers for the scattering coefficient. Thus, we
have five different groups, each of which demonstrates its specific spectral change type,
due to the change of group-wise absorption or scattering coefficient. We demonstrated by

simulation study a possibility that a type of difference between spectra before and after a
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certain skin conditional change can be classified to one of the five groups and used for
specifying a cause such as decrease or increase of absorption and/or scattering
coefficients. We consider that this step can be helpful for mining efficiently a candidate
spectrum from the database. There was, however, the problem of ambiguity or uncertainty
in identification of a simulated spectrum being similar to the measured spectrum, since
some different combinations of absorption and scattering coefficients produce similar
reflectance spectra [135].

For example, decrease of absorption coefficient and increase of scattering
coefficient in dermal layer cause similar spectral change. Thus, it is at present difficult to
discriminate between them from spectral shape. However, if we pay attention to some
application in which absorption coefficient changes are primarily of interest, we expect
to detect the change of absorption by spectral shape recognition with less effect of
scattering change. Then, we believe that this database method may be applied to analysis
of chromophores such as melanin and hemoglobin, since they are known to be directly
related to absorption coefficients of skin tissue layers. This application of the database is
considered undoubtedly valuable, as many researchers have actually made much effort to
estimation of melanin and hemoglobin concentrations using their respective techniques
[72,56-59, 73-76], which provide useful information on various skin conditions including
cancers, pigmentation, and tissue metabolism.

In this chapter, we propose a method of spectral classification and mining for
analyzing change of chromophore concentration in the skin tissue using the spectral
database. In order to confirm experimentally a feasibility of the spectral classification,
which we demonstrated only by numerical simulation [153], we performed experiments

using agarose-gel phantoms. We next performed pressure-cuff occlusion and hot water
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immersion experiments for a human subject, to confirm ability of the proposed method
for detecting change in hemoglobin concentration or absorption coefficients of dermal
and subcutaneous layers. To discuss results obtained by the proposed method, we
compared the tendency of estimated parameters with those by the MRA method. To
counter the problem of ambiguity in extracting a similar simulated spectrum to the
measured spectrum, we investigated a probable approach of using a customized database
which consists of simulated spectra with variation in absorption (or scattering)
coefficients while keeping fixed scattering (or absorption) coefficients. This approach is
expected to be useful for detecting change in chromophore concentration with assuming
that no considerable change takes place in scattering property. In case it is unknown
whether skin condition changes in absorption or scattering, we consider that the spectral
classification may become a useful step to judge of utilizing the customized database for

spectral mining.

5.2 Database and Spectral Mining

5.2.1 Nine-Layered Skin Tissue Model and Monte Carlo Simulation

Human skin is known to have a complex structure as can be seen in Fig. 2.12(a)
of chapter 2. Generally, a skin tissue model consists of three layers which are epidermis,
dermis and subcutaneous layers. However, this model comes in short in mimicking
various skin conditions aptly. One of such examples is that melanin in epidermis and

hemoglobin in dermis have inhomogeneous distribution along the vertical direction in

116



skin tissue. We used a nine-layered model [122] which was developed on the basis of
histological classification as shown in Fig. 2.12(b). Typical thickness value of each layer
shown in Fig. 2.12 is obtained by modifying the data of Meglinski and Matcher [123],
assuming the human forearm skin. These layers are modeled to be in parallel and have
uniform scattering and absorption property within each of the nine layers. Absorption
coefficients are characterized by concentration of chromophores such as melanin in
epidermis and hemoglobin in dermis due to their absorption property. On the other hand,
scattering coefficients are characterized by mainly the scattering property of fiber
components such as collagen and elastin that exist in dermis and are responsible for
elasticity of skin. Inclusion of blood vessels and capillary network are also contributed to
the absorption and scattering. The overall effect of these blood vessels is treated in terms
of absorption coefficients for hemoglobin contained in blood, and scattering coefficients
for location and formation of vessels and networks. In this way, the nine-layered model
1s regarded to generate more realistic skin conditions than the conventional three-layered
model.

We employed Monte Carlo simulation (MCS) for emulating light propagation in
skin tissue statistically [10,136-140]. In MCS, we used the algorithm by Wang et. al. [30],
which requires values of five input parameters to be specified at each wavelength for each
layers. These parameters are scattering coefficient us, absorption coefficient ua,
anisotropy scattering parameter g, refractive index », and thickness ¢. In addition, oxygen
saturation Sat-O: is also needed to be given for specifying absorption coefficient ua. in
layers L4 to Lo, as the ua of layers L4 to Lo (dermis and subcutaneous layers) mainly
represents the absorption characteristics of hemoglobin. Anisotropy scattering parameter

g is given by the average cosine of scattering phase function, and it ranges from -1 to +1
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by representing backscattering to forward scattering. According to the algorithm by Wang
et. al., we utilized the characterization of g by Henyey-Greenstein function [110], as well-
known approximated form of the phase function. It is generally known that typical values
of g take 0.7-0.8 in skin tissue and greater than 0.9 in blood. Each of the selected g values
are set by referring to the published data [153, 141-144]. The refractive index n has
essentially wavelength dependency, yet is assumed to be constant in the visible
wavelength range with reasonable simulation accuracy. In this study, we performed the
simulation of diffuse reflectance in the wavelength range of 400-700nm at an interval of
10nm, and set the number of photon to be 10° for stable simulation. To prepare typical
values for the five input parameters, we surveyed several articles [76,123,129,141-146]
that contain feasible values at specific wavelength points and then modified them to have
all the necessary values by interpolation and extrapolation. More detailed explanation for

this skin model and MCS is given in the previous work [122].

5.2.2 Construction of Database by Moderate Grouping

To estimate skin parameters of a measured spectrum, we proposed a method of
spectral database [153], in which a simulated spectrum that closely resembles with a
certain measured spectrum is extracted by the criterion of root mean square error (RMSE).
By the input parameters having been used for producing the extracted spectrum, we obtain
estimated results as skin parameters of the measured spectrum. Here, we employ RMSE

defined by,

RMSE = |27 (R(A) - R (1)
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where Ry(1;) and R«(/;) are simulated and measured (target) spectra, /; denotes i™ discrete
point of wavelength and m is the total number of wavelength points. Usually, we employ
the condition of RMSE<1~3%, according to the number of extracted spectra as candidates.
To develop the database, we initiated a design of having a large number of spectral data
by changing all the five parameters (us, wa, g, 1, and ) in each of nine layers. This
approach may provide an enriched spectral database with a variety of simulated spectra
but we noticed that it increased unnecessarily the size of database including unrealistic
spectral data that correspond to unrealistic skin conditions. Then, we prudently observed
the spectral reflectance library which includes typical spectral change behavior with
varying of the five parameters in each of nine layers [149]. After that, we considered ua
and us probably as the primary factors for changing a spectral shape, although the other
three parameters are related to some changes in spectra, but may not contribute in a
significant amount to change the shape. So, we assumed that g, n, and ¢ take constant
values, while they are set differently in each of the nine layers and, then, we changed only
values of u, and usto generate various simulated spectra to construct the database. By this
assumption, the number of parameters to be changed is reduced from 45 (5 parameters in
9 layers) to 18 (21n 9).

To form the database in a reasonable size and simple way with still keeping the
unique advantage of having nine layers, we further introduced the moderate grouping
method [153]. To make those 18 parameters to be changed (u. and usin 9 layers) easily,
we introduced magnification factors M, and M; with respect to 1. and us, respectively in
their group-wise changing. So the change of values for u. and us are executed by varying

M, and M, in terms of ua X M, and us X M, respectively. Since u, is known to be
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characterized by melanin in epidermis and hemoglobin in dermis and subcutaneous layers,
we set two groups of layers Li-L3 and Ls-Lo. Then, we changed the values of u. in the
nine layers by magnification factors, termed as M,,13 and Ma4-9 for two groups. On the
other hand, u; is supposed to be related with the morphological changes in tissue structure
having refractive index differences, and are here made into three groups of layers, Li-L3,
L4-Le¢ and L7-Lo. We changed the values of x5 in the nine layers by magnification factors
termed as Ms,1.3, Ms a6 and Ms 7.9 for three groups. This group-based changing enables us
to make the process for changing values of . and usin nine layers convenient and less
time consuming. It should be noted that this group-based changing makes magnification
in each group consistent, while keeping the context of u. and us having different values
in all the nine layers. The range of changing for these five groups is given in Table 5.1.
For M, 1.3 and M 1.3, we have enlarged their range from our previous version of database
[153] to cover a wide range of spectral variation due to change of x. and usin layers L
to Ls.

We optimized a value of discrete step for changing the magnification to be 0.2 for
Ma, 13 and Ma a9, 0.3 for Ms1.3 and Ms 4.6, and 0.1 for M 7.0 from our experience made in
the previous work [153]. Then, the number of discrete steps for changing is 18 for Ma,1-3
and Ma 4.9, 31 for Ms 1.3 and M 4.6, and 10 for M; 7.9, and resultantly this database contains
3,113,640 spectral curves. It should be noted that variation in a layer thickness ¢ was not
considered in the construction of this database, although the thickness # may change in
different individual and different parts of a body. So, the estimated u. and us do not reflect
the effects of changing ¢, as well as changing n and g. However, we consider that this
approach is able to detect the relative change of w. and/or us values due to some

physiological change, for example that in normal to abnormal skin hemo-dynamics. As a
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special mention, oxygen saturation Sat-O> is kept fixed at 80% in order to reduce the

complexity in construction of database.

Table 5.1 Magnification values used for producing
database. /, is a discrete step where L

indicates layers in a group.

Layers M, M
1-3 0.2~3.6 0.3~9.3
(115=0.20) (115=0.30)
0.3~9.3
4-6 02~36 (l,.6=0.30)
(139=0.20)
01~1.0
[ (1,.=0.10)

5.2.3 Spectral Classification and Mining

While using the database for detecting skin condition change, we confronted the
ambiguity problem that different sets of u. and us values produce similar spectra [135] to
each other in the database. We recognize this as an annoying situation for extracting
properly the desirable simulated spectrum from the database. To assess this situation, we
investigated changing behavior of simulated spectra in the five different types [153]
corresponding to the above-mentioned five groups and magnification factors, as shown

in Fig. 5.1. Figures 5.1(a) and (b) show typical spectra with changing values of M, 1.3 and
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Maso. In Fig. 5.1(a), change of reflectance (around 40%) is found in the whole
wavelength range due to the effect of melanin, and assigned as “Type-A”. In Fig. 5.1(b),
it can be seen that the change of reflectance (of 20%) occurs mainly in a range of 500-
600nm which is due to the effect of hemoglobin [147]. This type of change is assigned to
“Type-B”. Figures 5.1(¢c), (d) and (e) show typical spectra with different values of M 13,
M; 4.6 and M; 7.9, and are respectively assigned as “Type-C”, “Type-D” and “Type-E”. In
Fig. 5.1(c), a significant change in reflectance (of 20 to 40%) can be seen mainly in a
region of 400-600nm. Figure 5.1(d) depicts reflectance change (around 20%) particularly
in the middle wavelength range of 500-600nm, and spectra in Fig. 5.1(e) shows slight
change (by 5%) in the longer wavelength range. It should be noted that Type-B and Type-
D show similar nature of changing reflectance in the range of 500-600nm with respect to
increasing M, 49 and decreasing Ms 4.6, respectively. We consider this behavior to be a

possible source of producing the similar spectra in the constructed database.
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Fig. 5.1 Five types of change in shape of simulated spectra included
in the constructed full-size database.
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In chapter 4, we showed possibility of using a point spread function (PSF) of
reflected intensity on the skin surface. However, accurate measurement of PSF is a
difficult task generally due to some limitation in camera device, optical components and
system. So, we did not proceed with the idea of using PSF to identify the similar spectra.
Thus, the presence of ambiguity in the constructed database remains to be solved in our
study. Currently, we are considering some possible approaches for specific applications.
One of them is to compare very carefully spectral shapes of Type-B and Type-D. In case
of Type-B by change of M, 4.9, we observe very small change (less than 3%) in reflectance
in the longer wavelength range (650-700nm), but for “Type-D” by change of M; 4.6 there
are some visible difference (more than 7%) in that range. This observation has its own
drawback, as it depends on a conventional comparison of spectral shape between “Type-
B” and “Type-D”, which is time consuming and unstable and often requires experience.
Another possible approach is using an application-based customized database. Here we
focus our attention to a ua-type customized database that consists of spectra obtained by
changing ua or M, while us or Msis fixed in the nine layers. This can be applied to a
situation where a change in chromophore concentration takes place. In this case, the actual
influence by absorption change is expected to be seen without significant interference by
scattering change. In Sections 4 and 5, the applicability of ua-customized database is
presented and discussed by comparison with the original database in a full size. So, in this
study we refer to the original database, which is constructed by simulated spectra with
varying both u. and us values, as a full size database in contrast to the customized database.

In case of general application without knowledge on change in absorption or
scattering, we consider the following two-step approach. The five types of spectral change

as shown in Fig. 5.1 is first referenced for all measured reflectance spectra, two of which
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have some difference in the shape before and after a certain change of skin condition.
Then, we compare spectral shape of the two. Due to the distinct changes in a specific
wavelength range of types A, C and E, these types may easily be identified. But, in case
of similar spectral changes in types B and D, it is required to mention a probable cause of
changing skin conditions (absorption or scattering) to avoid erroneous judgement on type
of spectral change. For this, we need to perform very careful observation of spectral
change, especially in the longer wavelength range of 650-700nm. After this spectral
classification in the five types, then we can employ a customized database, instead of
using a full size database. This two-step approach of spectral classification and mining is
expected to be advantageous for improving the reliability of spectral mining from the

database for detection of absorption (or scattering in the future) change in skin tissue.

5.3 Phantom Experiments

5.3.1 Agarose-gel Phantom

To confirm the existence of five types of spectral change being used for spectral
classification, we performed experiments on agarose-gel type skin phantom [74,154]. We
fabricated a three-layered phantom model, where layers PL1, PL, and PL3 correspond to
epidermis, dermis and subcutaneous fat tissue, respectively. Each of the three layers has
specific thickness: 0.6mm for PL;, 6.8mm for PL, and 4.5mm for PL3. All of these
specific thickness values have been determined by investigating many different models
where different sets of thickness were used and finally the above-mentioned set was

accepted so that we could have spectral reflectance curve rather similar to a measured
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reflectance spectrum of human skin. In layer PL1, coffee solution is used as an absorber
or a melanosome substitute. For layers PL, and PL3, horse blood (Nihon Biotest Kenkyujo,
Saitama, Japan) with hematocrit of 44% was used as an absorber. We used 20%-Intralipos
solution (Otsuka Pharmaceutical Co. Ltd, Tokyo, Japan) with different volume
concentration (V. C.) to include the scattering phenomenon in all the three layers
separately. As the base material, agar solution was prepared by mixing agar powder (Ina
Shokuhin Kogyo, Nagano, Japan) in saline with a weight ratio of 0.8%. We did not use
any deoxygenating agent (for example- Na>S204) [74] in layers PL, and PL3, so we
assumed the oxygenation level of these layers to be 100%. Table 5.2 shows the volume
concentration of coffee, blood and Intralipos of a certain phantom, which we referred as

a phantom in the standard condition in this study.

Table 5.2 Amount of coffee, blood, Intralipos and agarose-gel solution

used for a phantom at the standard condition.

Blood (44% Intralipos Adgarose-gel .
Layer [m?]:o((f/e eC ) of HCT) 20% sol. solution Th['r;l;?f 58
& mev.c) | mnevcy | mievc)
Ep('gir;“'s 1.8 (9%) 0.0 3.0(15%) | 15.2 (76%) 0.6
1
D(;:_m)ls 0.0 0.4 (0.8%) 10.0 (20%) | 39.6 (79%) 6.8
2
Subcutaneous 0 0 0
(PLo) 0.0 0.4 (1%) 40(10%) | 35.6 (89%) 45
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To measure a reflectance spectrum, we used the experimental system shown in
Fig. 5.2 [122]. Light from a halogen lamp (Hayashi, LA-150UX), which covers a visible
wavelength range, was focused through a light guide and lens in such a manner that it
produces a spot of 4 mm on a surface of a measured sample. Diameter and focal length
of lens were 54 and 100 mm, respectively. The diffuse light reflected from the sample,
which was placed at a sample port of an integrating sphere (Labsphere, RT-060-SF), was
collected by a fiber probe having a diameter of 400 pm at the detector port. A light trap
was attached to the integrating sphere to suppress specular reflectance component, so that
only the diffused reflected light is detected. The detecting region at the sample port was
circular in diameter of 22 mm. A multichannel spectrophotometer (Ocean optics, SD-
2000) was employed to measure a reflectance spectrum of the light transmitted from the
detector port in a visible wavelength range of 400-700nm with an interval of 10nm. Figure
5.3 shows a typical reflectance spectrum measured on a phantom in the standard condition.
The result seems resemble a typical spectrum of human skin and demonstrates low
spectral reflectance in the shorter wavelength range and high in the longer one, with
having ‘W’-like characteristic coming from the oxygenated hemoglobin in the middle

wavelength [147].
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Fig. 5.2 Schematic diagram of spectral reflectance measuring system.
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Fig. 5.3 Typical reflectance spectrum measured on a phantom

at the standard condition.

5.3.2 Five Types of Spectral Change in Phantoms

As is shown in Fig. 5.1, there are five types of change in spectra simulated by
using the five magnification factors in the constructed database. Here, we tried to find out
five types of change in spectra measured on phantoms by varying the amount of absorber
and scatterer. It should be noted that simulated spectra in the database are based on the
nine-layered skin model. But, in the case of phantom experiment, we chose to fabricate a
three-layered model due to its easy fabrication and repeatability, and with reasonable
similarity to human skin in a reflectance spectrum. Figure 5.4 demonstrates five typical

spectral changes of reflectance corresponding to specific changes in volume
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concentration of coffee, blood and Intralipos in different layers of the phantom. Figure
5.4(a) represents a typical change of spectral reflectance due to the change of volume
concentration of coffee in layer PL; and termed as “Type-A”, following the corresponding
notation of Fig. 5.1. With increasing the amount of coffee, the spectral reflectance is
decreased (nearly 10%) in 430-530nm and 600-700nm regions, but almost no change in
530-600nm region was found. This is probably due to strong absorption of light by blood
component in layer PL,. Figure 5.4(b) shows a typical change of spectral reflectance
produced by different volume concentration of blood in layers PL, and PL3, and termed
as “Type-B”. Increasing of blood results in some decrease (around 10%) in reflectance in
400-500nm, and a substantial decrease (of 20%) in 500-600nm, and almost no change in
600-700nm. Figures 5.4(c), (d) and (e) show typical change in reflectance spectra with
different amount of Intralipos individually in layers PL;, PL> and PL3, and termed as
“Type-C”, “Type-D” and “Type-E”, respectively. In Fig. 5.4(c), increase of Intralipos in
layer PL; resulted in increase of reflectance throughout the spectrum, especially with
large increase (by 30 to 35%) in 400-580nm. In Fig. 5.4(d), increasing Intralipos
generated increase in reflectance throughout the spectrum, particularly (by 15 to 20%) in
a region of 500-700nm. For the result in Fig. 5.4(e), almost no significant change was
found in spectral shape with increase of Intralipos. It is probably due to the effect of
substantial absorption and scattering in layers PL; and PLo. In this case, we consider that
the travelling light does not reserve intensity large enough to penetrate deep into layer

PL; and then come back to the surface.
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Fig. 5.4 Five types of change in shape of spectra measured from phantoms.
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We compared these behaviors in the five types of spectral change in Fig. 5.4 with
those found in simulation of Fig. 5.1. For “Type-B” to “Type-E”, we can see relatively
similar change of pattern to each other between phantom and simulation. For “Type-A”,
there is obvious difference between the simulation and phantom. This was probably due
to mismatching in a changing range of absorption and scattering amounts between
phantom and simulation. To investigate this, we further simulated some spectra as
samples by changing u.in a small range with a single-layer magnification factor Ma3 only
for layer L3 of the nine-layered model, instead of group-based change of uain Li-L3 by
magnification factor M,1.3. The resultant spectra are shown in Fig. 6 and demonstrate
better similarity with that of “Type-A” for the phantom in Fig. 5.4(a), although some
difference still remains in 500-600nm. This investigation may additionally support that
careful observation of spectral change enables us to perform spectral classification into
the five types, since the spectral changing type of Fig. 5.5 is probably discriminated from

the other types of “Type-B” to “Type-E” in Fig. 5.1.
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Fig. 5.5 Simulated spectra with changing M, for layer L, of

nine-layered skin model.

5.3.3 Blind Tests for Phantom
To validate possibility of classifying the types of change in spectral reflectance,

we performed a blind test for phantom samples in each of four types A, B, C and D, but
except for type E. We refer to a phantom in the standard condition given in Table 5.2 as
the standard phantom, whose reflectance spectrum is shown in Fig. 5.3. Here, we changed
concentrations of coffee, blood and Intralipos in four different cases. In the first case, we
changed only the concentration of coffee in layer PL, which is referred to as a blind
sample 1. Next, we changed that of blood in layers PL> and PLs together, referred to as a
blind sample 2. Finally, we changed that of Intraliops in layer PL and layer PL; separately,
and referred to as blind samples 3 and 4, respectively. So, all these samples resulted in 4

different spectral reflectance curves, which were compared against the spectral
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reflectance curve of the standard phantom to evaluate the types (A to D) of spectral change.
Figure 5.6(a) shows the comparison of spectra between the blind sample 1 and standard
phantom. The reflectance shows increase (of 5%) in 430-530nm and 600-700nm regions,
but no change in 530-600nm, and this resembles “Type-A” of Fig. 5.4(a). So, this means
there must have been a decrease in volume concentration of coffee in layer PL;. This can
be confirmed by the fact that we only decreased the volume concentration of coffee in
layer PL; from the standard value of 9% (1.8ml) to 3% (0.6ml). Figures 5.6(b) and 5.6(c)
represent the comparison of spectrum from the standard phantom with that of blind
samples 2 and 3, respectively. These two results demonstrate some similarity in a change
of spectrum. Detailed observation may indicate that a notably significant change is found
in 500-600nm (around 15 to 18%) for Fig. 5.6(b), and in 400-580nm (around 20 to 25%)
for Fig. 5.6(c), which most likely resembles “Type-B” and “Type-C” in Fig. 5.6,
respectively. This observation agrees with the fact that we only decreased the volume
concentration of blood in layers PL, and PL3 from the standard value of 0.8% (0.4ml) to
0.2% (0.1ml) to fabricate blind sample 2, and increased the volume concentration of
Intralipos in layer PL; from the standard value of 15% (3ml) to 40% (8ml) to fabricate
blind sample 3. Figure 5.6(d) shows large decrease in reflectance (by 15 to 18%) in the
longer wavelength (600-700nm) and small decrease (of 5%) in 450-600nm. These
characteristic traits are closely related to “Type-D”, which corresponds to behavior due
to decreasing amount of Intralipos in layer PL,. This prediction can be confirmed by the
fabricating condition in which the volume concentration of Intralipos in layer PL, was
reduced from 20% (10ml) to 6% (3ml). For “Type-E” in a spectral shape of phantoms,
we did not perform any blind test. As we mentioned earlier, “Type-E” refers to the

situation of change in scattering property of layer PL3, and this effect seems very difficult
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to be observed due to the presence of absorption and scattering in layer PL>. From the
present blind tests, we confirmed the presence of five types of change in spectra and the
possibility of the spectral classification into those types in the framework of phantom

spectral behavior, although the spectral behavior of phantoms does not sufficiently

coincide with that of real human skin.
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Fig. 5.6 Typical examples of spectral change obtained in the blind test.
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5.4 Pressure-Cuff Occlusion Experiment

To investigate applicability of spectral mining for detection of absorption change,
we performed pressure-cuff occlusion experiment, in which we expected to see change
of absorption coefficient x, in dermal and subcutaneous layers in a time-sequential
manner. A brachial cuff of a pressure type (aneroid) sphygmomanometer (Kenzmedico
Co. Ltd., Saitama, Japan) was fixed around an upper arm of a Japanese adult male and
pressure up to 180mmHg was applied. We administered time-series measurement of
diffuse reflectance spectra from the surface of inner side of a forearm using the
experimental setup shown in Fig. 5.2. The experimental protocol in Sects. 5.4 and 5.5
(described later) were approved by the Human Research Ethics Committee of Muroran
Institute of Technology (Approval number H30-05-S05). The protocol for cuff occlusion
experiment consists of pre-occlusion for 60 seconds, cuff occlusion for 100 seconds at
the maximum pressure of 180mmHg and post-occlusion for 140 seconds in recovery to
the normal state. Each spectrum was obtained by averaging 15 runs with one run made in
160ms. As the duration of the measurement was confined to 300 seconds, 125 reflectance
spectra were measured at the rate of one spectrum in around 2.4 seconds.

Figure 5.7(a) shows typical reflectance spectra selected over the time course of
300 seconds, in which a clear change by 3 to 6% can be seen in the wavelength region
larger than 500nm. To ensure increase or decrease of blood content with oxygenation
level and no change of melanin content that we expected by cuff occlusion, we performed
the MRA [74,75] for measured 125 spectra, by following the method by Nishidate ez. al.
[74]. According to modified Lambert-Beer law [60-62], an absorbance spectrum A(4) can

be expressed as,
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A = Cnle(Dem (D) + Conla(Deon (D) + Canla(Dean(D) +SA) (2)

where C and &(/1) are the molar concentration and molar extinction coefficient, and /. (1)
and /; () are the mean path length in epidermis and dermis, and S(4) indicates attenuation
by the other absorption and scattering of light. Subscripts m, oh and dh denote melanin,
oxygenated hemoglobin and deoxygenated hemoglobin, respectively. By using A(4) as a

response variable and (1) as predictor variables, MRA can be performed as

AA) = amen(A) + aonéon(d) + agrean(d) + ao 3)

where an, aon, aanand ao are regression coefficients, and express the degree of contribution
of each molar extinction coefficient to 4A(4), being closely related to C,, Con and Cus,
respectively. As a, includes a factor of /. (1), and a.» and aar, include a factor of /4 (1), the
coefficients a, aon and aqn have nonlinear relationship with C,,, Cor and Can, respectively.
To compensate this nonlinearity, Nishidate ez. al. presented the use of conversion vectors
that relate the regression coefficients a, and am (=aon + aan ) to Cp and Cu (=Con + Can).

The estimated level of oxygen saturation Sat-O2 (%) is obtained by

a
Sat— 0, = —2x 100 . 4)

Ain

As cq represents concentration of total hemoglobin, it can be regarded as C» or volume
concentration of blood. Also, C, can be regarded as Cies or volume concentration of
melanosome. Figure 5.7(b) depicts that C, gradually increased by 27% and Sat-O»

apparently decreased by 37% under the occlusion, while almost no change in Cu
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(fluctuation of 3 to 5%) in all the three stages of pre-occlusion, occlusion and post-
occlusion recovery. As soon as the occlusion was released, both C; and Sat-O; increased
sharply by 12% and 55%, respectively, in the moment and, then, slowly returned to the
initial values by respective decrease of 38% and 19%. This sharp increase in Cp and Sat-
0Oy is possibly due to the well-known effect of hyperemia, oxygenation and blood
circulation recovery [167].

Next, we referred to the types of spectral change in Fig. 5.1 to identify a type of
the spectral change in Fig. 5.7(a). From visual observation of spectral shapes, a probable
type is considered to be types B or D or E. Since “Type-E” represents changing of
scattering in deeper layers of skin tissue, it is at present difficult to relate reliably such a
change to spectral shape as noticed in the previous numerical investigation [153]. Thus,
we focus our discussion to “Type-B” or “Type-D”. At present, we have no appropriate
way to discriminate between these two types. Then, we performed spectral mining with
the constructed full-size database and extracted 125 simulated spectra for all of 125
measured spectra using criterion of the minimum RMSE. Magnification factors
associated with 125 extracted spectra are shown in Fig. 5.7(c), in which M, 4.9 shows first
no change in pre-occlusion stage. After the occlusion starts, this factor increases by 39%
and reaches its maximum value and, then, saturates till the occlusion is withdrawn. After
the occlusion is over, Ma 4.9 decreases by 38.8% and returns to the initial value. No change
was found in the other three factors Ma, 1.3, Ms,1-3 and Ms 4.6. No temporal response in these
factors may assert that the spectral changes in Fig. 5.7(a) was mainly due to variation of
Ua or hemoglobin concentration in the dermal and subcutaneous layers and corresponding

to “Type-B”.
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Fig. 5.7 Results obtained by using MRA and spectral mining in the
pressure-cuff experiment.
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According to this experimental condition of cuff-occlusion also, we can assume
that the change of reflectance spectra in Fig. 5.7(a) is probably caused by variation of
hemoglobin concentration due to suppression of blood circulation. This assumption leads
to a prediction that the spectral change in Fig. 5.7(a) probably falls under the category of
“Type-B” in Fig. 5.1(b). On the basis of this prediction, we conceived use of an alternative
database which aimed at searching for change of u. only. We constructed this customized
type of database by simulating spectra with different values of ua. (with fixed Sat-O2 of
80%) by changing M, 1-3 and Ma 4.9 in the range of 0.2-3.6 with 35 discrete steps by interval
of 0.1, under constraint of us value fixed at the standard condition. This resulted in 1225
simulated spectra with change in u, only, and was expected to have better estimation
specifically for change of absorption property corresponding to change of chromophore
concentration. Figure 5.7(d) shows time course of magnification factors extracted by
using the customized database, which represents better similarity of behavior between
Mags9 and Cp in Fig. 5.7(b). It is also interesting that M, 49 in Fig. 5.7(d) successfully
depicts a peak just after the release of occlusion. To express the change of Ma4.91in a
quantitative manner, it first increased by 28% from its initial values under the occlusion,
then further increased by 19% just after the release of occlusion, and finally returned to
the pre-occlusion values with a decrease of 47%. Small fluctuation (3 to 6%) in Ma,13 in
Fig. 5.7(d) is probably due to the improved resolution which became more sensitive to
fluctuation in the measured spectra. We consider that this nature originates from micro-
movement and positioning errors of the measuring area on a forearm.

By comparing the results in Figs. 5.7(b) and (c) or (d), we can confirm the
resemblance in the changes of blood concentration C» and magnification factor Mag4-9

(with respective correlation coefficients of 0.962 and 0.905 for M, 4.9 of the original and
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customized database). Thus, the spectral mining from the database works well for
detection of change in absorption property. However, the database method is currently
not able to show the change of Sat-O», since all spectra included in the database were
simulated with the fixed Sat-O; level of 80%. In the near future, we intend to add data of

changing Sat-O> to the construction of database.

5.5 Hot Water Immersion Experiment

To assess further ability of the spectral mining for detecting change of absorption
condition, we performed an experiment on hot water immersion for a human forearm,
where we expected to observe change mainly in absorption coefficient of dermal and
subcutaneous layers. This type of experiment is reported by some researchers to estimate
the change of hemoglobin concentration [57,58,128]. Again we employed the
experimental setup shown in Fig. 5.2. We first measured the reflectance spectrum on the
inner side of forearm of a Japanese adult male in a normal health state at /= 0 min. Then,
we immersed his forearm inside a water tank having the average temperature about 45°C
for seven minutes. In two minutes, we performed reflectance measurement twice at /=9
and 11 min. with an interval of two minutes. After that, we repeated measurement of
reflectance spectra eleven times at /= 16 to 66 min. with an interval of five minutes.
Finally, we obtained a total of 14 reflectance spectra in the time course of 66 minutes,
which are shown in Fig. 5.8(a). It is observed from Fig. 5.8(a) that reflectance is clearly
reduced around 10% in 500-600nm wavelength region under the influence of hot water
immersion. This property suggests increase of hemoglobin concentration or absorption

coefficient in dermal and subcutaneous layers. The reduction of reflectance is recovered
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as time passes on.

To understand this spectral transition, first we analyzed L* and a* values of these
14 measured spectra as visual evidence of change in skin conditions through the
experimental process. L* has a changing range from black to white representing decrease
or increase in brightness, and a* has a changing range from green to red. As we can see
from Fig. 5.8(b), after immersion L* value is decreased by 42% with referring to reduced
brightness and a* value is increased by 40% with referring to redness of skin due to
increased blood concentration. Then, both L* and a* values gradually increased by 34%
and decreased by 35%, respectively to their initial levels. Figure 5.8(c) shows calculated
color difference AE and RMSE (%) of measured spectra with respect to the first spectrum
at = 0. These results indicate a change of skin color and spectral shape after the
immersion in terms of explicit increase of 97% and 48%, respectively, in the early time
and gradual decrease of 95% and 40%, respectively, in the latter. Figures 5.8(d), (¢) and
(f) which represent the photographs of the measuring forearm before and after the
immersion, further confirms the visual evidence. In Fig. 5.8(d), /= Omin represents before
immersion where both the measuring and non-measuring forearms shows similar color.
In Fig. 5.8(e), = 11min represents four minutes after the immersion where increased
redness of the measuring forearm can be seen. In Fig. 5.8(f), = 66min represents the
photograph of measuring forearm at the time of last measurement where no trace of the
increased redness can be found.

Figure 5.8(g) shows results of the MRA analysis (mentioned in Section 4) for 14
measured reflectance spectra. Both Sat-O2 and Cj increased sharply by 26% and 48%,
respectively, in the first eleven minutes and then decreased gradually by 38% and 44%,

respectively, but Cye; remains almost unaltered. This result indicates expectable behavior
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in the concentrations of hemoglobin and melanin as can be seen in the preceding articles
[57,58,128]. It should be noted, however, that the MRA does not generally provide us the
effects of scattering properties distinctively, and thus, it tends to exhibit primarily the
absorption characteristics of melanin and hemoglobin.

We next extracted magnification factors for all the measured spectra using spectral
mining from the full-size database, as can be seen in Fig. 5.8(h). The result shows that
M..49 1s increased rapidly by 61% just after the hot water immersion in the first eleven
minutes and then returned nearly to its original value with a decrease of 45% over passing
time (having a correlation coefficient of 0.804 with C,). However, for the spectra
measured at = 31, 36 and 41 min., the extracted M, 49 shows unexpected local increase
(about 10 to 15%) in Fig. 5.8(h). This is probably due to the ambiguity defect [153] in
spectral mining, which exists between the changing types B and D in spectral shape as
shown in Fig. 1. This consideration may be supported to some extent by noting that
scattering magnification Ms 4-.¢ shows some decrease (by 13%) and then increase (by 22%)
during the experiment in Fig. 5.8(h). This is unexpected behavior since the experiment
was performed under the assumption of major change in absorption coefficient but almost
no change in scattering coefficient. So, we consider that spectral mining process
erroneously accounted the change of spectral shape as the effect of scattering. M, 13 and
M;,13 exhibit no change in their values, and Ms 7.9 value is not shown here since the proper
representation of scattering in the deeper layers is difficult in the present approach.

To eliminate the effect of scattering in spectral mining, we again employed the
customized database with u,-change only in the same way as the cuff occlusion
experiment in Section 5.4. Figure 5.8(i) depicts the absorbing magnification factors M,

extracted from the u.-customized database for all 14 reflectance spectra measured in the
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experiment. The ua-customized database rectifies the erroneous estimation of
magnification factor M, 4.0 obtained from the full-size database and provides reasonably
estimated M, 49 values (having a correlation coefficient of 0.956 with C), which are
increased by 58% after the immersion and then gradually decreased by 53% with passing
time, while estimated M,,1-3 values have no change. This improvement in the estimated
M40 was probably made by a constraint that ua.-customized database does not include
any effect of changing scattering property in the simulated spectra. So, this ua-type
customized database becomes more effective and useful in estimating the change of

absorption coefficient or chromophore concentration than the full-size database.
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Fig. 5.8 Results obtained by using MRA and spectral mining in the

hot water immersion experiment.
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Fig. 5.8 Results obtained by using MRA and spectral mining in the
hot water immersion experiment.

In this chapter, we presented the possibility of estimating change of only
absorbing condition due to blood concentration. However, in the near future we intend to
do the same for change of melanin concentration and also scattering condition as well.
Our spectral mining from the database is capable of estimating unknown parameters of
measured spectra with moderate accuracy using both the full-size and customized

database, for the case where change of skin condition is distinguished between absorption
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and scattering. However, for measured spectra without distinction, estimated parameters
may include some erroneous data due to the ambiguity present in the full-size database.
So, the ambiguity problem is yet to be solved by detailed investigation of spectral change,

which will be performed intensively in the near future.

5.6 Conclusion

We have described the method of spectral classification and spectral mining using
the database and validated its possibility to detect change of absorption in skin tissue
through the experiments with agarose-gel type skin phantom and on human forearm. We
also proposed the effectiveness of ua-type customized database for detecting the change
of absorption property for measured spectra with less influence by scattering effect. The
extracted parameters from the database showed expectable tendency in accordance with
experimental conditions. The results also agree with temporal response of skin parameters
obtained from the MRA. For target-known application such as changing of pigment
concentration, the present method can reasonably detect the change of parameters.
However, error may occur for general application due to the ambiguity problem.
Therefore, we continue to solve this subject with proper justification and reliability. We
should also investigate usefulness of the method for estimating changes of melanin
concentration and scattering property in the near future. The database approach has
flexibility in its own extension of contained spectral data and simplicity in determination
of probable skin change. In this respect, we consider that the present method is

advantageous for future development of on-line skin inspection. We expect that for such
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on-line skin inspection, from uploading measured spectrum to downloading skin
parameter information, the whole process can be executed under a minute considering the

current size for both the original and customized databases.

148



Chapter 6

Concluding Remarks

The present dissertation has been dedicated towards the evaluation of optical
parameters of measured spectra using spectral mining in spectral reflectance database.
Chapter 2 was devoted to the description of fundamental theories and principles treated
through this dissertation. The constitution of biological tissue has been presented in
Section 2.2. The algorithm of the Monte Carlo simulation for the light transport in tissue
has been mentioned in Section 2.5. In Section 2.7, details of the layered skin model have
been discussed. Spectral database is introduced in section 2.8. The composition of the
skin tissue phantom used for experiments in Chapter 5 has been referred in Section 2.9.
Chapter 3 described the importance of appropriate aperture size for detection through
simulative and experimental works. Chapters 4 and 5 consist of investigation of the
proposed database method. In chapter 4, the construction and numerical validation of the
database method has been discussed. Chapter 5 conveyed the experimental validation of
the database method to exhibit its usefulness.

Chapter 3 dealt with the effect of detection area for measurement of spectral
reflectance. In this chapter, we describe how a reduced or inappropriate detection area
can influence spectral reflectance. This has been investigated by Monte Carlo simulation
and experiments on human skin tissue using an integrating sphere. Section 3.3 highlighted
the numerical investigation, in which different illumination sources (point-like and
circular illuminations) are used to clarify the effect of the detection aperture in different

size through simulated reflectance spectra and photon fluence map in skin tissue model.
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Also, in the same section, the longer wavelength of light penetrates deeper in a tissue
model producing broadening of diffuse light is reported. Section 3.4 confirmed the
numerical findings through the experiment on human forearm skin, in which a reduced
detecting aperture size resulted in significant decrease of spectral reflectance in the
wavelength range larger than 600nm. All these results indicated that an appropriate
detection aperture probably calculated by sum of an illumination spot size and a detection
margin of 4 to 6mm which generates from the broadening of diffused light.

Chapter 4 is allotted to the estimation of optical property, mainly absorption and
scattering coefficients of a certain measured spectrum. Here, in order to do so, use of
database constructed with simulated spectral reflectance has been proposed, in which the
most reasonable simulated spectrum is extracted out with a criterion of root mean square
error. In Section 4.3.2, construction of database is explained in details, where moderate
grouping for varying absorption coefficients (in two groups) and scattering coefficients
(in three groups) with fixed thickness, refractive index and anisotropy scattering
parameter is introduced. This resulted in a convenient and simple way to build a database
with keeping the advantage of nine-layered skin tissue model. Section 4.3.3 presented the
performance of the constructed database by numerical validation experiments which
indicated efficiency of the database to appropriately estimate absorption and scattering
coefficients, except for the scattering coefficients in deeper layers due to multiple
scattering experienced by photons in longer path lengths. Section 4.3.4 mentioned the use
of point spread function of reflected intensity on the skin surface, to counter the ambiguity
in the database which occurs as some different conditions of absorption and scattering
coefficients in dermal layer produced similar simulated spectra. Point spread function

showed varying slope for changing scattering coefficients in dermal layer but not for
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changing absorption coefficients in dermal layer which conveyed its effectiveness in
identification of ambiguity present in the database.

Chapter 5 extended the study conducted in Chapter 4. As in Chapter 4 moderate
grouping of absorption and scattering coefficients resulted in five types of spectral change
in the database, in Section 5.2.2 of Chapter 6 the applicability of types of spectral change
in spectral mining to extract the most nearer simulated spectrum from spectral reflectance
database has been discussed. Also, these types of spectral change are validated from five
types of spectral change in measured spectra from agarose-gel phantom, described in
section 5.3. In Sections 5.4 and 5.5 pressure-cuff occlusion and hot water immersion
experiments are carried out, which confirms the effectiveness of the database method to
evaluate change of absorption property in measured spectra, as under the experimental
condition absorption property in dermal and subcutaneous layers are expected to alter.
The results of the database method also compared with multiple regression analysis
method, which conveyed good resemblance. To counter the ambiguity problem in
database (full size or both absorption and scattering coefficients are varying), use of
application based customized database (for this study only varying absorption property)
is introduced, as measurement of point spread function is unreliable and has many
limitations.

As shown in the present dissertation, the spectral mining from spectral reflectance
database method has the ability to evaluate optical property of skin tissue in real time,
which enable it to analyze skin condition changes. Thus, it has the potential to become a
diagnostic tool for clinician. The proposed database approach has flexibility in its own
expansion of contained spectral data and simplicity in determination of probable changes

in skin condition. The author expects that the results obtained in this dissertation will
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provide new possibilities for development of non-invasive, affordable and dependable

biomedical instrumentations in practical situations.
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Appendix

A.1 Molar Extinction Coefficients of Hemoglobin

Tabulated Molar Extinction Coefficient for Hemoglobin in Water

These values for the molar extinction coefficient € [cm-1/(moles/liter)] were compiled by

S. A. Prahl, Oregon Medical Laser Center, Portland.

A EHb02 et 650 368 3750.12
(nm) (em”'/M) (cm'/M) 660 319.6 3226.56
400 266232 223296 670 294 2795.12
410 466840 303956 680 277.6 2407.92
420 480360 407560 690 276 2051.96
430 246072 528600 700 290 1794.28
440 102580 413280 710 314 1540.48
450 62816 103292 720 348 1325.88
460 44480 23388.8 730 390 1102.2
470 33209.2 16156.4 740 446 1115.88
480 26629.2 14550 750 518 1405.24
490 23684.4 16684 760 586 1548.52
500 20932.8 20862 770 650 1311.88
510 20035.2 25773.6 780 710 1075.44
520 24202.4 31589.6 790 756 890.8
530 39956.8 39036.4 796.8 794.72 794.72
540 53236 46592 800 816 761.72
550 43016 53412 810 864 717.08
560 32613.2 53788 820 916 693.76
570 44496 45072 830 974 693.04
580 50104 37020 840 1022 692.36
590 14400.8 28324 .4 850 1058 691.32
600 3200 14677.2 860 1092 694.32
610 1506 9443.6 870 1128 705.84
620 942 6509.6 880 1154 726.44
630 610 5148.8 890 1178 743.6
640 442 4345.2 900 1198 761.84
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A.2 Scattering Coefficients of Hemoglobin

Scattering Coefficients of Hemoglobin

These values for the scattering coefficients of hemoglobin (Hct=45%) pus [cm-1] by
A. Roggan, M. Friebel, K. Dorschel, A. Hahn, and G. Muller,

“Optical Properties of Circulating Human Blood in the Wavelength Range 400-2500

2

nm.
x s 640 632.2208547
(nm) (cm™) 650 630.0781385
660 627.030429
380 404.9005941 670 616.057287
390 384.9863807 680 614.6948399
400 365.0721673 690 611.0647542
410 352.251562 700 612.0373642
420 423.7620887 710 612.8444024
430 547.9355277 720 609.867284
440 653.7461703 730 603.567032
450 793.7331961 740 594.5956224
460 816.556118 750 595.2939979
470 789.513794 760 595.9923735
480 885.9076687 770 586.3907999
490 924.6111993 780 576.5524685
500 939.3893184 790 570.3579049
510 864.5980921 800 582.0101885
520 815.4556114 810 5727927015
530 731.2141063 820 568.503105
540 714.6073616 830 560.5667665
550 682.1136629 840 557.9289214
560 679.6045077 850 562.3604932
570 650.1872705 860 536.1938156
580 631.7798589 870 529.4371012
590 665.138298 880 519.1470664
600 639.534366 890 510.7039
610 637.2597872 900 498.664357
620 620.9552357
630 626.5880452
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A.3 Absorption Coefficients of Melanosome

Absorption Coefficients of Melanosome in Epidermis
These values for the absorption coefficients of melanosome ua [cm-1] by

S. L. Jacques,
“Skin optics,” Oregon Medical Laser Center Monthly news and articles on Biomedical

Optics and Medical Lasers, http://omlc.ogi.edu/news/jan98/skinoptics.html, 1998.

x Lia 670 256.28008
(nm) (cm™) 630 243.9435
690 232.36808
400 1427.85519 700 221.4968
410 1315.14516 710 211.27769
420 1213.73478 720 201.66323
430 1122.26128 730 192.60999
440 1039.55273 740 184.07818
450 964.59779 750 176.03131
460 896.52077 760 168.4359
470 834.56097 770 161.26118
480 778.05557 780 154.47881
490 726.42535 790 148.06272
500 679.16269 796.8 143.89665
510 635.82156 800 141.98886
520 596.00898 810 136.23504
530 55937788 820 130.78075
540 525.62101 830 125.60701
550 494.46571 840 120.69629
560 465.66951 850 116.0323
570 439.01632 860 111.59997
580 41431315 870 107.3853
590 391.38731 880 103.37527
600 370.08397 890 99.55778
610 350.26407 900 95.92159
620 331.80247
630 314.58637
640 298.51394
650 283.49308
660 269.44035
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A.4 Scattering Coefficients of Epidermis and Dermis

Scattering Coefficients of Epidermis and Dermis

These values for the scattering coefficients of epidermis and dermis ps [cm-1] by

S. L. Jacques,

“Skin optics,” Oregon Medical Laser Center Monthly news and articles on Biomedical

Optics and Medical Lasers, http://omlc.ogi.edu/news/jan98/skinoptics.html, 1998.

x M, 670 115.54852
(nm) (cm™) 680 112.87106
690 110.38327
400 390.625 700 108.0726
410 363.3411 710 104.19232
420 338.9208 720 100.53299
430 316.99937 730 97.07836
440 297.26636 740 93.81345
450 279.45635 750 90.72475
460 263.34173 760 87.79972
470 248.72634 770 85.02712
480 235.44091 780 82.39644
490 223.33855 790 79.89814
500 212.29166 796.8 78.2704
510 202.18893 800 77.52345
520 192.93294 810 75.26424
530 184.43836 820 73.11316
540 176.63008 830 71.06328
550 169.4419 840 69.10831
560 162.81535 850 67.24232
570 156.69865 860 65.46
580 151.0458 870 63.75627
590 145.81599 880 62.1265
600 140.97272 890 60.56638
610 136.48346 900 59.07186
620 132.31923
630 128.45388
640 124.86409
650 121.52883
660 118.42932
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A.S Anisotropy Scattering parameter of Epidermis and Dermis
Anisotropy scattering parameter of epidermis and dermis

These values for the Anisotropy scattering parameter of epidermis and dermis

g [-] by M. J. C. van Gemert et. al., “Skin optics,” IEEE TRANSACTIONS ON

BIOMEDICAL ENGINEERING,Vol. 36, No. 12 (1989)pp1146-1154.

A g 680 0.8172
(nm) ) 690 0.8201
700 0.823
400 0.736 710 0.8259
410 0.7389 720 0.8288
420 0.7418 730 0.8317
430 0.7447 740 0.8346
440 0.7476 750 0.8375
450 0.7505 760 0.8404
460 0.7534 770 0.8433
470 0.7563 780 0.8462
480 0.7592 790 0.8491
490 0.7621 796.8 0.85107
500 0.765 800 0.852
510 0.7679 810 0.8549
520 0.7708 820 0.8578
530 0.7737 830 0.8607
540 0.7766 840 0.8636
550 0.7795 850 0.8665
560 0.7824 860 0.8694
570 0.7853 870 0.8723
580 0.7882 880 0.8752
590 0.7911 890 0.8781
600 0.794 900 0.881
610 0.7969
620 0.7998
630 0.8027
640 0.8056
650 0.8085
660 0.8114
670 0.8143
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A.6 Molar Extinction Coefficients of melanin

These values for the molar extinction coefficient £ [cm-1/(moles/liter)] of melanin were

compiled by

[1] S. L. Jacques, "Optical absorption of melanin,"
http://omlc.ogi.edu/spectra/melanin/index.html

[2] T Sarna, RC Sealy, Photoinduced oxygen consumption in melanin systems. Action
spectra and quantum Yields for eumelanin and synthetic melanin. Photochem.
Photobiol. 39:69-74, 1984.

[2] RP Crippa, V Cristofoletti, N Romeo, A band model for melanin deduced from optical

absorption and photoconductivity experiments. Biochim. Biophys. Acta 538:164-170,

1978.
A EMel 590 889.24581
(nm) (cm™'/M) 600 841.63375
400 2529.86223 610 796.57094
410 2394.40817 620 753.92088
420 2266.20659 630 713.55439
430 2144.8692 640 675.34921
440 2030.02846 650 639.18962
450 1921.33653 660 604.96608
460 1818.46419 670 572.57494
470 1721.09985 630 541.91809
480 1628.9486 690 512.90268
490 1541.73132 700 485.4408

500 1459.18383 710 459.4493

510 1381.0561 720 434.84943
520 1307.1115 730 411.56669
530 1237.12604 740 389.53056
540 1170.88775 750 368.67428
550 1108.19599 760 348.9347

560 1048.86088 770 330.25201
570 992.7027 780 312.56964
580 939.55134 790 295.83401
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EMel

(nm) (cm™'/M)

800 279.99444
810 265.00296
820 250.81415
830 237.38504
840 224.67496
850 212.6454

860 201.25992
870 190.48405
880 180.28514
890 170.6323

900 161.49629
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