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Abstract

Children are particularly vulnerable to sun exposure; excessive sun exposure during their
childhood can result in increased melanoma incidence in later life. It is hypothesized that

the reasons for the vulnerability of children to sun exposure is related to their hair follicles.

The melanocyte stem cells (McSCs) in hair follicles have been identified as a possible
origin of melanoma upon exposure to ultraviolet radiation (UVR). Those cells in the
vellus hairs (predominant type of hair before puberty) are much shallower than in the
terminal hairs (predominant type of hair after puberty). Using the Monte Carlo (MC)
method for photon transport in skin alone, we have shown that the McSCs in vellus hair
follicles (VHF) would receive and absorb significantly higher UV than those in the
terminal hair follicles (THF). Furthermore, as a consequence of the thinner epidermis in
children, the cells would absorb about 1.9- and 3.2-times greater UVA and UVB

respectively compared to adult skin.

Due to the unique morphologies of vellus hairs, it is also hypothesized that they contribute
to the solar UV transmission in the skin to the McSCs. To validate this, Caucasian scalp
and body hairs have been used to measure their transmission properties in the UV
wavelength range, using a CRAIC™ microspectrophotometer. The measured properties
are then implemented into realistic skin-hair models. The simulated results show that a
higher level of UV is delivered to the McSCs in the skin model with vellus hairs, as
compared to hairless skin. The relative increase in energy absorbed in the stem cells when
vellus hair is present to hairless skin varies from 4.6% to 52.0% over the UVA — UVB
wavelength ranges. For skin with terminal hair, this relative increase in energy absorbed
varies from 16.7% to 55.6% over the same wavelength range. Skin with shaved vellus

hair will further enhance the UV transmission into the skin.

In conclusion, this research provides possible explanations as to why children are
particularly vulnerable to sun exposure: 1) the shallower depth of McSCs in the VHF than
in the THF result in significantly higher UV absorption; 2) relatively thinner epidermis
of child’s skin increases the UV absorption even more; 3) the presence of vellus hair
provides an additional optical pathway, contributing to the overall solar UV transmission
into the skin. These findings also explain the positive correlation between the incidence
of melanoma in adults’ bodies and the number of vellus hair in these areas. This research
may lead to the improvement of melanoma prevention, e.g. improvement of the efficacy

of sunscreens.
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Chapter 1 Introduction

1.1 Background

Melanoma, also known as malignant melanoma, is one of the deadliest skin cancers in
humans. Over the last half century, the incidence of melanoma, different to many other
cancer types, has been increasing steadily [1]. Although melanoma makes up less than
10% of all skin cancers, it is responsible for the majority of skin cancer-related deaths
because of its high metastatic potential and resistance to therapy [2]. Once melanoma
grows to a critical thickness of about 4 mm and indicates a high risk of metastasis, then
the cure and survival rate drop significantly: 10-year survival of patients with metastases

is less than 10% [3].

The melanoma incidence in children younger than 18 is extremely rare (2.5 per million
children) as presented in a 35-year population-based review (1979 to 2014) in British
Columbia [4]. However, immigrant and epidemiological studies provide convincing
evidence showing that children are more vulnerable to sun exposure; sunburn or excessive
sun exposure during childhood can lead to increased risk of melanoma in later life [5-10].
The explanation for the correlation of high sun exposure in childhood and increased risks

of melanoma in later life is not yet known.

The top layers of human skin are made up of the epidermis and dermis. Figure 1-1
illustrates a schematic diagram of human skin containing vellus hair follicle (VHF) and
terminal hair follicle (THF), which are the predominant type of body hair in children and
adult respectively. More explanation of the diagram will be introduced in Section 2.3.
The cells of origin and mechanisms of melanoma initiation remain unclear. However, it
is generally agreed that ultraviolet radiation (UVR) is the main extrinsic causative factor
in the induction of melanoma, which arises from the mature melanocytes in the basal
layer of the epidermis (see Fig. 1-1) [11]. Due to their high levels of UVR, New Zealand
and Australia are reported to have the highest melanoma rates in the world [12]. Other
risk factors for melanoma include inherited traits like fair skin, red hair or family history

[13, 14].

Ultraviolet radiation of sunlight can be classified into three groups based on the
wavelength: UVA (A =315 —-400 nm), UVB (A= 280 —315nm) and UVC (A =
100 — 280 nm). The stratospheric ozone layer completely blocks UVC radiation and



UVB wavelengths below 290 nm [15]. The solar UVR reaching the earth’s surface is
comprised of 90-95% of UVA radiation, with UVB accounting for the remainder.

Whether the UVB or UVA plays a more important role in melanoma development is still
controversial [16]. Although UVB makes up only a very small portion of the total UV
radiation that reaches the surface of earth, it is the major contributor to sunburn. UVB can
be substantially absorbed by DNA, causing direct DNA damage; and its effective role in
melanomagenesis has been demonstrated in mice [17, 18]. Although in these studies,
UVB has been shown to be more effective than UV A in initiating melanoma, the role of
UVA in melanoma development remains significant. UVA can penetrate deeper in the
skin than UVB [19], and it is capable of causing oxidative damages to the DNA in an
indirect manner [20]. In addition, recently it has been shown that human melanocytes
have low repair capacity to oxidative DNA damage [21], indicating melanoma formation

is mainly due to DNA breakdown induced by UVA.
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Figure 1-1: Schematic diagram of skin layers containing terminal and vellus hair follicles. The outer most
skin layer is the epidermis. It is made up of the stratum corneum and cellular epidermis. The dermis is the
next inner skin layer. The bulge regions of hair follicles are positioned in the dermis layer. They house
melanocyte stem cells. The bulge region of vellus hair is about three times shallower than that of terminal
hair.



1.2 Hypothesis

No significant difference was found in the UV sensitivity of children and adults’ skins,
with respect to UV induced skin reactions and anatomic structures [22-24], which led to
further research into current knowledge of melanoma development. Recent studies have
shown that the melanocyte stem cells (McSCs) in the bulge of the hair follicle (see Fig.

1-1) could also be the origin of melanoma upon exposure to UVR [25, 26].

In addition, Fig. 1-2 shows that positive correlation exists between the incidence of
melanoma in adults’ bodies and the number of vellus hair in these areas [27], which again

implies the possible involvement of the follicular stem cells in melanoma development.

A study has shown that in response to wounding or UV irradiation, the McSCs can exit
the bulge of the hair follicle and migrate toward the basal layer of the epidermis and
differentiate into functional epidermal melanocytes [28, 29]. We hypothesize that the
McSCs in VHF receive relatively more UVR prior to puberty, as compared to those in
terminal hair (predominant type of hair in adulthood), resulting in a higher risk of
initiating melanoma due to DNA damage or stem-cells’ activation and translocation in
later life [25]. More specifically, the mutations could occur in quiescent stem cells upon
UVR exposure in childhood without the presence of preceding tumors; but the
cumulatively mutated stem cells have the potential to materialize into melanoma in later
life. This hypothesis is further supported by Fang et.al who found that melanomas contain

a stem cell population [30].

We speculate that the relatively higher dose of UV received by the McSCs in the VHF
could come from the photon transmission in both the skin and the hair shafts. In other
words, the differences in child and adult skin and hair, could be the reasons for the

vulnerability of children to sun exposure.
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Figure 1-2: Positive correlation between the incidence of melanoma in adults’ bodies and the number of
vellus hair follicles in these areas. Level 2 and 3 are the scales used to describe low lifetime and high
lifetime mainly intermittent sun exposure. The number of the vellus hair follicles varies with body site. S
m, S w, B m, B w represent Swiss men, Swiss women, British Columbian men, and British Columbian
women, respectively. Reproduced figures [27].

1.3 Thesis structure

The main body of the thesis is composed of several journal and conference articles (See
Appendix A for more detail). They have been organized in an order designed to give

readers the best flow of the thesis.



Chapter 2 delivers a review of the background knowledge of the link between melanoma
development and hair follicles, and studies on the optical properties of human hair.

Specific research objectives will be introduced at the end of the chapter.

Children typically have thinner skin layers [31, 32], which will allow more UV photons
to transmit deeper into the skin. In addition, the McSCs in the VHF are much shallower
in the dermis than those in the terminal hair [33]. How these factors affect the UV dose
received by the McSCs will be investigated in Chapter 3 using a Monte Carlo (MC)

simulation of photon propagation.

As early as about three decades ago, it was observed that lightly pigmented human hairs
may transmit visible light along their shafts to the follicular epithelium and dermis [34].
Human hair shafts were shown to possibly transmit ultraviolet light down to the bulb
region a decade later [35]. We hypothesize that vellus hair, due to its unique morphologies,
may contribute to the transmission of harmful UV energy to McSCs. The first step in
testing this hypothesis is to determine the optical properties of human hair. Caucasians
are the most vulnerable group of humans to sun exposure [36]. In Chapter 4, the
transmission property of the hair samples collected from Caucasian children and adults,

CTM

in the UV wavelength range, is investigated using a CRAI micro-spectrophotometer.

To reveal the roles vellus and terminal hair play on the solar UV transmission in the skin
to McSCs, the measured optical properties of human hairs in the UV wavelength range

are applied to the MC simulations (Chapter 5).

As the primary reason for skin cancer-relevant death, melanoma is notoriously famed for
its metastatic ability [37]. The propensity of melanoma cells for distance metastasis
closely resembles the migratory feature of McSCs [29]. If the hypothesis holds true, it
may not only rationalize the phenomenon seen in the immigrant and epidemiological
studies and build up the current knowledge of melanomagenesis, but also explain the
reasons for recurrence of melanoma years or decades later after treatment. The success of
this research may have significant implications for primary prevention through, for
example, public awareness and improvement of sunscreen, e.g. for coating hair as well as

skin.



Chapter 2 Literature Review

2.1 Introduction

Chapter 2 firstly reviews the evidence suggesting the vulnerability of children to sun
exposure (Section 2.2). Section 2.3 introduces the anatomy of human hair to provide
necessary background for understanding its possible connection to melanoma
development. This is followed by a brief introduction to the optical properties and
experimental measurement techniques used in biological tissues (Section 2.4). Sections
2.3 and 2.4 offer biological and optical knowledge for the later sections. Section 2.5 is
the focus of this chapter. It delivers a review of the optical studies of human hair up to
date, which include the details of sample preparation, experimental methods, results and
statistical analysis. Knowing the UV optical properties of hair enables the radiant
energy/power in the stem cell region from sun exposure to be determined and this is
critical to test the hypothesis. Therefore, Section 2.6 reviews the Monte Carlo method of
photon transport simulation used in human hair studies. Section 2.7 outlines the possible
application of this research. Finally, in Section 2.8, current knowledge of the optical
properties of human hair in the literature are discussed, together with their possible
contribution to melanoma development; and the necessary work needed to test the
hypothesis is suggested. The goals of this review chapter are 1) to review the studies of
the optical properties of human hair in the literature and discuss whether current
knowledge is able to support the hypothesis; 2) provide detailed experimental
measurement methods and analysis to guide researchers in future investigations. The
research gaps will be narrowed down in Section 2.9, which are considered to be feasible

in the time frame of a PhD.

2.2 Vulnerability of children to sun exposure

A study of immigrants to Australia (511 cases and 511 controls) indicated that immigrants
arriving before the age of 10 suffer similar incidence of melanoma to native born
Australians, whereas immigrants arriving after age 15 account for only about a quarter of
this [5]. An epidemiological study (412 cases and 445 controls) in Europe involving
patients from Germany, Belgium and France also confirmed this finding: individuals
arriving in a sunny location before age 10 exhibited a four times higher risk of developing

melanoma in later life [6]. Similarly, individuals who spent more than one year in sunny
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geographies (either the Mediterranean, subtropics or tropics) prior to the age of 10
presented a four-fold higher risk of melanoma, while people who only resided in those
areas in their adulthood did not show major increased risk of melanoma [6]. Studies in
the United States and New Zealand also show similar trends [7-9]. These immigrant and
epidemiological studies suggest that children are more vulnerable to sun exposure, and
that sunburn or excessive sun exposure at an early age could lead to increased risk of

melanoma in later life [10].

This critical period of sun exposure seems to coincide with the ages before puberty
(approximately 11 — 14 years in girls and 13 — 16 years in boys [38]). However, the
explanation for the correlation of high ultraviolet exposure in childhood and increased
risks of melanoma in later life is not yet known, although the differences of skin and hair

in childhood and adulthood have been hypothesized to be the causes [27, 39].

2.3 Hair anatomy and melanoma

This section describes the anatomy of human hair, to provide an understanding of the
possible involvement of hair in melanoma development and provide biological

background for the optical studies to be presented and discussed in Sections 2.4 — 2.6.

The hair shaft is mainly composed of keratin (a type of protein). It is generated by the
living portion of hair called the hair follicle, a complex mini-organ of the skin [40]. Fig.
1-1 illustrates a schematic diagram of hair follicles. The cuticle is the outermost layer of
the hair shaft, which is composed of multiple thin overlapping layers (total thickness <5
um). It is translucent so allows light to penetrate into the inner cortex layer. The cortex is
the bulk of the hair shaft, which contains longitudinally oriented cells [41]. The medulla
is a vertical column of horizontal cells and large air spaces, located at the centre of the
cortex (Fig. 2-1) [41]. The medulla cells have distinct keratins compared to any other cells
of the hair follicle and epithelium [41]. Melanin is a skin pigment [42] and there are two
types of melanin found in the cortex of hair: eumelanin and pheomelanin. It is known that
light coloured hair (e.g. red and blond) has predominantly pheomelanin whereas
eumelanin is responsible for dark coloured hair (e.g. black and brown) [43]. Melanin has
a significant effect on light absorption, especially at shorter wavelengths (e.g. the UV
region) [44].

Vellus and terminal hairs have distinct morphologies. Vellus hair is short (< 2 mm), fine
(< 30 um in diameter) and unpigmented or lightly pigmented [45, 46]. Vellus hairs are
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present extensively in children before puberty, although they are barely noticeable [47].
Due to hormonal changes that occur during puberty, a large proportion of vellus hair will
develop into terminal hair. In contrast to vellus hair, terminal hair is coarse and pigmented,
with length and diameter longer than 2 mm and thicker than 60 pum [45, 46]. Unlike vellus
hair consisting of only the cuticle and cortex, terminal hair also contains the medulla,
which has high light scattering characteristics [48]. In studies on morphology of scalp
hairs and the presence of medullas, Wynkoop noted that only a minority (40%) of hair in
people aged 0-9 had medullas, whereas at ages 10-19, a significant majority (82%) had
medullas [49].

Overall, the anatomy of hair suggests that UV radiation might transmit along vellus hair
more easily than terminal hair. Furthermore, the bulge in the outer root sheath of the hair
follicle, that houses the stem cells, is located approximately 1200 pm from the exposed
skin surface in the terminal hair, which is more than 3 times deeper than the location of
the bulge in the vellus hair, at about 360 pm [33], implying that the stem cells in the vellus

hair follicles are less protected from sun exposure than THF.

It is hypothesized that the unique morphologies of vellus hair may provide an additional
optical path, contributing to the overall UV transmission received by McSCs. The

cumulatively damaged McSCs then have the potential to become melanoma.

I

I
Cuticle Cortex Medulla

Figure 2-1: Images of the longitudinal section of human hair taken by electron microscope [41]
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As the first step to proving the hypothesis, the optical properties of human hair (vellus
and terminal hair) need to be well understood. More specifically, the overall optical
properties of vellus hair are thought to be responsible for deeper penetration depth of UV

radiation than in terminal hair.

Vellus hairs grow in the areas of the body that appear hairless. Even on the scalp, which
is usually considered to have only terminal hair, vellus hair may still account for 7% - 25%
of the total hair population. Furthermore, there are ‘miniaturized’ terminal hairs in the
scalp with hair shaft diameter < 30 pm, which can be classified as ‘vellus-like’ hair [50].

‘Hair loss’ is the result of transition of terminal hairs to vellus hair [51].

Human skins are classified into six groups based on the reactiveness to sun exposure,
according to the ‘Fitzpatrick skin typing system’ [52]. From skin type I to VI, the
sensitivity to sun exposure decreases. For example, people with the skin type I and II have
sunburn easily without tan or minimal tan. They are fair-skinned individuals with blue,
hazel or green eyes, blond, red or brown hair. Whereas highly pigmented skin type VI is

insensitive to the sun exposure and never burns.

2.4 Introduction to the optical properties of tissue

Section 2.4 briefly introduces the properties used to describe the optical characteristics of
biological tissues and the different measurement techniques for determining these

properties.

2.4.1 Optical properties of biological tissues and measurement methods

Absorption and scattering are the two phenomena that occur when light interacts with
biological tissue. The optical properties that are commonly used to describe the light
propagation in tissue, are the scattering coefficient ug, absorption coefficient u, ,
scattering phase function p, and refractive index n [53]. The absorption and scattering
coefficients are commonly measured in inverse millimeters and their reciprocal are the
average distance that photons will travel before being absorbed or scattered in tissues,
respectively. The scattering phase function is used to describe the angular distribution of
photons after a single scattering. When multiple scattering occurs in thick tissues, the
scattering profile is conveniently described by a dimensionless parameter, the anisotropy
factor g (mean cosine of the scattering angle), which characterizes the tissue scattering

pattern by its asymmetry [53, 54]. As g approaches 1, 0 and -1, the scattering even tends



to be dominantly forward, isotropic and extremely backward, respectively [54]. The
reduced scattering coefficient ug, combines the scattering coefficient and the anisotropy
factor as u; = us(1 — g). The sum of the absorption and scattering coefficients is called
the attenuation coefficient p;, which determines how far light can propagate in tissues
before being scattered or absorbed. The refractive index describes how light

refracts/bends when it encounters an interface between different media.

Optical properties of biological tissues can be calculated by converting measurements of
observable quantities into standard parameters [54]. Measurement techniques are
classified into two categories: direct and indirect methods. Direct methods use basic
principles of light to calculate the optical properties of optically thin tissue sections (single
scattering) from measured quantities, which do not involve the use of a model of light
transport in tissue. For instance, the attenuation coefficient of a sample can be calculated
from the collimated transmittance measurement using Beer’s law [55]. By contrast,
indirect methods involve measuring quantities such as diffuse reflection and transmission,
from which the optical properties of optically thick tissue sections (multiple scattering)
can be determined by solving an ‘inverse problem’ based on a model of light transport in
tissue [54, 56-58]. A common indirect technique involves measurements using integrating
spheres (Fig. 2-2). The inverse Monte Carlo method is then used to estimate the optical
properties of the tissues by fitting the simulated results to the experimentally measured

quantities [59-61].

Integrating sphere

Light

Tissue
sample
Detector Detector

Figure 2-2: Double integrating sphere for measuring the diffuse reflectance and transmittance from an
optically thick section
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2.4.2 Light Propagation model — Monte Carlo method

Light transport in biological tissues can be modeled analytically by the radiative transfer
equation (RTE) as well as numerically by the Monte Carlo (MC) method. Radiative
transport theory describes the energy transfer through a turbid medium [57]. As radiative
transport theory states, the radiance L(r, s)(W.msr!) of light at position » and moving
in the unit direction vector s is attenuated by absorption and scattering but its energy is
gained from the light that is scattered from s’ direction [54]. Radiative transport in tissue

is governed by Eq. (2-1)

s VL(r,s) = —u.L(r,s) + ,usf p(s,s")L(r,s")dw' 2-1
4T

Finding closed-form solutions to the RTE is often not possible. Therefore, Diffusion

Approximation Theory is often used for simplification. However, assumption of isotropic

scattering and matched boundary conditions in turn bring inaccuracies, especially in the

region close to the light source and boundaries [62].

The MC method, as a statistical approach to light transport in tissues, requires calculating
the propagation of considerable number of photons, thus significant computation time, to
establish an accurate simulation to reality. The MC modelling of photon transport in
multi-layered tissues was developed and coded in Standard C language by Wang et al. in
the 1990s [63], and modified by many other researchers for different applications [64-67].
It is based on the fact that photons exhibit ‘random walk’ as they propagate in a medium
which involves scattering and absorption. The MC technique has been used to solve both
forward [68] and inverse problems [59-61]. The experimentally determined optical
properties (g, Us, g, 1) of tissues are required as input parameters to simulate light
distribution; whereas in the inverse application, the optical properties are estimated by

fitting the simulated results to the experimental measured quantities.

The algorithm of a Monte Carlo simulation is briefly explained as follows. Figure 2-3
shows a flow diagram of the MC method applied to photon transport in tissues. Each
photon pack is assigned an initial weight. Once the photon pack is launched, a step size
s, 1s calculated based on the probability distribution of the photon free path length and the
attenuation coefficient of the tissue [63]. After the photon pack has entered the tissue and
moved by distance s, an absorption event occurs: a fraction weight of the photon pack is

absorbed according to the absorption probability and scored in the Absorbance Array.
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The remaining weight is then scattered by a new step. The scattering angle is randomly
sampled base on its probability distribution [63]. If the photon pack is about to hit the
boundary, it will either transmit through or be reflected from the boundary; this
probability is governed by Snell’s law and Fresnel’s equation [68]. The photon pack will
travel in the tissue model step by step until it escapes from the model or is terminated by

the program.

The MC method is considered to be more suitable for this investigation because more

realistic skin-hair 3D models can be built for accurate simulations.

C Launch photon )
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Calculate step size s

!

Hit boundary?
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)
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C End simulation )

Figure 2-3: Flow diagram for the principle of the Monte Carlo method for photon transport in tissues
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2.5 Experimental measurement of optical properties of hair

Human hair is delicate, and its average diameter is smaller than that of some common
optical fibers. Therefore, holding the hair sample in place for precise optical measurement
is challenging. The optical properties of human hair have been investigated by a number
of groups. Among them, some works were mainly devoted to the optical properties of the
hair surface [48, 69-73], while others contributed to the knowledge of light propagation
through hair [74-79]. This section describes in detail the experimental investigations of

light propagation properties of hair.

2.5.1 Sample preparation

The hair samples should be free of contaminants (e.g. dirt and oil), which could influence
the measured results. This can be achieved by cleaning the samples with ethanol or
shampoo before any measurements [74, 75]. For the micro-spectrophotometry of hair, the
samples can be placed between a microscope slide and a cover slip [77, 78] or mounted
on a tri-holed metal slide [74]. Some sample holders can also be used to mount the hair
and adjust its position and orientation [75, 79]. The refractive index of human hair is
about 1.54, which is higher than that of air [80]. So some researchers used a refractive-
index-matching liquid to minimize the light loss from the surface scattering in
measurement [77-79], whereas others included the mismatch of refractive index on the
measurement results [74-76]. It is noted that the refractive index matching liquid
(mounting media) should not degrade the hair sample nor absorb UV [74]. When UV
light is involved in the measurement, a quartz microscope slide needs to be used instead

of a glass one as glass absorbs UV and could mask the spectral result.

The optical properties in the transversal (cross-sectional) direction of hair were studied
by most of the groups because of the relatively simple sample preparation procedures [74-
79]. In contrast, the properties in the longitudinal direction of hair were rarely examined
due to the difficulties of achieving a flat cross section of hair and positioning it accurately
for illumination. However, one group achieved this by mounting the properly cleaved hair
to a thin metal wire, wrapped with double-sided tape [75]. Although there are several
techniques for preparing the hair samples with neat cross sections through several steps,
involving the use of mounting media (e.g. paraffin and resin) and microtome sectioning,
they are technically more difficult and time-consuming to implement [81-86]. In one case,
it was found that hairs with different colours sectioned from a microtome were too short

to give discrimination in the spectrophotometry readings [78]. Also, when paraffin is used
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as a mounting medium, since the keratin of hair is harder than paraffin, the hair could

split, break or move within the block [82].

2.5.2 Measurement techniques

The optical properties of biological tissues are commonly measured using an integrating
sphere (Fig. 2-2) [58, 87]. However, human hair has never been studied using this method
due to the difficulty of accurately focusing light onto a hair shaft inside an integrating
sphere. Nevertheless, the optical characteristics of some relatively larger mammals’ hair
have been investigated using this techniques [88, 89]. Instead, human hair was primarily

studied using a common confocal setup [48, 69-79].

A confocal setup of collimated transmittance measurement, as shown in Fig. 2-4, was
constructed by Kharin et al. to examine the attenuation coefficient of human scalp hair
[79]. Five laser sources with different wavelengths ranging from 409 to 1064 nm were
used to examine the wavelength dependence of the optical properties of different hairs.
In addition, for the first time in the literature, a multi-order wave plate was used in this
study to rotate the light polarization for studying the sensitivity of the optical properties

to polarization of light.

Constructing a confocal setup for optical measurements of such a small object could be
costly and time consuming, if starting from scratch. Alternatively, given the advantages
of accurately focusing light onto hair using an optical microscope, a video camera and a
light source that are attached to an optical microscope has been commonly used in the
past to study the optical properties of human hair [74, 76-78]. The CRAIC™ Micro-
spectrophotometer and Jasco Spectrophotometer are two modern instruments in the

market that can be used to study the optical properties of microscale materials [90, 91].

Diaphragm
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Figure 2-4: Schematic diagram of the confocal setup used for the measurement of collimated transmittance
through a hair: A/2, a multi-order half-lambda waveplate; F1, a 20 x 0.4 NA microscope objective; F2, a
40-mm-focal-distance lens; F3, a 100-mm-focal-distance lens. Reproduced figure with permission [79].
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They are powerful but expensive devices that combine the techniques of microscopy and
spectrophotometry, providing measurement of the UV-VIS-NIR range of transmission,
absorbance and reflectance for sampling areas as small as 6 pm X 6 pum [91]. In the
micro-spectrophotometry studies of hair, the incident light is focused down to a size
smaller than the diameter of human hair to obtain the absorbance or transmission spectra
of hair samples [74, 77, 78]. A dark scan and a reference scan are required during
measurement to obtain accurate spectra graphs. At a given wavelength, transmittance, 7
for example, is calculated using Eq. (2-2), where I, is the dark reading measured by a
detector when the light source is turned off while I is the reference reading when the hair
sample is absent in the light path; and I},4;, is the reading when the hair sample is in place.
To reduce the uncertainties of the result on each hair, I, is determined by averaging

multiple measurements along the length of the hair shaft [74, 77, 79].
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From the transmittance measurement, the attenuation coefficients of hairs were estimated
using Beer’s law, as shown in Eq. (2-3), where L is the thickness of the material [77, 79].
The diameters of the hair samples have been measured conveniently using a video camera

that is fitted to the microscope [76, 77, 79].

Ln(T)
L

2-3

U =

However, by assuming the measured transmitted light is collimated, the attenuation
coefficients are underestimated. Another limitation of only conducting the transmittance
measurement is the difficulty of distinguishing the absorption and scattering coefficient
from the attenuation coefficient on its own. Rather than calculating the attenuation
coefficient from Beer’s law, Bashkatov et al. took a similar approach using a digital video
microscopic system [76]. The images of hairs in the reflectance and transmittance modes
of a microscope are acquired and analysed. From the colour images of hair shafts, their
absorption and reduced scattering coefficient are estimated using the inverse Monte Carlo
method. Readings from white and black papers are used as a reference and a background
signal in the reflectance measurement, while the readings from a transparent glass are

used as a reference in the transmittance measurement.
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The refractive index of scalp hair can be determined by increasing the refractive index of
the hairs’ mounting media in small intervals until they match, in which case the hair
became invisible under a transmittance microscope [80, 92]. Wang et al. used the optical
low-coherence reflectometry (OLCR) technique to investigate the refractive index of
human scalp hair at a wavelength of 850 nm [75]. Different single hair shafts are scanned
both longitudinally and transversely. The refractive index of hair is calculated as a ratio
of the scan length of the reference mirror in the OLCR result and the physical length of
the hair shaft. Although the attenuation coefficients were not reported in Wang et al.’s
study, they were estimated by Kharin et al. using Beer’s law based on the magnitude of

the interference signals in the OCLR graph [79].

2.5.3 Hair optical properties

Wells observed that grey hair acts as a natural optical fiber, transmitting light along the
hair shaft [34]. The transmittance microscope image of hair in his work illustrated that
the cortex of the hair behaved like the core of an optical fiber, allowing the passage of
light. In contrast to the cortex, the air-filled medulla at the centre of the shaft appeared
dark, implying no light transmitted through this region. Wells also pointed out that the
colour of hair is the most important factor affecting the light transmission along the shatft:
darkly pigmented brown hair transmitted little or no light. Although no corresponding
optical properties of hair were reported, these findings were confirmed by other later

studies that presented numerical values [75-77, 79].

The attenuation coefficient is the most commonly reported property of human hair in the
literature because it can be estimated conveniently by applying Beer’s law. Figure 2-5
illustrates a summary of the attenuation coefficient of different coloured hairs at different
wavelengths, obtained from three research groups [75, 77, 79]. These studies show that
highly pigmented brown and black hairs have, as expected the highest absorption and
attenuation coefficients, while little- or un-pigmented blond and grey hairs have the least
values. Among these studies, Kharin et al. demonstrated that the attenuation coefficient
of the medulla was dramatically higher than that of the cortex, especially in blond and
grey hairs [79]. This explains why the cortex of the grey hair appeared extremely bright
while the medulla appeared completely dark in Wells’ study. In contrast with other
measurement and analysis methods, Bashkatov et al. discriminated between the
absorption and reduced scattering coefficient [76]. However, lightly pigmented blond and

grey hairs showed significantly higher reduced scattering coefficient, which is
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inconsistent with Wang’s results [75]. This great inconsistency of results may be due to
the fact that hair samples with and without medulla were studied by the two research

groups, respectively.

Apart from the dependence of the optical properties of hair on its colour and the presence
of a medulla, the attenuation, absorption and reduced scattering coefficients all increase
with a decrease in the wavelength [76, 79]. In addition, the difference between the optical
properties in highly and lightly pigmented hair increases with a decrease in wavelength
[76, 79]. These relations can be seen from Kharin et al.’s results in Fig. 2-5 [79]. This
observed result is primarily due to the fact that the absorption and scattering coefficients
of melanin become progressively more significant as the wavelength decreases [93, 94].
Therefore, it is inferred that the difference between the optical properties (absorption and
scattering coefficients) of highly- and un-pigmented hairs (e.g. terminal and vellus hair)
will peak in the UV wavelength region. This means that UV rays are expected to penetrate

more deeply in vellus hair than in terminal hair.

Table 2-1 summarizes the varied experimental factors (different hair samples,
experimental methods, directions of measurement and refractive-index-matching

conditions) in these studies, which may result in the difference seen in their results.
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Figure 2-5: Attenuation coefficient of human hair with different colours. Data is obtained from Kharin et
al. [79], Lin et al. [77] and Wang et al. [75]. The properties of the black and blond hair samples in Wang et

al.’s study are measured in the longitudinal direction while the rest data are all measured in the transverse
direction.
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Table 2-1: Summary of the experimental factors in the studies of the attenuation coefficient of human hair
[75, 77, 79]. The details of the hair samples used by Wang et al. are not reported.

Direction of  Refractive index

Hair sample Experimental Method .
measurement matching
) Collimated
Kharin et al. Non-medullated .
. transmittance Transverse Yes
[79] scalp hair
measurement
Lin et al. Medullated Micro-
. Transverse Yes
[77] body hair spectrophotometry
Wang et al. Optical low-coherence Transverse & N
- 0
[75] reflectometry longitudinal

The attenuation coefficient of black hair at the wavelength of 700 nm determined by Lin
et al. [77] is inconsistent with the wavelength-dependency of the black hair observed in
Kharin et al.’s work [79]. This inconsistency is probably attributed to the presence of
medulla since the high scattering effect of medulla can contribute to overall attenuation
coefficient of hair. In contrast, the attenuation coefficient of black hair reported by Wang
et al. [75] again differs to the other two studies. One fact is that, Wang et al. [75]
performed the measurement in air, in which the surface scattering effect is taken into the
total attenuation coefficient. Furthermore, the black and blond hair were measured in the
longitudinal direction by Wang et al. [75], whereas the rest were measured in the
transverse direction. The attenuation coefficient of red hair measured in the transverse
direction is surprisingly much higher than that of black hair at the same wavelength, both
determined by Wang et al. [75]. It is too early to draw a solid conclusion that the optical
properties are different in the transverse and longitudinal directions since other variables
such as measurement techniques and hair samples, which are different in the different

studies, may all affect the published results.

The lowest attenuation coefficient is expected to be observed in the cortex of the blond
hair because it mainly contains pheomelanin. The attenuation coefficient of the cortex of
hair in Kharin et al.’s study shows an exponential relation with the wavelength. Based on
the current knowledge, the cortex of the blond scalp hair is considered to be mostly close
to that of vellus hair. Therefore, we extrapolate the attenuation coefficient of the cortex
of blond hair at a wavelength of 350 nm to be 26 cm’!. By assuming the absorption to be
dominant to the scattering in the cortex of blond hair, we estimated its penetration depth

(at 350 nm wavelength) to be 376 um, which is about six times deeper than that of fair
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Caucasian skin [95], implying that UV may penetrate much deeper in vellus hair than
skin. The contribution of vellus hair in the UV energy delivery is to be verified by

determining the UV optical properties of vellus hair.

As presented by Barrett et al, the absorbance spectra (200 — 700 nm) of scalp hairs with
different colours peaked in a wavelength range of 300 — 400 nm [74]. However, no
numerical values of the optical properties of hairs were reported and the absorbance
spectra graphs have no scale for comparison. In another spectrophotometry study of red
and brown hair, the absorbance spectra (400 — 800 nm) of hairs from red-haired people
differed noticeably to those from brown-haired people, but both peaked at a wavelength
of about 440 nm [78]. In contrast, the absorbance spectra of melanin isolated from red
and black hairs continuously decreased in the wavelength range of 270 — 700 nm; while
a more marked decrease was observed in red hair [96]. Greenwell et al. found that
regardless of age, gender and race, the refractive index of the cuticles of hairs varied
slightly from 1.543 to 1.554. As noted in this study, females and children have similar
values of the refractive index, which tend to be higher than that of males [80]. In contrast,
Wang et al. showed that the refractive indices of the hair cortical regions were in a range

of 1.56 — 1.59 [75].

Studies in the literature so far have mainly looked at the influence of colour on the optical
properties of scalp hair in the visible and infrared range of wavelength. In addition, the
hair examined was primarily adult terminal hair, and very little investigation was done on
children’s hair and none on vellus hair. All in all, current knowledge of the optical

properties of hair cannot provide enough evidence to support our hypothesis.

2.5.4 Statistical analysis
The anatomy of human hair varies with colour, age, gender, race and body site. Achieving

statistically significant optical properties requires a substantial number of samples.

Statistically significant results of the refractive index of human scalp hairs (2529 hairs
from 97 individuals) were obtained by Grenwell et al., taking into consideration different
races, sexes and ages [78]. The dispersion of the result was about 1%. Similarly, a large
number of samples (1080 hairs from 54 brown haired individuals, 420 hairs from 21 red

haired individuals) were used in Nicholls’ study to determine their absorbance spectra.

Wang et al. also investigated the refractive index of the cortical region (cortex and

medulla) in the longitudinal direction of scalp hairs [75]. However, the identities of the
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hairs and the number of samples were not reported. Kharin et al. used five hair samples
from single individuals with different hair colour (Black, light brown, grey and blond)
[79]. Again, the age and gender of the individuals were not specified.

Over 30 hair samples each from 10 individuals were used in Bashkatov et al.’s study [76].
The age, gender and hair colour were specified in the paper. Barrett et al. also used five
natural scalp hair samples each from seven groups of colour (each group consisting of 1-
5 individuals) to study the variation in their absorbance spectra due to the different levels
of brown and blond colours [74]. However, no other information about the characteristics

of the hair samples was given.

In Lin et al.’s study, about five body hair samples each from about 45 individuals were
used to determine the attenuation coefficient of human body hair [77]. This study
calculated the mean attenuation coefficient of the hairs with different colours (auburn,
brown and black), from different gender, body sites (back, forearm, thigh, lower leg,
shoulder etc), and ages (21-61). However, due to the randomness of the samples measured
and multiple colours of hair samples involved, the statistical dispersion is more significant
than scalp hair, as it can be seen from Table 2-2. Table 2-2 presents a summary of the
optical properties of black hair and their standard deviation (SD), for wavelengths from

600 to 700 nm.

In the literature, the influences of gender, age, race and, more importantly, hair type, on
the optical properties of hair have not been investigated deeply. Since there are vellus and
terminal hairs existing at different sections of human bodies and their morphologies vary
greatly, if human body hairs are to be examined, the colour, type and site of hair are the

main categories to be considered in any future statistical analysis.

Table 2-2: summary of the optical properties of black hair in the transverse direction and their standard
devivation [76, 77, 79]

Wavelength (nm) Optical property (cm™) SD (+)
28.5° 6.3
Bashkatov et al. [76] 600
37.5° 18.8
Kharin et al. [79] 633 250¢ 20
Lin et al. [77] 700 2774 111

2 Absorption coefficient of scalp hair

bReduced scattering coefficient of scalp hair

¢ Attenuation coefficient of the cortex of scalp hair
4 Attenuation coefficient of body hair
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2.6 Monte Carlo method for photon transport in skin and hair

Stem cells can be found approximately 360 and 1200 pm from the exposed skin surface
in vellus and terminal hair follicles, respectively. Examination of the significances in
magnitude of the radiant energy density in these locations due to sun exposure may

provide more information and evidence to support the hypothesis.

Radiant energy transfer to the hair follicle through the skin due to light exposure has been
simulated using the MC method for the application of epilation (hair removal) [97-100].
Figure 2-6 shows a diagram of the principle of using a MC simulation to determine the

energy exposure of the hair follicle from a Ruby laser beam [97].

Broadband light sources that deliver polychromatic light with various intensities at
different wavelengths have also been commonly used for epilation. The principle of this
method is to select the appropriate wavelength, pulse duration and fluence (radiant
exposure) from a broadband light source to damage the stem cells of hair follicles (for
permanent hair removal) with the least interference to the surrounding tissues (selective
photothermolysis). The MC method requires the input of the optical properties of the
tissues (epidermis, dermis and hair), which are strongly wavelength dependent. Averaged
values over the range of the light source spectrum cannot be used. For this reason,
implementing the MC photon simulation to tissues subjected to light with varied
wavelengths is challenging [98, 99]. To overcome this challenge, Ash et al. ran the MC
photon simulation simultaneously for each wavelength comprising the spectrum of the
broadband light source [99]. In contrast, Sun et al. applied a spectrum-intensity-weighted

method to estimate the effective absorption and scattering coefficients of the tissues [98].

Table 2-3 summarizes the optical properties of hair reported in Sun et al. and Ash et al.’s
publications. However, the optical properties of the hair, epidermis and dermis in their
numerical model were only estimations. The absorption and scattering coefficients of hair
were estimated by assuming the melanin and water contents to be 0.3 and 0.25
respectively [98]. The temperature of the hair follicle in the simulation was validated by
measuring the temperature values in a two-layered, agar gel skin phantom using a
thermocouple [98]. The agar gel skin model, having the same optical properties as skin
was made by dissolving the granulated agar, dyes and milk into boiling distilled water.
The refractive-index-mismatch of hair and skin was taken into consideration in Ash et

al.’s simulation [99, 100].
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RUBY LASER BEAM

Figure 2-6: Diagram of the principle of the Monte Carlo photon simulation in the skin and hair follicle.
Reproduced figure with permission [97].

Theoretically, the Monte Carlo photon simulation in hair requires the knowledge of its
absorption coefficient, scattering coefficient, refractive index and anisotropy factor.
However, it is difficult to experimentally determine all the properties, due to the small
size of hair. In addition, the inhomogeneous structures of hair make realistic photon
simulation more challenging. Therefore, the refractive index and anisotropy factor of hair
are usually assumed, and the hair is often simply modeled as a cylinder in the MC

simulation [97-100].

Table 2-3: Summary of the optical properties of hair (estimated) used in MC simulation [98-100]. The
absorption and scattering coefficients of hair are not reported in Ash et al.’s publication.

Absorption Scattering Refractive Anisotropy
coefficient (cm™)  coefficient (cm™) index factor
Sun et al. [98] 36.61 13.45 1.37 0.79
Ash et al. [99, 100] - - 1.7 0.789
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2.7 Protection from sun damage

Hair, like skin, can also be damaged by the UV rays. For example, prolonged sun
exposure can cause hair to develop split ends, brittleness, dryness and colour fading
through photoaging and photodegradation processes [101-103]. The influence of sun
exposure on the appearance of scalp hair has drawn more attention recently. Several
sunscreens that can be used for hair (both body and scalp hair) are available in the market
[103-107]. Unlike skin, the human hair shaft is nonliving and carcinogenesis within the
hair is not possible. If human hair is damaged by sun exposure, it will be replaced by new
grown hair in the next hair cycle. Therefore, lack of UV protection for hair does not seem
life-threatening. However, if hair shafts act like UV transmitting media and have the
potential to cause damage to the hair follicle and skin, resulting in skin cancers,
developing sunscreens that provide effective photo-protection for the skin and the hair
becomes essential; and the effectiveness of current sunscreens on hair becomes worth

investigating.

2.8 Chapter summary

The optical properties of human hair have most commonly been studied using the optical
spectral measurements based on an optical microscope. Those studies have shown that
the optical properties of human hair depend strongly on the type and concentration of
melanin contained in the hair shafts, the site of the hair, the presence of the medulla and
the wavelength being measured. It is well accepted that eumelanin-dominated dark hair
has higher absorption and scattering coefficients than pheomelanin-dominated light hair.
The optical properties (absorption coefficient, reduced scattering coefficient, and
attenuation coefficient) of hair increase with a decrease in wavelength, meaning fewer
photons at shorter wavelengths are transmitted through hair. This phenomenon is much
more pronounced for dark hair. Therefore, based on the unique morphologies of vellus
hair (absence of medulla and little or no melanin present), it is inferred that UV radiation
would penetrate deeper in lightly or non-pigmented vellus hair than highly pigmented
terminal hair. However, the studies in the literature have focused only on examining the
optical properties of human scalp hair (terminal hair) in the visible and infrared range of
wavelength; so current knowledge of the optical properties of hair cannot provide enough

evidence to support our hypothesis. Therefore, the UV optical properties of vellus hair

23



need to be explored; whether vellus hair transmits more UV light than terminal hair is yet

to be answered.

Since preparing hair samples for the measurement in their transverse direction is
relatively easy, the knowledge of the optical properties of hair from the literature are
primarily limited to its transverse direction. The properties in the longitudinal direction
of hair shafts need to be investigated further, which will require proper hair sample
preparation, precise instrumentation and statistical analysis of the results. In addition, the
cortex of hair has been found to have a much lower attenuation coefficient than the
medulla, which is a strongly scattering structure in the centre of the hair shaft, implying
that the light is primarily propagated in the cortex. It is possible that UV penetrates
through the cuticle of vellus hair from all directions and travels in the cortex of the hair
shafts deeper into the follicle region. Some of the transmitted light is then scattered to the
stem cells, possibly causing damage to these cells. The cumulatively damaged stem cells
have the potential to become melanocytes and melanomas in later life. If this hypothesis
is proved to be true, it may reveal why children are more vulnerable to sun exposure, and
the consequent increased melanoma incidence seen in adults who have experienced
excessive sun exposure or sunburn in their childhood. It would also explain the positive
correlation between the incidence of melanoma in the areas of adults’ bodies and the

number of vellus hair follicles in these areas.

Children younger than 10 have a noticeable proportion of ‘vellus-like’ scalp hair and their
terminal hairs on the scalp are generally finer than those of adults [49, 50]. Therefore,
children’s scalp hair could be studied more conveniently by researchers than fine and
short bodily vellus hair. The wide variations of the optical properties of hair indicate that
statistically significant measurements of hair properties need to be achieved for reliable

comparisons.

As human skin is exposed to the sunlight, the energy may not only penetrate through the
skin but also hair. Examining and comparing the radiant energy in the bulge regions of
hair follicles using the Monte Carlo photon simulation could provide evidence to support
the hypothesis. It will also allow us to visualize the contribution of hair, as an energy
conduit, in the energy transfer process. The outcome of this research may contribute to

the prevention of melanoma.
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2.9 Research objectives and methodology

It is hypothesized that the McSCs in vellus hair follicles can receive relatively higher dose
of UV than those in the terminal hair follicles. This may be the result of the differences
between child and adult skin, and vellus and terminal hairs. To validate the hypothesis,

the objectives and methodology are described as follows:

1) To determine the influence of the differences between the child and adult skin on the

UV dose absorbed by McSCs (Ignoring the influence of hair)

The vulnerability of children to sun exposure could be due to the differences in child and
adult skin alone. Therefore, in Chapter 3, MC simulations will be used to investigate the
differences in the UV absorption in the stem cells in child and adult skin, based on the
current knowledge of the optical properties of human skin. Two main differences between
child and adult skin will be considered: the skin layer thicknesses and the depth of the
McSCs.

2) To determine the difference in the UV absorbed by McSCs in the bulge region

between vellus and terminal hair follicles, considering the differences between hairs

To achieve that, the MC simulations will be carried out in skin models with vellus and
terminal hairs. This will require the optical properties of vellus and terminal hairs. The
optical properties of human hair in the UV wavelength range are essential in validating
the hypothesis, and these are missing in the literature. Therefore, the first step to achieve
this objective is to measure the transmittance spectra of hairs in the UV wavelength range
(Chapter 4). The hair samples used in this research will mainly comprise of scalp hair
because it is easier to acquire than fine body hair. A CRAIC™ Microspectrophotometer
will be used to investigate the optical properties of hair in the UV wavelength range.
Although the optical properties of hair in the longitudinal direction could be different to
that in the transverse direction, this research will focus on the measurement in the
transverse direction of hair due to the difficulties and disadvantages encountered when

preparing samples (as discussed in Section 2.5.1).

The transmittance spectra of hairs will further be converted into the attenuation
coefficients, which will be implemented in the simulations. Finally, in Chapter 5, two
realistic skin models, one having vellus hairs and the other one having terminal hairs, will
be used to determine the difference in the UV dose received by McSCs using the MC

simulation.
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Chapter 3 Solar UV transmission in child and adult skin

3.1 Introduction

Although different morphologies of vellus and terminal hairs could result in their different
UV transmission properties, skin still remains as a major pathway for UV transmission.
This chapter considers the influences of the differences between child and adult skin in

the transmission of UVR.

Children typically have thinner skin layers than adults [31, 32], which will allow more
UV photons to transmit into the deeper skin layers. In addition, the McSCs in VHF are
much shallower in the dermis than those in the THF [33]. Therefore, the McSCs in
children’s skin could be subjected to higher doses of UVR from transmission through the
skin alone. To quantify the solar UV dose absorbed by the follicular stem cells (which
could be an indication of their relative risks of developing melanoma), we used the MC
method for photon transport. The MC method of modelling light transport in skin layers
has been implemented in several investigations [108-110]. However, it is noticed that in
these studies, the thickness of the skin layers and some of their optical properties are often
assumed. In addition, the solar UV transport in the human skin is rarely studied. In this
part of the research, we have applied the UV optical properties and typical thicknesses of
skin layers for Caucasian children and adults in a MC model [31, 32, 111]. The objective
of this part of the research is to quantify the radiant power absorbed by the entire
horizontal skin layer where the stem cells reside in child and adult skin from the solar
UVR. A series of simulations were conducted to obtain the results over the effective UV
wavelength range (290 — 400 nm). Since the focus of this chapter is to investigate the
differences of child and adult skin on its own with respect to UV absorption in the stem
cells, the hair shafts were excluded in the MC model. A more realistic skin model with
hair shafts, will be set up for simulation in Chapter 5, after the optical properties of hair

are determined in Chapter 4.

3.2 Materials and methods

3.2.1 Monte Carlo method for light transport in skin
When UV rays reach the skin, a small fraction of the incident radiation is reflected from

the surface of the skin to the air [44]. The rest of the light is refracted beneath the skin
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surface. As the photons propagate in the skin, they will be either absorbed by tissue cells
or scattered to the surrounding skin cells. These two processes together determine the
energy distribution within the tissue. Due to the nature of the MC method, intense
computation of photon transport is required to accurately simulate reality, which made it
time-consuming initially. This drawback has been improved significantly in the past

decades using a variety of techniques [68].

In this work, we employ the GPU-based Monte Carlo eXtreme (MCX) to achieve a much
faster acceleration in the computation time than conventional CPU based Monte Carlo
algorithms [112]. The tissue is considered to be made of voxels with assigned optical
properties. Statistically significant numbers of photons are launched into the tissue in a
sequential order. Each photon with an initial pack weight of 1 repeatedly experiences
scattering and absorption until it exits the domain or its remaining weight is insignificant
[112]. The scattering length x, is calculated based on the probability distribution of the
photon free path length and the scattering coefficient of the tissue [63, 113]. The
probability distribution for the cosine of the deflection angle, P(cos®) is expressed by
the Henyey-Greenstein phase function [63], as shown in Eq. (3-1), where g is the

anisotropy factor.

1— g2

3
4mt(1+ g% — 2gcosh)2

P(cosB) = 3-1

A proportion of the photon’s weighting is subtracted from it and added to the voxel
according to the absorption probability at the end of each scattering event. When the
photon pack hits a boundary layer, it will either transmit through or be reflected from the
boundary according to Snell’s law and Fresnel’s equation. The accuracy of MCX has

been validated with the analytical method from the diffusion theory [112].

3.2.2 Physical model of skin in MC simulation

Human skin is a complex heterogeneous medium. The first two upper layers of skin are
the epidermis and dermis. The epidermis consists of the stratum corneum and the cellular
epidermis. Since the stem cells are housed in the bulge region of the hair follicle in the
dermis, we model the skin as a three-layer tissue, which includes the stratum corneum,

epidermis and dermis, as shown in Fig. 3-1.
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Stratum Cornenm

Epidermis

Figure 3-1: Schematic diagram of a three-layered skin model built in MCX. The stem cell layer refers to
the layer of skin at the depth of follicular stem cells.

Although the epidermis can be further stratified, current knowledge of the optical
properties is limited to stratum corneum and epidermis (bulk quantity). The stratum
corneum is treated separately from the rest of the epidermis because its optical properties
have been reported to differ considerably to the overall epidermis [44, 111, 114]. Each

tissue layer is modelled to be flat with uniform optical properties.

The thickness of skin increases gradually from birth to adulthood [115] and noticeable
differences between the thickness of skin before and after puberty has been observed
[116]. In terms of UV protection, the thicknesses of the stratum corneum and epidermis
are considered important in reducing the amount of UV reaching deeper into the skin
[117]. In Caucasians, the thickness of both the stratum corneum and cellular epidermis

have been found to be greater in young adults (after puberty) than children [31, 32].

The thickness of the bulge region in the vellus and terminal hair are approximately 90 and
240 pm, respectively [33]. We define the skin layer that houses the McSCs as the stem
cell layer (Fig. 3-1). This layer has depths of 360 and 1200 pm (measured from the center
of the layer to the skin surface). Table 3-1 presents typical thicknesses of the stratum
corneum, cellular epidermis, bulge region and the depth of the bulge region in the child

and adult skin.

Table 3-1: Summary of typical thicknesses of the stratum corneum [31], epidermis [31, 32] and dermis in
child and adult skin, and the thicknesses and the depths of the bulge regions in vellus and terminal hair
follicles [33].

. Stratum Cellular .
Skin layer corneum epidermis Bulge region Bulge depth
Classification | Child | Adult | Child | Adult | Vellus | Terminal | Vellus | Terminal
Thickness (um) | 28.8 35.4 62.0 77.0 90 240 360 1200
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3.2.3 UV optical properties of human skin

In contrast to the differences reported in the anatomy of child and adult skin, there is very
little knowledge about the optical properties of child skin. The primary skin types found
in Caucasians’ skin are skin type I and II [52]. According to the Fitzpatrick scale, skin
type I and II always burn easily and never (or only minimally) tan. In addition, the
increase in melanin content in Caucasians’ skin after days of UV irradiation is negligible
[118]. Therefore, the melanin fraction (the primary UV filter in the epidermis) is
considered to be the same in Caucasian child and adult skin. Furthermore, the difference
in the UV sensitivity of child and adult’s skin from the aspects of UV induced skin
reactions and anatomic structures has not been identified as significant [22, 23]. In this

study, the optical properties of Caucasian child and adult skin are assumed to be the same.

The UV properties of the stratum corneum, epidermis and dermis are reviewed in the
following paragraphs prior to the simulation of UV transport in the skin. For the optical
properties represented graphically in the literature, a series of data points was determined
by using graphic scaling tools. The least-squares technique was then applied to find a set
of equations that best describe the optical properties relative to wavelength. These

equations were then coded in Matlab for the MC simulation.

The stratum corneum has an approximate anisotropy factor value of 0.9 in the UV region,
indicating its highly forward scattering characteristics [114]. Due to the lack of the
knowledge of refractive index of human stratum corneum in the UV range, it is assumed
to be constant at 1.55 [44]. The absorption coefficient of the stratum corneum increases
relatively rapidly with a decrease in the wavelength [111]. There is a gradual increase in
its scattering coefficient as the wavelength decreases [111]. The absorption and scattering
coefficients are estimated by Eqgs. (3-2) and (3-3). The units of u, and pg are mm™! and

wavelength A has a unit of nm.

1063
Ug stratum = 16 + m 3-2
5.679 x 10°
Us stratum = 186.8 + T 3-3

The scattering coefficients of the human epidermis and dermis are similar in value and

both increase with a decrease in wavelength at a similar rate in the UV-visible spectral
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range [61, 111]. Using the data from Van Gemert et al. [111], the absorption and

scattering coefficients of epidermis and dermis are expressed in Egs. (3-4) — (3-6).

1011
Uaepidermis = —1.125 + m -

8201 1.673 x 10° 3.5
Ha,dermis = 10.94 — 1 + 12 -

Usepidermis = HUsdermis = 600.26 exp(—0.00SA) 3-6

Bruls and van der Leun found that the anisotropy factor of the epidermis varies linearly
with wavelength in the range of 302 — 546 nm [114]. The value of this factor for the
dermis at 633 nm from Jacques et al. [119] fits well to the extrapolated epidermal g factor
from Bruls and van der Leun. As a result, the anisotropy factor of the epidermis and
dermis are considered to be close and follow the same wavelength dependency as
expressed in Eq. (3-7) [111]. In the UV wavelength range, the anisotropy factors of the
epidermis and dermis vary from about 0.7 to 0.74, indicating their strongly forward

scattering characteristics.
Yepidermis = Ydermis = 0.62 + 2.9 x 107*2 3-7

According to a study of the refractive index of human skin in the wavelength range
between 300 — 1600 nm [120], the values of the epidermis and dermis are steady in longer
wavelength (4 > 400 nm) but rise gradually in the UV region. These relations can be
described in Egs. (3-8) and (3-9) [120]. The coefficients of the equation for the epidermis
are not presented in the publication, so they were estimated using the curve fitting
technique to the published graph. Figure 3-2 is plotted using Egs. (3-2) — (3-9). It
illustrates the relationship between the optical properties of Caucasian’s skin layers and
wavelength in the UV range of 280 — 400 nm.
26.57 0.2203

Nepidermis = 1.395 + 1 + FES 3-8

3916.8 2558.8
+

7 7 3-9
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Figure 3-2: Optical properties of Caucasians’ skin layers for the ultraviolet wavelength range of 280 — 400
nm. Graphs are generated using Egs. (3-2) — (3-9), where the data is obtained from various published
experimental results. (a) and (b) The absorption and scattering coefficients of stratum corneum, epidermis
and dermis are derived from the data reported graphically by Van Gemert et al. [111]. (c) The anisotropy
factor of stratum corneum, epidermis and dermis are obtained from the data and equation reported by Bruls
et al. [114]. (d) The refractive index of stratum corneum is acquired from Anderson’s publication [44]; the
refractive indices of epidermis and dermis are obtained from the data and equation in Ding’s publication
[120].

3.2.4 Simulation and data processing techniques

The skin model is constructed as a three-dimensional block in Matlab, which consists of
400 x 400 x 750 cubical voxels in the x-y-z directions respectively. Each voxel has a size
dimension of 2 um. A uniform beam with a diameter of 800 pum illuminates the top
surface of the skin model with a direction normal to the surface. The thickness of each

skin layer is constructed according to Table 3-1.

In our simulation, we employ the solar spectrum measured in a clear day in January at
noon in Melbourne, Australia [15], as shown in Fig. 3-3. This would provide as the worst
case scenario. For better visualization in terms of the units, we convert the solar irradiance,

E into the number of photons by applying Planck’s equation, as expressed in Eq. (3-10),
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where E), is the energy of a photon at a wavelength A, £ is the Planck constant, and ¢ is

the speed of light in vacuum. The number of photons, Np launched from the sun per
second reaching Melbourne at any wavelength is then equal to E/Ep. The number of
photons absorbed in the stem-cell layer from the sun is then the product of Np and the
absorption in that layer. The UV solar spectrum reaching the earth’s surface is comprised
of UVB (A = 290 — 315 nm) and UVA (A = 315 — 400 nm). Both UVB and UVA can
initiate melanoma [16], therefore the multiple MC simulations are run in the skin model
comprising the entire solar UV spectrum (A = 290 — 400 nm) in 1 nm steps. Each run
corresponds to the optical properties of skin layers given at each wavelength (Fig. 3-2).
Each simulation is executed with 108 photon packs for calculating the absorption fraction

in each voxel.
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Figure 3-3: Solar spectrum measured in a clear day in January at noon in Melbourne, Australia. The graph
is generated using the tabulated data reported by Diffey [15]. The irradiance of the UV below 290 nm was
effectively zero. The solar spectrum has an irradiance of 211.6 uW - cm™2 in UVB and 6026.6 uW - cm™2
in UVA.
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3.3 Results and discussion

The simulated results were obtained using the solar irradiance (u{W/cm?) for an uniform
beam with a diameter of 800 um. When larger skin areas are exposed to the sun (higher
solar UV power), the power absorbed in the stem-cell layer will simply be the product of
the absorption fraction, solar irradiance and exposure area. The results can be converted
into energy by multiplying by the exposure duration. 10® of photons have been used in
each MC simulation to obtain the results. During simulations, it has been noticed that this

quantity of photons is sufficient to achieve the desired accuracy.

Figure 3-4 illustrates the absorbed power map of the central slice in the child and adult
skin models. A wavelength of 350 nm is selected for demonstration. Since the same
optical properties of human skin layers have been assumed in both models, the maps show
similar patterns. In Caucasian skin, the stratum corneum is identified to be the main site
of UV filtration [121]. This can be observed from the high-power absorption in the
stratum corneum layer in Fig. 3-4. In addition, the cellular epidermis, which contains
melanins, provides another shielding layer from UVR reaching deeper cells. These results
demonstrate that the epidermis is responsible for the majority of UV absorption. To be
more specific, 96% and 97% of photons at 350 nm are absorbed by the epidermis in the
child and adult skin respectively. These percentages vary from approximately 93% to 99%
from 400 nm to 290 nm for both child and adult skin.

(2) Child skin Log(P)  (b) Adult skin Logu(P)

Stratum corneum Stratum corneum -
36 pm

Epidermis

| Epidermis

Dermis Dermis
500 pm 500 pm

Figure 3-4: Power absorption graphs at 350 nm. (a) and (b) represent the power (P) maps of the central
slice (x:1~400, y=200, z:1~250 voxels) of the child and adult skin models respectively, in terms of the
number of absorbed photons per cm? per second. The depths of the boundaries for each layer are included
in the figure.
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Figure 3-5: Power attenuation along the depth of the child and adult and skin models at 350 nm, in terms
of the number of photons absorbed in each voxel layer per second. Each voxel layer has a thickness of 2
um. The power absorbed by the voxel layer declines almost linearly along the depth of the skin in a
logarithmic scale. Due to different optical properties of each skin layer, the absorbed power shows
discontinuities at the boundary layers. The result is shown for a skin thickness of 500 um, corresponding
to Fig. 3-4.

The adult epidermis absorbs slightly more UV power due to its greater thickness. For the
same reason, approximately double the UV photons at 350 nm is transmitted through the
dermis in child skin relative to adult skin, as shown in Fig. 3-5. Figure 3-5 presents an
indication of the number of photons absorbed along the depth of the skin. The absorption
attenuation trend is observed as discontinuous at the boundary layers because of the

distinct optical properties of the stratum corneum, epidermis and dermis.

Next, we look at the UV power (in terms of the number of photons per second) absorbed
in VHF and THF stem cell layer in child and adult skin. Figure 3-6 shows these results
for the UV wavelength range. The radiant power absorbed by the stem cell layer from the
solar UVR is the product of the absorption fraction in that layer and the solar spectral
irradiance, where the absorption fraction is determined by the optical properties of the
skin. The absorption and scattering coefficients of the skin layers all increase as the
wavelength decreases. This increase is more dramatic in the UVB range (Fig. 3-2). On
the other hand, the solar irradiance in the UVA band is about 28 times greater than that
of UVB band (Fig. 3-3). These two contributing factors lead to the computed power-
wavelength profile in the stem-cell layer (Fig. 3-6).
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It is important to note that not all the photons absorbed in the stem cell layers have effects
on the stem cells in the bulge regions. Some of the photons are likely to be absorbed by
the dermis without any influence on the stem cells. Nevertheless, the results indicate the
relative dose of UVR absorbed in the follicular stem cells from sun exposure and their

relative risks of developing into melanoma.

In both child and adult skin, the power absorbed by the VHF stem cell layer (Fig. 3-6 (a))
is greater than that of THF stem cell layer (Fig. 3-6 (b)). This is attributed to the fact that
the stem cells are situated at about 3 times shallower in the VHF than the THF. Although,
it is noticed that the power from the UVB band absorbed in the stem-cell layer has a
relatively insignificant magnitude as compared to UVA, the effect of UVB on the stem
cells cannot be simply neglected. This is because the higher energy of the UVB photons
1s more effective than UVA in initiating melanoma by causing direct DNA damage [18].
On the other hand, the relatively more penetrative UVA is also considered important since

it is associated with melanoma in an indirect manner, as discussed in Chapter 1 [21].

While the role of UVA and UVB and their significances in melanoma development are
still debatable [16], we present the ratio of the UV absorption in the stem-cell layers in

these categories as a reference for future research (Table. 3-2 & 3-3).
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Figure 3-6: The number of photons absorbed per second from the sun in the stem-cell layers as a function
of wavelength in the child and adult skin models. Power absorbed in the (a) VHF stem-cell layer and (b)
THF stem-cell layer in both child and adult skin models. UVA ranges from 315 to 400 nm. UVB ranges
from 290 to 315 nm.
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Table 3-2: Ratio of the UV absorption in the skin at the depths of the VHF and THF stem-cell layer

Child skin (VHF/THF) Adult skin (VHF/THF)
UVA 255 252
UVB 11000 14000

Table 3-3: Ratio of the UV absorption in the skin at the stem-cell layer between child and adult skin

VHF (child/adult) THF (child/adult)
UVA 1.9 1.8
UVB 32 4.1

Table 3-2 shows the ratio of the UV power absorbed by the skin at the depth of the VHF
and THF stem-cell layers from solar UVR in both child and adult skin. The power
absorbed in the VHF stem-cell layer is dramatically greater than that in the THF stem-
cell layer in both types of skin in the entire UV wavelength range. This suggests that the
shallower stem cells in the bulge of the VHF are much more likely to be involved in
melanomagenesis from the UV exposure. Since the most common type of body hair in
children before puberty is vellus hair, our simulated results may help to explain why there
is an increased risk of melanoma in individuals who have experienced excessive sun

exposure during their childhood [10].

Considering the typical thicknesses of child and adult skin, the UVA and UVB power
absorbed in the VHF stem-cell layer of child skin are found to be respectively about 1.9
and 3.2 times larger than in adult skin (Table 3-3). While a proportion of vellus hair still
remains in adulthood, we extrapolate that their stem cells continuously receive sufficient
solar UV photons for melanoma activation, although the amount has reduced due to the
thickened epidermis. This may explain the positive correlation between the incidence of

melanoma in adults’ bodies and the number of vellus hair follicles in these areas [27].

The optical properties of child and adult skin are treated the same in the simulation due
to the lack of knowledge of child skin. As more knowledge about the blood volume
fraction, the arterio-venous oxygen saturation of hemaglobin in the blood, the average
water content and pigment content for child and adult skin become available in the
literature, the difference in the optical properties of skin can be integrated in the

simulation for more accurate comparison [53].

The solar UV power absorbed in the stem-cell layers may appear insignificant (with a

reference to Fig. 3-6), especially when compared to the radiant power absorbed in the
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epidermis’s basal layer, which is commonly believed to be the original site of melanoma
initiation [11]. Nevertheless, this does not affect our hypothesis due to the two proven
findings in the literature: 1) the stem cells in the bulge region of hair follicles can develop
into melanoma via melanocyte-stem-cell activation and translocation after exposure to
UVR [25]; 2) skin regions with higher numbers of vellus hair follicles are associated with
higher melanoma incidences [27]. Furthermore, melanocyte stem cells could be more

sensitive to UV exposure than the mature melanocytes in the epidermis’s basal layer.

3.4 Chapter summary

In this chapter, we have applied the Monte Carlo photon simulation to quantify the dose
of solar UV power absorbed in the stem cell layer of Caucasian child and adult skin, when
exposed to the sun in a clear summer day at noon in Melbourne. The stem cells in the
VHF have been found to absorb significantly more UVR than those in the THF due to
their shallower residences. As a consequence of the thinner epidermis, the VHF stem cell
layer in child skin absorbs about 1.9 and 3.2 times greater UVA and UVB respectively,
than that in adult skin.

Our simulated results suggest that children having a much higher proportion of vellus hair
as compared to adults, are at significantly higher risk in later life of developing melanoma
by exposing their shallower follicular stem cells to solar radiation. Their relatively thinner

epidermis further increases this risk.

Furthermore, the distinct morphologies of vellus hair and terminal hair have also directed
us to consider whether vellus hairs contribute to transmitting additional UVR to the stem
cells in their bulge regions. The significance of vellus hair in transmitting UV photons
will be introduced in the following chapters, as we seek the reasons for the extreme
vulnerability of children to sun exposure and the increased risk of melanoma seen in the

adults who experienced excessive sun exposure in their childhood.
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Chapter 4 Measurement of UV transmission property of

human hair

4.1 Introduction

As discussed previously, recent studies have shown that the melanocyte stem cells in the
bulge region of hair follicles could also be the origin of melanoma upon exposure to UV
[25, 26, 122]. As shown in the previous chapter, the shallower location of the melanocyte
stem cells in vellus hair has been considered as one of the reasons for the vulnerability of
children to sun exposure, regarding melanoma [123]. Furthermore vellus hairs, with their
unique morphology, are thought to contribute to the passage of harmful UV photons to
the McSCs, which can experience the activation and translocation processes [25],
ultimately resulting in melanoma. To determine whether the vellus hair shaft exhibits
greater UV transmission characteristics when compared to the terminal hair and skin is a

major purpose of this chapter [124].

The optical properties of human hair have been investigated by several groups [74-79,
125], as discussed previously. However, the hair examined was primarily adult terminal
hair, and children’s hair or vellus hair were not included. Among these studies, the
attenuation coefficient of hair is the most commonly reported optical property because it
can be estimated conveniently from the collimated transmission measurement [75, 77,
79]. Given the ability to focus incident light precisely onto hair using an optical
microscope, the absorbance spectra or transmission properties of hair samples at single
wavelengths or a band of wavelengths have been studied [74, 76-78]. However, the
optical properties of human hair in the UV wavelength range have not been reported in

the literature.

Therefore, to study the optical properties of human hairs in the UV wavelength range, a
CRAIC 20/30 PV™ Microspectrophotometer in Soochow University (Fig. 4-1) was used
to measure their transmittance spectra. The CRAIC Microspectrophotometer is a
powerful device that combines the advantages of a microscope and a spectrometer,
providing measurement of the UV-visible-NIR range of transmission for sampling areas
as small as 6 pm x 6 um. The transmittance spectra of hair samples were then used to

estimate their attenuation coefficients using Beer’s law.
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Figure 4-1: Physical photo of CRAIC Microspectrophotometer

A positive correlation exists between the incidence of melanoma in adults’ bodies and the
number of vellus hairs in these areas [27]. However, this trend was not observed for
terminal hair. Therefore, one of the focuses of this study is to compare the attenuation
coefficient of the cortex of vellus and terminal hair in the UVA and UVB wavelength
ranges. Moreover, the attenuation coefficients of the medulla in terminal hair in the UV
wavelength range are also of interest in revealing the overall optical properties of terminal

hair.

Measuring the optical properties of short and fine body hair is, however, technically
difficult. Most of the scalp hair is terminal hair. Fine vellus hair can be found in bald
scalps. Nevertheless, it is found that children younger than age of 10 have a noticeable
proportion of “vellus-like” scalp hair, which is non-medullated and finer than that of
adults [49, 50, 126]. Therefore, it is considered reasonable to use light blond scalp hair
harvested mainly from children to represent vellus hair, from the perspective of hair
morphology and optical properties (Figs. 4-6 and 4-9). In this research, we have collected
blond and brown scalp hair samples from fair-skinned Caucasian children and adult
participants (skin type I and II) [52], who are the most vulnerable group of humans to sun

exposure.
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4.2 Materials and methods

4.2.1 Hair samples

The hair samples were harvested from the scalps of 16 fair-skinned Caucasian participants
from three different families, whose skins are identified as skin types I and II. They are
made up of 10 adults (5 males and 5 females with an age range from 22 to 45) and 6
children (3 boys and 3 girls with an age range from 1 to 7). Five to ten samples from each
participant were collected for the statistical analysis. The hair samples used in this study
are of natural colours and with no history of chemical treatment. For easier
implementation, the majority of hair samples are collected from the scalp. The arm hair
samples were also collected from one female blond-haired adult for comparing their
optical properties with scalp hair. After taking the measurements (photomicrographs and
transmittance spectra), the samples are classified into four categories based on their
colours. Table 4-1 presents the statistics for the hair samples used in this study. The group
of medullated hair includes the hair samples with the presence of medulla, regardless of

their colours. The reason will be explained in Section 4.3.2.

Table 4-1: Statistical information of the hair samples.

Light Dark Light Dark Medullated
blond blond brown brown hair
Number of
Total 18 Total 31 Total 20 Total 17 Total 20
samples
] 5/13 23/8 16/4 16/1 11/9
(adult/children)
Number of
C .. 8 11 9 6 9
individuals
Number of
3/5 5/6 5/4 4/2 6/3
males/females

4.2.2 Instrument and methodology

A CRAIC 20/30 PV™ Microscpectrophotometer was used to measure the transmittance
spectra of hair samples with UV-VIS-NIR light with wavelength in the range of 200 to
900 nm. Fig. 4-2 (a) illustrates the schematic diagram of the instrument, comprising the
essential components. The CRAIC Microspectrophotometer is provided with the CRAIC
LambdaFire™ Software, which is used to control the measurement and process the data.
In the software, the number of scans to be averaged and the resolution factor were set to
40 and 5 nm respectively to reduce the noise on the transmittance spectra. The

transmittance spectra measured in the CRAIC Microspectrophotometer were used as the
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collimated transmittance spectra for estimating the attenuation coefficients of the hairs,

as shown in Fig. 4-2 (b).

(a) (b) Collimated
transmission

/_I_\

Diffused
transmission

Sample

s 2

Incident light

Figure 4-2: (a) Schematic diagram of a CRAIC micro-spectrophotometer. A CRAIC micro-
spectrophotometer combines an optical microscope and a highly sensitive spectrophotometer. It includes
eight major components: (1) UV-visible-NIR light source, (2) condenser, (3) sample, (4) UV-visible-NIR
microscope objective, (5) high resolution digital imaging, (6) mirrored aperture, (7) holographic grating,
(8) CCD detector. The overall magnification used in this measurement is 100X. (b) Schematic diagram of
the optical principle applied in this study for estimating the attenuation coefficient of samples from the
transmittance spectra.

Collimated transmission refers to the portion of transmitted photons which have not
experienced scattering. This unscattered light is attenuated exponentially following
Beer’s law. Since human hair is sufficiently thin, there is minimal chance of multiple
scattering. Therefore, the transmittance spectra of the hair samples measured in the
microspectrophotometer are regarded as the result of collimated transmission for the

purpose of estimating their attenuation coefficients.

4.2.3 Sample preparation and measurement procedures

To minimize the influence of contaminants (e.g. dirt and oil) on the results, all samples
were washed with ethanol prior to the measurement. Glass is known to absorb a
significant amount of UV, whereas quartz does not (see Fig. 4-3). Therefore, quartz slides
and coverslips have been used to hold the hair samples in place. The quartz slides used in
the measurement gave excellent UV transmission (about 90%) under the micro-
spectrophotometer, which has delivered sufficient intensity of UV for accurate

measurement of our samples.
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Figure 4-3:Transmission spectra of a quartz and glass slide in the wavelength range of 200 and 700 nm.
Glass is shown to absorb significant amount of UV.

Several hair samples with suitable lengths from the same individual were first placed on
a quartz microscope slide. This was followed by mounting the samples with glycerin and
a quartz coverslip. After the samples have stabilized, the incident light was focused using
the smallest aperture (about 6 um x 6 um) onto the centre of the width of the hair sample.
Next, the aperture was moved off the sample before optimizing the sampling time. The
sampling time was optimized to approximately 30 to 40 ms for each hair sample for the
wavelength range of 200 to 900 nm. After that, a background and a reference scan were
taken for subtraction in later measurements. Next, the aperture was moved to the centre
of the width of the hair sample to take the measurement of the transmittance spectra. The
formula used for calculating the transmittance spectra of a sample, 7, is shown as Eq. (4-
1), where I is the light intensity scan through the sample, I}, is the light intensity from
the background when the light source is turned off and I, is the light intensity scan of the

reference when the sample is absent.

Is_Ib

T(A) =
D L =1,

4-1

A preliminary analysis was carried out to select the most suitable mounting media. Figure
4-4 (e) shows the transmission spectra for a single light brown hair, using different
mounting media. The red line is the result for the sample sandwiched between a quartz
slide and coverslip without any mounting media. This method would show the attenuation
effect of the hair, which includes the scattering on the surface. However, the drawback is

that with the strong scattering from the surface of the hair sample; the internal structure
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of hair becomes invisible under the micro-spectrophotometer, as shown in Fig. 4-4 (a). It
is known that the medulla, if it exists in the hair shaft, exhibits dramatically different
optical properties than the cortex [126]. Therefore, it is essential to know which internal
structure the light spot is focused onto. To improve the visibility, we tested three different
mounting media, Glycerin, Paratone and Ethyl cinnamate, with refractive indices of 1.47,
1.48 and 1.56 respectively, which are close to that of human hair (n=1.54) [80]. Using
these three mounting media, the internal structures of the hair are clearly revealed under
the micro-spectrophotometer, as shown in Fig. 4-4 (b-d). However, it has been observed
that the transmission spectra of the hair sample mounted in Paratone and Ethyl cinnamate
show a trough shift in the UV range. It is attributed to the fact that these two media absorb
considerable amounts of UV, thus masking the hair transmission spectrum. In contrast,
Glycerin did not show such a noticeable shift in the transmission spectrum. Its higher
transmission spectrum (than the one without mounting media) is mainly due to the
minimization of surface scattering. Therefore, glycerin was chosen as the most suitable
mounting medium for the measurements, which agrees with other studies in the literature

[74, 127].
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Figure 4-4: (a) — (d) Photomicrographs of a single light brown scalp hair mounted in different media and
(e) their corresponding transmission spectra in the wavelength range of 200 to 900 nm. (a) No mounting
medium is used. Strong scattering occurs on the surface of the hair, which results in invisibility of the
internal structure. (b) Glycerin, (c) Paratone and (d) Ethyl cinnamate have refractive indices close to that
of hair, which minimizes the light loss on the surface of hair. Thus, clear internal structures of hair are
revealed. As can be seen from (e) paratone and ethyl cinnamate absorb significant amounts of UV. The
transmission spectra of hair mounted in these two media have shown shifts in the UV wavelength range.
No spectrum shift is observed in the hair sample with Glycerin.
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When measuring the transmittance spectra of the medulla, the aperture was moved to the
centre of the medulla. To account for any variance along a single hair shaft, five scans
were randomly taken along the hair shaft for each sample, which were then averaged
using the CRAIC LambdaFire™ Software. The spectral data were transferred to an Excel
spreadsheet for further processing. The diameters of the cortex and medulla were

measured from the captured images by assuming that they are circular in cross-section.

4.2.4 Data processing

The refractive index of the cortical region of hair (cortex and medulla) is reported to be
1.56 [75], which is very close to that of the cuticle, which has a value of 1.54 [80], and
the selected mounting medium. Therefore, the light attenuation is dominated by hair cells’
absorption and scattering. The collimated or unscattered photons are attenuated
exponentially in the medium following Beer’s law, T = e ¥t where u,, the attenuation
coefficient is the sum of absorption u, and scattering coefficient yg and d is the diameter
of the medium. Rearranging the equation, the attenuation coefficient of the sample can be

calculated using Eq. (4-2).

1
() = —Eln T(A) [mm™1] 4-2
The diameters of human hairs are comparable with a mean free path of a photon in the
media, which is 1/u,, which makes Beer’s law a good estimation, as studied by several
groups [75, 77, 79]. In the case that the objective lens collects scattered photons,
contributing to the transmission spectra, the attenuation coefficients of samples would be

slightly underestimated.

The non-medullated hair samples are used to determine the attenuation coefficient of the
cortex and cuticle (Fig. 4-5, light path 1). The thin translucent cuticle appears invisible
within the mounting medium (yielding minimal scattering), as shown in Fig. 4-6 and 4-7.
Therefore, the attenuation effect of a non-medullated hair in this measurement can be
attributed predominantly by the cortex because the absorption by the thin cuticle is
considered to be significantly less than that of the cortex. As a result, the sum of the
attenuation coefficient of the cuticle and cortex will be treated as the cortex only, for the

purpose of simplicity.
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Figure 4-5: Schematic diagram of light illumination on a hair shaft at (1) non-medullated portion and (2)
medullated portion. By measuring the transmittance spectra of non-medullated and medullated parts of a
single hair, and the diameter of the cortex and medulla, the attenuation coefficient of medulla can be
determined.

To quantify the attenuation coefficient of the medulla, the collimated transmission
measurement has to be performed on the medullated hair through both the non-medullated
and medullated portions, as illustrated in the Fig. 4-5 (light path 1 & 2). After obtaining
the attenuation coefficient of the cortex, u; - and the medullated part of hair, p, 5, the
attenuation coefficient of the medulla, p, ), can be estimated using Eq. (4-3), where dy,

d. and d,, are the diameters of the hair, cortex and medulla respectively.

—InT(A) = pendn = becde + temdy 4-3

4.2.5 Statistical analysis

The IBM SPSS Statistics Software is used to perform the statistical analysis. The Shapiro-
Wilk test is used to identify the normality of the data [128]. One-way analysis of variance
(ANOVA) is used to evaluate the statistical differences between the mean attenuation
coefficient of the cortex of the light blond hair and the other three colours of hair. The
Levene’s test is used to examine the homogeneity of variances among the four categories
of hairs [128]. If the assumption of the homogeneity of variances is tenable, the ANOVA
and Tukey’s test is performed to calculate the significance p-value between the categories.
Otherwise, the Welch’s test and Games-Howell’s test are used for the case of violation of

homogeneity of variances [129].
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4.3 Results and discussion

4.3.1 Photomicrographs of the cortex and medulla

The type and quantity of melanin in the hair shaft are considered to be the most important
factors in influencing its optical properties [126]. And since hair colour is predominantly
determined by melanin content, the hair samples are classified into four categories based
on the colour: light blond, dark blond, light brown and dark brown. Fig. 4-6 illustrates the
typical microscopic images of these four types of non-medullated scalp terminal hair
taken using the CRAIC Microspectrophotometer. The light blond hairs were mainly
collected from child participants. It is known that blond and brown hairs have
predominant proportions of pheomelanin (yellow-reddish colour) and eumelanin (black-
brown colour) [43]. It is the ratio of pheomelanin and eumelanin that gives the hair its
final colour. The following results were analysed in these four categories. It is noticed
that the light blond scalp hairs have little pheomelanin and almost no eumelanin, and it is

the closest group to vellus hair in terms of hair morphology.

The medulla, which is only present in terminal hair, exhibits strong light scattering
characteristics [126]. As a result, it appears black in the photomicrographs shown in Fig.
4-7. It is speculated that the scattering effect of medulla remains high in the UV

wavelength range.
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Figure 4-6: Photomicrographs of scalp terminal hair samples in four categories based on their type and
quantity of melanin. (a) light blond hair with a low quantity of predominant pheomelanin; (b) dark blond
hair with a high quantity of predominant pheomelanin; (c) light brown hair with a low quantity of
predominant eumelanin; (d) dark brown hair with a high quantity of predominant eumelanin. The black
square spot illustrates where the light is focused.
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Figure 4-7: Photomicrographs of scalp terminal hair samples with the presence of medulla in the centre of
the cortex (a) light blond hair, (b) dark blond hair, (c) light brown hair, (d) dark brown hair. The typical
Caucasian scalp hair exhibits discontinuous medulla distribution along the length of the hair shaft.
Regardless of hair colour, medulla appears black under the microspectrophotometer.
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4.3.2 Transmission and attenuation coefficient spectra of the cortex and medulla

It is generally accepted that lighter colour hair would have higher light transmission. As
demonstrated in Fig. 4-8, the average light transmission (within the wavelength range of
200 — 900 nm) in light blond hair was found to be the highest among the four colours of
hair, which is followed by dark blond, light brown and dark brown hair in a descending
order. The transmittance spectra of the four colours of hair exhibit V shapes with troughs
of about 10% at 300 nm. As compared to the other three colours of hair, the transmittance
spectrum of light blond hair experiences a more rapid increase in the wavelength range
0f 300 to 400 nm. The transmittance spectra of hair depend on its diameter. Although the
transmittance spectra of the four hair categories share similar troughs, each of them is
averaged from hair samples with different diameters. After taking into consideration of
hair diameter, their optical properties (attenuation coefficients) can be compared. The
signature characteristics of these transmittance spectra agree well with those determined

from the absorbance spectra of hair reported by Barrett et al. [74].

As can be seen from Fig. 4-9, the attenuation coefficients of the cortex of these four
colours of hair share similar profiles, peaking at a wavelength of around 300 nm and
decreasing towards shorter and longer wavelengths. Dark brown hair has the highest
attenuation coefficient in the entire wavelength range, which is considerably higher than
the other three colours of hair. In the wavelength range of about 220 to 315 nm, light
brown, dark blond and light blond hairs have similar attenuation coefficients.
Nevertheless, light blond hair still exhibits the lowest value. From 315 to 900 nm, the
difference in the attenuation coefficient of the cortex of these three colours of hair
becomes more pronounced. The greatest difference is observed in the wavelength range
of around 390 to 420 nm and decreases gradually with an increase in wavelength. The
wavelength dependency of attenuation coefficient of hairs agrees well with the findings
from Kharin et al. [79], who studied the attenuation coefficients of human hairs in the

wavelength range of 400 to 1100 nm.
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Figure 4-8: Average transmittance spectra of the cortex of light blond, dark blond, light brown and dark
brown hair in the wavelength range of 200 to 900 nm.
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Figure 4-9: Average attenuation coefficient of light blond hair, dark blond hair, light brown hair, dark
brown hair and arm hair in the wavelength range of 200 to 900 nm. The attenuation coefficient profiles
exhibit an inverse pattern to the transmittance spectra, as expected. There are minor differences between
the profiles of light brown, dark blond and light blond in the wavelength range of 200 and 315 nm. From
315 to 900 nm, light blond hair demonstrates the lowest attenuation profile. The attenuation coefficient of
the arm hair closely follows that of light blond scalp hair, except in the UVB wavelength range. A
photomicrograph of the arm hair is included in the figure.
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The attenuation coefficients of the cortex of hair calculated in this study are slightly
higher than the results reported by Kharin et al. [79]. This could be attributed to the facts
that ethyl cinnamate (which has a refractive index closer to hair than glycerine) was used
as the mounting medium in Kharin et al.’s measurement, as well as their different

confocal setup.

The non-medullated arm hair samples are used as a representative of vellus hair (although
vellus hair contains even less melanin), as shown in the photomicrograph in Fig. 4-9.
Figure 4-9 also demonstrates that the attenuation coefficient profile of the body hair
closely follows that of the light blond scalp hair, with an exception in the UVB
wavelength range, where the attenuation coefficient of the body hair is noticeably higher
than that of the scalp hair. Nevertheless, the light blond scalp hair is still considered to
have an attenuation coefficient closest to that of vellus hair among all the four colour

categories.

The standard deviations of the different hair categories are presented in Appendix B. The
relatively large standard deviation of the cortex of hair is consistent with the findings in
the literature [76, 77]. The possible reasons for this variation could be due to the variations
of hair colour from individuals in each hair category and the assumption of the circular
shape for the hair shaft. The low dispersion of the attenuation coefficient of hair reported
in Kharin et al’s study [79] is most likely due to the fact that only five samples (from the

same participant) were measured in that case.

From the data analysis of the attenuation coefficient of the medulla, no clear hair colour-
dependency has been found. The reason is that most of the hair melanin is distributed in
the cortex; the medulla contains little or no melanin, implying that the optical properties
of hair medulla is not colour-dependent. Therefore, average transmittance and attenuation
coefficient were obtained from all the four colour categories. Fig. 4-10 shows the average
transmittance of medullated hair samples and the attenuation coefficient of the medulla.
It can be seen that the transmittance is at its lowest in the wavelength range of 300 to 600
nm, where it fluctuates around a value of 10%. Approaching shorter and longer
wavelengths, the transmittance increases rapidly. The attenuation coefficient of medulla
reaches its maximum at a wavelength about 590 nm and decreases rapidly towards shorter
and longer wavelengths. The attenuation coefficient of medulla at 633 nm [79], measured

by Kharin et al. falls within one standard deviations of our calculated sample mean.
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To the best of our knowledge, this research is the first study to investigate the attenuation
coefficient and wavelength dependency of medulla. The hair medulla has demonstrated
strong attenuation effect on photons in the wavelength range of 300 to 800 nm. This is
consistent with a study which shows high scattering characteristics from porous hair
medulla in wavelength 400 nm and 700 nm [48]. The spectral behaviour of the attenuation
coefficient of the medulla differs noticeably to that of the cortex (Fig. 4-9). This may be
due to the fact that the medulla cells in hair have distinct keratins, and differ from all other
cells of the hair follicle and epithelium [41]. In addition, the medulla is not only made up
of keratinized cells but large air spaces [126], which may result in no clear wavelength
dependency on its attenuation coefficient. Nevertheless, the medulla of hair still shows
significantly higher attenuation coefficient than that of the cortex, implying that photons
would transmit along the cortex of the hair shaft considerably more easily than the
medulla. The uncertainty in medulla diameter measurement, and, more importantly, the
variance of the medulla cells and their packing density, are considered to be responsible

for the large standard deviation in the attenuation coefficient measurements.

220 80

200

(&2l
<

180

160

&
o

140

120
100

Attenu
= = =Transrn

50 a_tIOI-’l coefficient 20
nission

w
o
Transmittance, T (%)

60

40 v B e Lt 3

Attenuation coefficient, p, (mm™)

20 .

200 300 400 500 600 700 800 900
Wavelength, A (nm)

Figure 4-10: Average transmittance spectra of medullated scalp hair samples (dashed line), average
attenuation coefficient (solid line) and one standard deviation (shaded region) graph of medulla as a
function of wavelength from 200 to 900 nm. The transmittance spectra are obtained from the medullated
hair (a combination of the cuticle, cortex and medulla). The attenuation coefficient spectra are estimated
for the medulla only.
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4.3.3 Comparison of the average attenuation coefficient of the cortex of hair

To examine whether vellus hair transmits UV photons more readily than terminal hair, it
is considered reasonable to compare the average attenuation coefficient in the UVA and
UVB wavelength ranges of light blond scalp hair, a representative of vellus hair, with the
other three colour categories of terminal scalp hair. Therefore, an analysis of variance
(ANOVA) test is performed in IBM SPSS Statistics to evaluate the differences between

them.

The average attenuation coefficients of the sample hairs in the UVA and UVB regions
are considered normally distributed after performing the Shapiro-Wilk test. Using the
Levene’s test, it was found that the assumption of homogeneity of variances is applicable
only to the results in the UV A wavelength range. Therefore, the ANOVA & Tukey’s HSD
tests are performed to calculate the statistical significance p-value in the UV A wavelength
range, whereas the Welch’s test and Games-Howell’s test are used in the UVB

wavelength range. The results are summarized in Fig. 4-11.

In the UVA range, the average attenuation coefficient of the cortex of the light blond hair
1s found to be significantly lower than that of the dark blond, light brown and dark brown
(p< 0.0001). The main reason is that the relatively low quantity of pheomelanin present
in the light blond hair results in relatively low UV absorption and scattering, as compared
to the other three colour categories of hair with their higher contents of pheomelanin and
eumelanin. In contrast, no significant difference is found between the average attenuation
coefficients in the UVB wavelength range of the cortex of light blond hair and dark blond

or light brown hair.
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Figure 4-11: Comparison of the average attenuation coefficients of the cortex of the light blond, dark blond,
light brown and dark brown scalp hair in the (a) UVA and (b) UVB wavelength ranges. “*=p < 0.001, ™"
=p < 0.0001, n.s. = no statistically significant difference.
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The possible explanations for this phenomenon are 1) the difference between the light
attenuation effect of pheomelanin and eumelanin decreases with a decrease in wavelength,
with almost no difference at 280 nm [96]; 2) as the wavelength decreases from 310 to 280
nm, the attenuation effect of keratin (the protein composing the cortex) increases rapidly
[127], implying that the keratin in the cortex of hair may be responsible for more photon
attenuation than melanin in the UVB wavelength range. Nevertheless, light blond hair
still shows significantly lower attenuation coefficient than dark brown hair in the UVB

wavelength range (p< 0.001).

4.3.4 Comparison of the attenuation coefficient of hair and skin

The attenuation coefficient of tissues indicates how easily the photons at a specific
wavelength can penetrate. As it can be seen from Fig. 4-12, the attenuation coefficient of
non-medullated light blond hair (‘vellus-like hair) is significantly lower than that of skin
layers. This implies that vellus hair in the skin may contribute to the solar UV

transmission deeper into the skin, reaching the follicular stem cells.
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Figure 4-12: Comparison of the attenuation coefficients of the cortex of light blond hair and the skin layers
(stratum corneum, epidermis and dermis) in the wavelength range of 290 to 400 nm. Attenuation
coefficients of the stratum corneum, epidermis and dermis are acquired from the data reported by Van
Gemert et al. [111]. The average attenuation of light blond hair is about 13.7, 6.3 and 5.6 times lower that
of stratum corneum, epidermis and dermis respectively in the wavelength range of 290 to 400 nm.
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4.4 Chapter summary

The average attenuation coefficient of the cortex of ‘vellus-like’ hair is found to be
significantly lower than that of terminal hairs in the UVA and UVB wavelength ranges.
In addition, the medulla, present in terminal hair, has a significantly higher attenuation
coefficient than that of the cortex of hair. These results indicate that UV photons from the
sun would transmit through vellus hair into skin more easily than through terminal hair.
Furthermore, the attenuation coefficients of the ‘vellus-like’ hairs in the UV wavelength
range are dramatically lower than those of the skin layers. Therefore, it is hypothesized
that vellus hair could play a role in melanoma development by contributing to the passage
of solar UV photons to the bulge region of the hair follicle, where the melanocyte stem
cells reside. This hypothesis will require further investigation of the optical properties of
hair in the UV wavelength range. In chapter 5, a planned Monte Carlo simulation of
photon transport in the skin with and without vellus hair will reveal its contribution to UV

photon delivery to the bulge region of hair follicle and potential melanoma development.

54



Chapter 5 Simulation of UV transmission in realistic skin

models

5.1 Introduction

Skin alone is traditionally considered as the main pathway for transporting harmful UVR
to skin cells that causes skin cancer development. However, this chapter considers the

contribution of hair in transmitting UVR into the skin.

In Chapter 4, the attenuation coefficient of light blond, non-medullated hair has shown to
be significantly lower than that of more pigmented non-medullated and medullated hair.
In this chapter, we apply the measured hair properties to realistic skin-hair models to
investigate the roles different types of hair play in solar UV transmission into the skin.
The hair shafts in our models were constructed to be bent towards the skin surface, which
is considered to be more realistic than hair models built with straight shapes [98-100, 130].
The simulations are performed in TracePro software, with the implementation of the MC

method for photon transport.

The morphology and optical properties of non-medullated light blond hair are considered
to be mimics of vellus hair; so the absorption and scattering coefficients of light blond
hair are applied to the vellus hair in the simulation. The non-medullated brown hair is
selected as an example of terminal hair. Due to the lack of the optical properties of the
hair medulla, hair shafts have always been modelled as homogeneous structure in the MC
simulation. An attempt has been made to investigate the presence of hair medulla on the

UV transmission in the skin (Section 5.3.3).

The legs of women consist of noticeable amount of vellus hair. And, the incidence of
melanoma in legs of women is relatively high. It is speculated that this is associated with
the tendency for women to shave their legs [27]. Thus, a skin model with shaved vellus
hairs has also been setup for comparison with the model comprised of unaltered vellus

hairs.

Similar to Chapter 3, the UV absorption in the stem cell layer of skin models will be
compared. As noted in Chapter 3, the terminal hair follicle stem cell layer is situated about
three times deeper than that of vellus hair and it has been realized that the stem cells at

such deep location in the skin are less likely to be involved in melanomagenesis [123].
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5.2 Materials and methods

TracePro (Lambda Software) with the implementation of the Monte Carlo method was
used for constructing and simulating the skin-hair models in this chapter. Fig. 5-1 shows
the three-dimensional models of (a) skin with the absence of hair, (b) presence of vellus
hair, (c) terminal hair and (d) shaved vellus hair respectively. Since the focus of this
chapter is to differentiate the influence of the vellus hair and terminal hair in UV
transmission in the skin, we have used the typical geometry of Caucasian child skin for
all the models. The thicknesses of the stratum corneum and epidermis are constructed to
be 30 pum and 60 pm respectively [31]. Sufficient depth of dermis (1.5 mm) is constructed

to examine the UV absorption in the stem cell layer.

Figure 5-1: Three-dimensional skin-hair models constructed in TracePro software. (a) Three-layered
hairless skin; (b) three-layered skin with vellus hair; (c) three-layered skin with terminal hair; (d) three-
layered skin with shaved vellus hair.
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The density of vellus hair varies with body site. The typical vellus hair density on the
forehead is 280/cm? [131]. To correspond to this, the top view dimension of the three skin
models are created to be 3 mm x 3 mm and the count of hair is 25. A typical diameter of
vellus hair (30 wm) and terminal hair (60 um) at the skin surface are assigned to the hair
models. The lengths of the unaltered vellus and terminal hair shafts are 2 and 4 mm
respectively. Hair shafts below the skin surface are tilted at an angle of 15 degrees to the
vertical plane. The hair above the skin was modelled to be bent towards the surface of the
skin for the purpose of achieving more realistic simulations. The shielding effect of hairs
(absorption and scattering of photons) above the skin surface is considered in the

simulations.

The skin is modelled as three flat layers (stratum corneum, epidermis and dermis in order
of downward direction) with uniform optical properties. The optical properties of the
Caucasian skin layers can be found in Chapter 3. The vellus hair is unpigmented whereas
the terminal hair is highly pigmented. Therefore, it is considered reasonable to apply the
optical properties of the non-medullated light blond and dark brown hair to the vellus and
non-medullated terminal hair models respectively in TracePro. The absorption coefficient
of blond and brown hair increases exponentially with a decrease in wavelength. Their
absorption coefficients at UV wavelengths are extrapolated from Bashkatov et al.’s study
[76]. The attenuation coefficient is the sum of the absorption and scattering coefficient.
Therefore, the scattering coefficients of blond and brown hair are derived from deducting
the absorption coefficients from the attenuation coefficients. They are summarized in Fig.
5-2. The refractive index (1.54) and the anisotropy factor (0.79) of hair are treated as
constant in UV wavelength range [80, 98-100]. However, similar to the skin [44, 114],
the minor variation of these properties in the UV wavelength range is considered to have
insignificant influence on the results. The optical properties of the Caucasian skin layers

can be found in Chapter 3.

We apply the same UV irradiance from Chapter 3 in this chapter [15]. The wavelength is
varied from 310 to 370 nm in an interval of 20 nm to examine both UVA and UVB
wavelength ranges. In each simulation, over 2 million photons are launched from a light
source perpendicularly onto the top surface of the skin-hair model, constructed to share
the same dimensions as the flux area of the light source (Fig. 5-3). After the completion
of the simulation, the absorption fraction in each voxel of the model is multiplied by the

irradiance to calculate the absorbed radiant flux inside the skin. The result will be
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presented as the radiant flux absorbed in the stem cell layer along the depth in an interval

of 2 um (Fig.5-5).
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Figure 5-2: Absorption and scattering coefficient of blond (vellus) and brown hair (terminal). The
scattering coefficients are derived from deducting the absorption coefficients from the attenuation
coefficients determined in this study.
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Figure 5-3: Diagram of launching photons onto a skin-vellus hair model in TracePro. For clarity, only a
small number of photons are shown and the photons exiting from the model domain are not shown.
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5.3 Results and discussion

5.3.1 The influence of hair in UV transmission into skin

As illustrated in Fig. 5 — 4 (a — d), a portion of the incident photons are scattered by the
hair shafts above the skin or reflected by the skin surface. A much larger portion of rays
are observed to be shielded by the terminal hairs above the skin surface than vellus hairs.
Without the attenuation of photons by the hair above the skin surface, more photons can

effectively enter into the skin, as shown in model (a) and (d).

The McSCs in the VHF reside in the skin layer with depths from 315 to 405 um. Figure
5-5 illustrates that the radiant UV flux absorbed in the skin declines over the depth of the
stem cell layer. Over the entire stem cell layer, the skin model with vellus hair shows

noticeably higher absorption than the hairless skin and the skin with terminal hair.

Figure 5-4: Diagrams showing interactions between photons and (a) skin with no hair, (b) skin with
unaltered vellus hair, (c) skin with terminal hair and (d) skin with shaved vellus hair. The weight of each
photon packet attenuates as it is experiencing absorption, which is represented by different colours (red,
yellow, green and blue, in an order of decreasing photon packet weight). A small and equal number of
photons are launched in these three models respectively for demonstration. Only the scattered but not the
incident rays are shown in these diagrams.
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More specifically, compared to hairless skin, the presence of vellus hair in the skin has
increased the total absorption in the stem cell layer by 4.6%, 7.7%, 16.9% and 52.0% at
wavelengths of 370 nm, 350 nm, 330 nm and 310 nm respectively. In contrast, compared
with skin with terminal hair, the skin with vellus hair absorbs 16.7%, 20.0%, 28.7% and
55.6% higher UV at wavelengths of 370 nm, 350 nm, 330 nm and 310 nm respectively.
A higher level of UV photons is delivered to the stem cell layer in the skin with vellus
hair as compared to hairless skin and skin with terminal hair. This is because vellus hair
exhibits significantly lower attenuation coefficients and, more importantly, lower
absorption coefficients compared to the skin layers in the UV wavelength range (see
Appendix C). As a result, harmful UV photons are able to transmit deeper into the skin

and into the stem cell layer.
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Figure 5-5: Radiant flux absorbed over the depth of the stem cell layer where the follicular melanocyte
stem cells are situated, in different skin-hair models, at wavelength (a) 370 nm, (b) 350 nm, (c¢) 330 nm and
(d) 310 nm. Noticeably higher absorption occurs in the skin model with vellus hair than the hairless skin
and the skin with terminal hair models. The increase in UV absorption in the entire stem cell layer due to
the presence of vellus hair, compared to hairless skin and skin with terminal hair are given in percentages.
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Although vellus hairs above the skin surface also shield a portion of the incident photons
from effectively entering the skin, this effect is considered as insignificant. Since the hair
shafts are tapered, the average diameter of the portion of vellus hairs above the skin is
smaller than that below the skin. The relatively larger portion of the vellus hairs
underneath the skin contributes to the UV transmission deeper into the skin and this
contribution effect is significantly greater than the attenuation effect created by the

portion of vellus hairs above the skin surface.

It is important to note that the contribution of vellus hair in transmitting UV energy
increases with a decrease in wavelength (see Fig. 5-5 (a) to (d)). More specifically, skin
with vellus hair has increased the energy absorption in the stem cell layer from about 5%
at 370 nm to around 50% at 310 nm, as compared to hairless skin. This is due to the fact
that the differences between the attenuation coefficient of vellus hair and skin layers [123]
also increases with a decrease in wavelength. Therefore, photons would transmit more
easily in shorter wavelengths in the volume occupied by the vellus hair shafts underneath
the skin. Both UVA and UVB can initiate melanoma. Our simulated results show that the
presence of vellus hair on the body can contribute to the transmission of UVA, and more

significantly UVB, to melanocyte stem cells.

For terminal hair, its attenuation coefficient is also less than the skin layers however, due
to the presence of melanin, its absorption coefficients are higher than the dermis (see
Appendix C), which results in lower photon transmission. Consequently, skin with
terminal hair actually acts as a shield to the penetration of UV radiation into the stem cell
layer. However, this shielding effect is observed to decrease with wavelength towards the
UVB region. This is because although the attenuation coefficients of the skin layers
increase rapidly as the wavelength decreases in the UVB region, the rise in attenuation

coefficient of terminal hair is not as significant.

Due to the lack of knowledge about the absorption coefficient of medulla in the literature,
it is not included in the skin-hair model. However, its significantly higher attenuation
coefficient (Fig. 4-10) is considered to block photons as strongly as pigmented cortex.

This will be demonstrated in Section 5.3.3.

The solar radiant UV flux reaching the stem cell layer is transmitted by way of paths
through the hair and the skin layers. The radiant flux absorbed in the stem cell layer can
be an indication of the relative risks for melanoma development. We hypothesize that the

presence of vellus hair would increase the risk of melanoma by contributing higher dose
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of UV transmission to the follicular stem cells, which can cause damage or mutations. If
the hypothesis holds true, it may not only explain the vulnerability of children to sun
exposure but also the positive correlation found between the incidence of melanoma in

adults’ bodies and the number of vellus hair follicles in these areas [27].

5.3.2 Influence of shaved vellus hair on UV transmission

As can be seen from Fig. 5-5, even more UV is absorbed in the stem cell layer in the skin
model with shaved vellus hair. This is because that after shaving the portion of vellus hair
above the skin surface, which can shield UV photons by absorption and scattering, more
photons will effectively transmit into the skin. In addition, shaved vellus hairs are exposed
to UV photons more directly, meaning a portion of UV photons can penetrate into the
skin by entering the flat hair cross-sectional surfaces. This geometry of hair has enhanced
UV transmission along the skin, resulting in more radiant flux absorbed in the stem cell

layer, as compared to unaltered vellus hair.

The high density of vellus hair in women’s legs would contribute to the solar UV
transmission in the skin to McSCs, as shown in Section 5.3.1. Furthermore, after shaving
vellus hair, the increase in UV transmission will be even greater. We hypothesize that the
particularly high melanoma incidence seen in women’s legs are not only associated with

the high density of vellus hair but also the tendency of shaving.

5.3.3 Influence of terminal hair medulla on UV transmission

Although the attenuation coefficient of the hair medulla has been determined in Chapter
4, modelling medulla inside hair cortex requires the input of its absorption and scattering
coefficient. Differentiating between the absorption and scattering coefficient requires
additional measurement involving the use of an integrating sphere. However, as noted
previously, since the hair medulla has an average thickness about 10 pm, determining its
absorption and scattering coefficient is technically challenging in this apparatus. Here,
we vary K from 0.1 to 0.5 and 0.9 to investigate a range of medulla’s possible optical
properties, where K is the ratio of absorption coefficient/attenuation coefficient of

medulla.
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Figure 5-6: Skin and terminal hair models in TracePro software. (a) non-medullated terminal hair, (b)
medullated terminal hair

Due to the complexity of constructing medullated hair with the same geometry as Fig. 5-
1, simplified skin-hair models, as shown in Fig. 5-6, were used for the purpose of
investigating the presence of medulla on UV transmission in the skin. Figure 5-6 (a) and
(b) are the skin with non-medullated terminal hair and medullated terminal hair
respectively. They share the same geometry, except for the presence of medulla in (b),

which is set up to be about 25% of the hair shaft diameter.

The hair density is set to be 167/cm? [130]. The hair shafts are constructed to be straight
with lengths of 3 mm, which are different to bent hair models in Fig. 5-1. The rest of the

geometries are the same as Fig. 5-1.

Figure 5-7 represents the radiant flux absorbed over the depth of the stem cell layer for
Caucasian skin with medullated hair and non-medullated hair when exposed to solar UVR
at wavelengths of (a) 370 nm, (b) 350 nm, (c) 330 nm and (d) 310 nm respectively. As
can be seen in all four wavelengths of Fig.5-7, varying K from 0.1 to 0.5 and 0.9 has a
negligible effect on the radiant flux transmitted through the skin. In addition, as compared
to non-medullated hair, no obvious difference in radiant flux has been observed. There
are two main reasons for these phenomena. 1) the heavily pigmented terminal hair tends
to absorb photons once they have entered the hair shaft, resulting fewer photons reaching
the inner medulla; 2) although the medulla exhibits higher attenuation coefficient than the
cortex of hair, its small size has a negligible effect on the overall photon transmission

along the hair shaft.
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Figure 5-7: Comparison of the radiant flux absorbed along the depth of the skin with medullated and non-
medullated terminal hairs, from solar exposure at (a) 370 nm, (b) 350 nm, (c) 330 nm and (d) 310 nm.

5.4 Chapter summary

The hypothesis of vellus hairs contributing to the solar UV transmission in the skin has
been validated by the MC simulation. Skin with vellus hair results in significantly higher
energy absorption in the stem cell layer as compared to hairless skin. The relative increase
in energy absorbed in the stem cell layer when vellus hair is present to hairless skin varies
from 4.6% to 52.0% over the UVA — UVB wavelength ranges. For skin with terminal
hair (medullated or non-medullated), this relative increase in energy absorbed varies from
16.7% to 55.6% over the same wavelength range. Skin with shaved vellus hair will
enhance the UV transmission in the skin even greater. In reality, the relative increase in

the UV delivery will vary, depending on the hair density.

In conclusion, this chapter shows that the presence of vellus hair in skin could play a
major role in melanoma development by contributing to the passage of solar UV photons
to the bulge region of the hair follicle, where the melanocyte stem cells reside. Our
research helps to explain the vulnerability of children to sun exposure, and the positive
correlation between the incidence of melanoma in adults’ bodies and the number of vellus

hair follicles in these areas.
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Chapter 6 Discussion

The literature review, experimental and theoretical work have been comprehensively
discussed in their respective chapters. In this chapter, we will discuss the aspects that have

not been extensively discussed previously.

6.1 Assumptions

There are several assumptions made in the course of the data analysis and simulations
(Chapter 3 — 5). Some of them have been discussed previously, the others are discussed

below.

6.1.1 Actual UV absorption by stem cells and melanoma development

Human hair follicles are often distributed irregularly in the body. To reveal the relative
UV absorbed by the McSCs, the UV absorption in the entire stem cell layer is determined
and compared. The UV absorption in the stem cell layer can be an indication of the
relative risk of melanoma development. However, it should be noted that the McSCs are
not distributed evenly in the entire stem cell layer. They are situated in the bulge region
of hair follicles (Fig.1-1). Therefore, to estimate the UV absorbed by the bulge region,
one can multiply the radiant power absorbed in the skin (pW/cm?), determined in
Chapter 3 or 5, by the volume of the bulge. The actual energy absorbed can be derived

from the radiant flux absorbed by multiplying it with the duration of sun exposure.

6.1.2 Neglecting hair in the skin simulations
Since skin is the main optical path for solar UV delivery, any differences present in the
anatomy or optical properties of skin will play a more significant role in influencing the

UV transmission in the skin than any differences from hairs.

In Chapter 3, the influence of hair in affecting UV transmission is removed. Chapter 3
focuses on investigating how the skin thickness and the depth of McSCs affect the UV
dose received by McSCs. It is shown that the stem cells in the VHF have been found to
receive and absorb significantly more (over 250 times) UVR than those in the THF due
to their shallower locations. As demonstrated in Chapter 5, the presence of vellus hair can
contribute to the UV transmission in the skin, whereas terminal hair provides a degree of

shielding to the penetration of UV. Therefore, when vellus and terminal hairs are included

65



in the skin models in Chapter 3, the difference between in UV abosrption by the stem

cells in VHF and THF will be even greater than the original estimate.

6.1.3 Applying optical properties of scalp hair to body hair

Note that it was technically difficult to source vellus hair samples for measurement and
analysis. The optical properties of non-medullated light blond scalp hair were applied to
the vellus hair on the skin. The reasons are that 1) non-medullated light blond scalp hair
has the least melanin content, which is the closest hair type to vellus hair among all the
measured hair categories; 2) it exhibits the closest spectral attenuation coefficient to non-

medullated and lightly pigmented arm hair, which is a representative of vellus hair.

Vellus hair is non-medullated with little or no melanin. Its attenuation coefficient is
expected to be lower than pigmented terminal hairs, which has been shown in Chapter 4.
The absorption and scattering coefficients of vellus hair are primarily determined by the
keratins of the cortex. The wavelength dependency of the absorption and scattering
coefficients of light blond hair determined in this thesis follow closely to the spectral
behavior of the keratin. Therefore, it is considered reasonable to apply the optical
properties of non-medullated light blond scalp hair to vellus hair in the skin model, to

examine the effect of low hair melanin content in UV transmission in the skin.

6.2 Comparing results from MCX and TracePro™

Two different software packages (MCX and TracePro) have been used in this project to
simulate the photon transport in the skin. They both use the MC method but have their
own advantages and disadvantages. MCX allows calculations of multiple photons at the
same time on a modern graphics processing unit (GPU), which speeds up the simulation
process dramatically. Since enormous numbers of calculations were needed to obtain the
power absorption in the stem cell layer over the UV wavelength range, MCX was chosen.
However, constructing realistic skin-hair models in Matlab using MCX was found to be
difficult. TracePro has an easier user interface. Therefore, it was chosen to construct the
more realistic skin-hair models. The drawback of TracePro is that the photon transport
calculations were performed in a single standard central processing unit (CPU), which
was time-consuming. To not exceed the calculation capacity of the CPU in TracePro, a

smaller number of photons (about 2 million) were simulated, as compared to 10% in MCX.
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Figure 6-1: Comparison of results from MCX and TracePro software for A = 350 nm.

MC simulations were performed on the skin with no hair using both software types
(Chapters 3 and 5) and results for comparison were generated. The radiant flux absorbed
depends on the area of exposure on the skin, and the two skin models have different
dimensions. Therefore, the photon absorption fraction is compared along the depth of the
skin, which is independent of exposure area. Fig. 6-1 shows the comparisons for the

absorption fraction of photons at 350 nm along the depth of the skin.

The absorption fraction results from both software types show great agreement, especially
in the epidermis and dermis layer. Therefore, it is expected that the simulation results

from the skin-hair models in TracePro are considered reliable.

6.3 Comparing two different skin-terminal hair models in TracePro

Two different skin-terminal hair (non-medullated) models have been created in TracePro
(Chapter 5) and presented here for comparison purposes. The two physical models are
presented in Fig. 6-2 (a) and (b), and the results of the UV absorption along the depth of

the two skin models are shown in (c).

The physical differences between the two models are the hair density, length and

orientation.

The hairs above the skin surface in model (a) are longer and bent towards the skin surface,
which results in larger effective shielding areas, than the straight and shorter hairs in

model (b). In addition, the higher density of hair in model (a) provides stronger UV
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protection for the skin by absorbing and scattering photons both above and underneath

the skin surface. As a result, fewer photons are delivered into the skin in model (a) than

(b), as shown in Fig. 6-2 (c).

All in all, higher density and more effective shielding area of terminal hair on the body

site will provide better UV protection on the skin.
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Figure 6-2: Two different skin-terminal hair models in TracePro. (a) Hair density and length are 280/cm?
and 4 mm; (b) Hair density and length are167/cm? and 3 mm; (c) Radiant flux absorbed along the depth of
the stem cell layer from two skin-terminal hair models at 350 nm.
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6.4 Vulnerability of children to sun exposure

We hypothesize that children’s McSCs before puberty receive relatively higher doses of
UV, as compared to adults. In this thesis, we have investigated a few of the main

characteristics of child skin, which can result in the higher dose of UV received by MsSCs.

1. The most important factor is that MsSCs in children before puberty are primarily
situated three times shallower in the dermis than those in adults. Due to the
shallower depth in the skin, the MsSCs can receive significant doses of UV as
compared to adults.

2. Children having typically thinner epidermis allow more UV to transmit deeply
into the skin, reaching the MsSCs.

3. The presence of vellus hair in child skin provides an additional optical pathway,
allowing the easier passage of UV and overall contributing to the higher dose of

UV absorbed by follicular MsSCs.

These three factors provide possible explanations for the vulnerability of children to sun
exposure, and the positive correlation between the incidence of melanoma in adults’
bodies and the number of vellus hair in these areas. Although the MsSCs in childhood
receive higher doses of UV, they may remain quiescent (stable) while leaving the
potential to materialize into melanoma in the future. This may explain why there is a
fourfold increase of melanoma risk in adults who have experienced excessive sun

exposure in their childhood.

6.5 Validation of the simulation results

Due to the difficulty of getting child and adult skin biopsies, the simulation results have
not been validated. Using human skin samples for experimental purposes requires a strict
process of ethical approval. This is also the reason that the optical properties of child skin

are rarely studied in the literature.

Ideally, a skin phantom can be developed to validate the simulation results. Aqueous
solution of gelatine and agar are commonly used to construct analogues of skin layers
[132]. Black ink and intralipid are usually added to the solution to provide absorption and

scattering coefficients mimicking the optical properties of skin [133, 134].
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An optical phantom can be constructed similar to the schematic diagram in Fig. 6-3. Half
of the phantom has hair samples embedded. The half of phantom without hair can be used

to measure its optical properties, which will be applied to MC simulation for comparison.

Measuring the optical properties of a phantom (absorption coefficient, reduced scattering
coefficient and refractive index) will require the use of optical instruments, such as

integrating sphere, UV light source, spectrometer and refractometer.

U

Figure 6-3: Schematic diagram of optical skin-hair phantom

However, there are a few challenges involved. First, ensuring the phantom has realistic
skin optical properties can be time-consuming. Second, constructing two optically and
physically identical skin phantoms (one with terminal hair attached and one with vellus
hair attached) is technically difficult. Small differences in the physical models and their
optical properties will mask the effect of different types of hair in UV transmission. Third,
setting up a sophisticated optical bench for measurement is expensive. Lastly, embedding
delicate hair shafts in an aqueous solution can be technically difficult. All in all,
constructing a skin phantom for the purpose of validating the simulation results will
require meticulous material preparation and sophisticated optical equipment. This could

be investigated in the future.

6.6 Application for improvement of sunscreen

Nowadays, sunscreen is commonly used to provide skin protection against the harmful
effects of solar UV. The active ingredients contained in the sunscreens are to provide
broad-spectrum UV protection by absorbing, reflecting or scattering the incident radiation.
Based on their mechanism of attenuating UV, sunscreen can be classified as either
“chemical” or “physical” [135]. In chemical sunscreen, the active ingredient is an organic
compound, which attenuates UV by absorption and dissipating the energy into heat.

Whereas in physical sunscreen, the active ingredient is an inorganic compound that
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physically reflects or scatters UV. Ideally, sunscreen should only remain on the skin

surface.

Many commercially available organic sunscreens and some inorganic sunscreen
(nanoparticles), can penetrate through the stratum corneum, or via hair follicles, into
epidermis and dermis [136, 137], which can cause a variety of adverse effects, including
cellular damage and carcinogenesis [138-140]. Micronized zinc oxide (ZnO) and titanium
dioxide (TiO2) are the two active ingredients that are generally recognized as safe and
effective [141]. A combination of these particles assures a broad-band UV protection
[142]. However, owing to their large particles size, they are opaque (i.e. appear white on
the skin). To overcome this, nanoparticles of Zinc oxide and titanium dioxide offer more
transparent suspensions on the skin. Paradoxically, these nanoparticles have not been

demonstrated to be safe for tissue cells [143-145].

Our research has raised the importance of minimizing UV from entering hair follicles. It
leads to a good opportunity for research on sunscreen development, possibly
incorporating a combination of safe nano- or micronized particles as the active ingredients.
Particles of approximately 600 nm in diameter has been demonstrated to penetrate
efficiently along hair follicles (see Fig. 6-4) [146]. Applying such sunscreen on the skin
surface will not only block UV from penetrating into the skin surface, but also prevent it

from entering hair follicles, ultimately reducing the amount of UV reaching McSCs.

Figure 6-4: Schematic diagram of penetration of nanoparticles. Reproduced figure [147]
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Chapter 7 Conclusion

7.1 Summary

Studies show that children are particularly vulnerable to sun exposure; excessive sun
exposure during childhood will lead to increased risk of melanoma in later life. The
explanation of this phenomenon is not yet known. Because the predominant type of body
hair in children (fine and unpigmented vellus hair) and adult (long and dark terminal hair)
are significantly different, and the melanocyte stem cells (McSCs) in hair follicles could
be the origin of melanoma upon the exposure to UV, we hypothesize that it is because the
McSCs in children before puberty can receive higher doses of UV than in adulthood; the
quiescent McSCs will materialize into melanoma in later life after being affected by the
cumulative UV damage. The shallower depth of McSCs, the thinner thickness of skin and
the higher density of vellus hair in childhood all contribute to the solar UV transmission

in the skin.

Using the MC simulations, it is shown that the McSCs in the VHF can absorb over 250
times higher UV energy than those in the THF due to their shallower location. As a
consequence of the thinner epidermis, the McSCs in VHF of child skin will absorb about

1.9 and 3.2 times greater UVA and UVB respectively, than that in adult skin.

Due to the technical difficulty of acquiring and measuring bodily vellus hair, scalp hairs
from three European families (children and adults) have been used. Their transmission
properties are measured using a CRAIC microspectrophotometer in the wavelength range
of 200 — 900 nm. By comparing the morphologies and the attenuation coefficient spectra
of light blond scalp hair and body hair, it is considered reasonable use the attenuation

coefficient of light blond scalp hair to represent the property of vellus hair.

The attenuation coefficient of the cortex of light blond hair is found to be significantly
lower than that of more pigmented hair in the UVA and UVB wavelength ranges. Besides,
the hair medulla shows significantly higher attenuation coefficient than the cortex. These
two findings suggest that non-medullated and unpigmented vellus hair have significantly
lower attenuation coefficients than medullated and pigmented terminal hair in the UV

wavelength range.

To reveal how the presences of vellus and terminal hairs affect the solar UV transmission

into the skin, the attenuation coefficients of light blond hair and dark brown hair, which
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are the representatives of vellus and terminal hairs, are applied to skin-hair models to
simulate the UV photon transport in the skin. The simulations are performed using the

MC method in TracePro software.

The results show that skin with vellus hair results in significantly higher energy
absorption in the stem cell layer as compared to hairless skin. The relative increase in
energy absorbed in the stem cell layer when vellus hair is present to hairless skin varies
from 4.6% to 52.0% over the UVA — UVB wavelength ranges. For skin with terminal
hair (medullated or non-medullated), this relative increase in energy absorbed varies from
16.7% to 55.6% over the same wavelength range. Skin with shaved vellus hair will further

enhance the UV transmission into the skin.

The objectives of this research have been met: The McSCs in the VHF receive and absorb
significantly higher dose of UV primarily due to their shallower depth in the skin; The
thinner skin layer and the presence of vellus hair also increase the solar UV transmission
to the McSCs further. These three factors overall indicate that the McSCs in childhood
will absorb significantly higher doses of UV, as compared to adulthood. This is believed
to result in a higher risk of developing melanoma in later life, in which McSCs will

undergoes several complex processes to form melanoma.

7.2 Future work

Measuring the transmittance spectra of human hair in its transverse direction is relatively
more convenient than the longitudinal direction. The optical properties in the longitudinal
direction of hair have not been measured in this work. Preliminary work has been done

for preparing hair samples for the measurement, as briefly introduced below.

Figure 7-1 shows a schematic diagram of the procedures for hair sample preparation. Hair
samples are firstly mounted perpendicularly into a paraffin wax. Then the wax block is
sectioned into thin slices using a microtome. The wax slice containing the cross sections
of hair can be mounted onto a quartz slide for transmittance spectra measurement using
the CRAIC microspectrophotometer. Due to the difficulty of accessing the facilities for
preparing the cross sections of hair at the measurement site, these transmittance spectra
were not acquired. However, it was possible to obtain the micrographs of the cross

sections of black scalp hair using a conventional microscope (Fig. 7-2).
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Despite the difficulties and disadvantages of this method (Section 2.5.1), it is still
considered to be the optimal approach to investigate whether the transmission property

of human hair is different in its transverse and longitudinal directions.

N ;
ey

Figure 7-1: Preparing the cross sections of hair using microtome.

(b)

Figure 7-2: Images of the cross sections of (a) medullated (b) non-medullated black scalp hair samples.

Although light blond hair has been considered to have close optical properties to vellus
hair, real bodily vellus hair has not been measured. Measuring the optical properties of

bodily vellus hair will more solidly confirm the hypothesis.

The optical properties of child skin are rarely known. Understanding the optical properties
of child skin will improve the accuracy of the child’s skin-hair model, which will make
the comparison of the UV absorption in the stem cell layers of child and adult skin more

realistic.

This research will also lead to testing the efficacy of sunscreens, in terms of UV filtering

on the hair follicles.
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Appendices

Appendix A — Publications during PhD

Journal articles

1.

X. Huang, M. D. Protheroe, A. M. Al-Jumaily, S. P. Paul, and A. N. Chalmers,
“Review of human hair optical properties in possible relation to melanoma
development,” Journal of biomedical optics, vol. 23, no. 5, pp. 050901, 2018 —
Chapter 2

X. Huang, M. D. Protheroe, A. M. Al-Jumaily, A. N. Chalmers, S. P. Paul, and X.
Fu, “Simulation of UV power absorbed by follicular stem cells during sun
exposure and possible implications for melanoma development,” JOSA 4, vol. 36,

no. 4, pp. 628-635, 2019 — Chapter 3 (editor’s pick)

. X.Huang, M. D. Protheroe, A. M. Al-Jumaily, S. P. Paul, A. N. Chalmers, S. Wang,

J. Diwu, and W. Liu, “Contribution of Human Hair in Solar UV Transmission in
Skin: Implications for Melanoma Development,” Annals of Biomedical
Engineering, pp. 1-12, 2019 — Chapter 4 & 5

“Effect of hair removal on solar UV transmission into skin and implications for

skin cancer development” (manuscript under review)

Conference proceedings

1.

X. Huang, M. D. Protheroe, A. M. Al-Jumaily, S. P. Paul, A. N. Chalmers, and X.
Fu, "Characterising UV transmission property of red hair using
microspectrophotometer." in Medical Laser Applications and Laser-Tissue
Interactions 1X (2019) p. 1107914

X. Huang, M. D. Protheroe, A. M. Al-Jumaily, and S. P. Paul “Influence of human
hair medulla in solar UV transmission through skin” in ASME 2019 International
Mechanical Engineering Congress and Exposition (2019)

X. Huang, M. D. Protheroe, A. M. Al-Jumaily, and S. P. Paul, "The Significance
of Hair Thermal Diffusivity on Melanoma Incidence." in ASME 2017 International
Mechanical Engineering Congress and Exposition (2017), pp. VO03T004A060-
V003T004A060
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Appendix B — Standard deviations of attenuation coefficient of hair
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Figure B-1: Average attenuation coefficient (solid line) and one standard deviation (shaded regions) of (a)
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Appendix C — Absorption and scattering coefficients of skin and hair
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Figure C-1: (a) Absorption coefficient (b) scattering coefficient of stratum corneum, epidermis, dermis,
vellus and terminal hair. The properties of the skin layers are from Fig. 3-1.
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Appendix D — Ethics approval
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