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Abstract

This thesis concerns the development of numerical modelling simulations to predict how
ultraviolet radiation (UVR) penetrates into human skin in a wavelength dependent manner.
UVR has biological effects; for example, UVR causes damage to DNA within skin cells, and
these effects are wavelength dependent. A Monte Carlo Radiative Transfer (MCRT) model
was developed in order to simulate the transport of UVR from different radiation sources
through the upper layers of human skin. Using the results of these simulations, the depth
to which different wavelengths of UVR penetrate can be examined, and then resulting
biological effects can be predicted.

The research presented here quantifies DNA damage occurring due to sunbed use, inves-
tigates the protective effects of melanin and sunscreen, investigates potential novel lamps
for psoriasis treatment and examines the safety of UVR sterilisation devices. In addition,
research is presented from practical work, evaluating the performance of a handheld UVR

meter when used to measure UVR output from commercial sunbeds.
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Chapter 1

Introduction

Over-exposure to ultraviolet radiation (UVR) is a major cause of all types of skin cancer [1} 2, [3].
There are over 16,000 new cases of melanoma skin cancer, and over 150,000 new cases of keratinocyte
skin cancers, diagnosed annually in the UK [4]. Skin cancer is caused by mutations in DNA, and
these DNA mutations can be induced by UVR [3].

By quantifying the amount of potentially mutagenic radiation reaching into the skin, it is possible
to quantify risks around exposure to different sources of UVR (such as sunbathing and sunbed use).
This information can be used to communicate risks to the public, and to aid development of strategies
for prevention by understanding of the formation of skin cancers [5].

However, in vivo experiments to quantify mutagenic radiation reaching into skin tissue can be
harmful to an individual, and difficult to perform. For example, trials involving humans or animals
require subjects to be exposed to UVR, and invasive biopsies may be taken. Clinical trials are
expensive and labour intensive, and ethical considerations necessitate strict definition of the scope
of experiments at the outset. All of these issues also apply to in vivo experiments involving animals.

One solution is to use computational simulations of radiation transfer to quantify the amount of
UVR penetrating into the skin. Computational simulations allow a wide variety of scenarios to be
explored without the practical barriers of fulfilling ethical considerations associated with experiments
on people or animals. Once the code has been written, simulations can be designed quickly. The
time taken to perform simulations and gather initial results can be under an hour. The scope of the
simulations that can be performed is only limited by computation time and available input data.
If simulation results require further investigation, parameters can be altered and results examined
quickly without the need to formally approve alterations to experimental procedure.

This thesis describes the application of Monte Carlo Radiative Transfer algorithm to simulate
the transfer of UVR through the upper layers of the skin. This will rely on simulating interactions
between UVR and skin tissue, such as scattering (e.g., by keratin in the stratum corneum, for
example) and absorption (e.g., by melanin or DNA). The resulting data on the transmission of
UVR, used in conjunction with existing data from in vitro experimental work, allows photobiological
processes within the skin to be simulated. Comparison against existing in vivo results provides a
method of validating results produced via simulation. The codes and approach used were initially
developed for astrophysical simulations of radiation transfer through galactic dust and gas [6], and

have been adapted for use in simulating radiation transfer through skin tissue [7] [8].



6 CHAPTER 1. INTRODUCTION

1.1 The skin

The skin is the largest organ in the human body, with an average surface area of 2m? [9]. The
outermost layer of the skin is called the epidermis, and provides the first line of defence against

environmental stressors such as pathogens, friction and UVR. The epidermis also protects against

moisture and nutrient loss. The epidermis is subdivided into layers, and constituent cells are illus-
trated in Figure

Langerhans Cell

Melanocyte
Living Epidermis
e
Keratinocytes -
(undergoing terminal
differentiation) 2

Basal Layer

., Keratinocyte Stem Cell

—— Dermis

Figure 1.1: An illustration of the cellular constituents of the epidermis, showing the the top layer
(stratum corneum), the living epidermis (containing the bulk of the keratinocytes), and the basal
layer (the keratinocyte stem cell layer) where new keratinocytes are produced. The living epidermis is
further stratified into the stratum lucidium, stratum granulosum, and stratum spinosum. These layers
are visible in the image, as the epidermis is illustrated by layers of keratinocytes at different stages of
flattening. This figure was created using images from Servier Medical Art (http://smart.servier.com,),
which are licensed under a Creative Commons 3.0 Unported License.

As Figure shows, the majority of cells in the epidermis are keratinocytes. Keratinocyte stem
cells are located in the basal layer. Here, new keratinocytes are produced. Occasionally a new stem
cell will be produced (which remains in the basal layer) but most new keratinocytes leave the basal
layer and move towards the surface, becoming part of the living epidermis. There, the cell undergoes
changes (these are illustrated Figure , becoming keratinised and more tightly packed against its
neighbours, in a process known as terminal differentiation. Eventually the cells become completely
keratinised and die, locking together to form the protective stratum corneum at the surface of the
skin. In healthy skin, dead cells from the surface of the stratum corneum are continuously shed
at the same rate that the cells arrive at the base of the stratum corneum. Cells produced by the

basal layer reach the base of the stratum corneum in about 14 days, and shed after about 50 days
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[10], though this takes longer with increased age [11]. Below the basal layer is the dermis, which is
primarily a layer of irregular connective tissue, interspersed by capillaries (blood vessels with a wall
one cell thick).

In addition to keratinocytes, Figure shows Langerhans cells, which are part of the immune
system, and melanocytes, which both produce the skin pigment melanin, and distribute melanin to

surrounding keratinocytes.

1.2 Biological effects of UVR on skin

Visible Radiation

T | |
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Figure 1.2: UVR in the context of the of electromagnetic spectrum.

UVR describes a band of radiation, comprised of radiation with wavelengths between 100 nm
and 400 nm. Figure places UVR in the context of the electromagnetic spectrum and visible
radiation. UVR is further classified into bands, named Ultraviolet A (UVA) from 315 nm to 400 nm,
Ultraviolet B (UVB) from 280 nm to 315 nm, and also Ultraviolet C (UVC) from 100 nm to 280 nm.
These bands are not absolutes, but are useful categorisations when describing different biological
effects of UVR [12] [13].

Most human exposure to UVR is from terrestrial solar UVR, which comprises mostly UVA
and a small amount of UVB (Figure . In addition to this, there are artificial sources of UVR,
such as artificial tanning units (sunbeds), medical UVR units, and sterilisation devices. Ultraviolet
sterilisation devices can be a source of UVC, which is not present within terrestrial solar radiation.
Within this text, the terminology UVA, UVB and UVC refer strictly to wavelength bands, and not
to sources.

In literature, a ‘UVA source’ may also emit a small yet biologically significant amount of UVB
radiation, and a ‘UVB source’ may emit a small but significant amount of UVA radiation.

UVR can affect living things in several ways. In biology, a chromophore is defined as a molecule

(or part of a molecule) that undergoes a structural change after absorbing energy from UVR or
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Figure 1.3: Mediterranean midday, midsummer solar spectrum [14] in black (measured in Wm=2),
CIE (International Commission on Illumination) erythema action spectrum [15], normalised CIE
vitamin D induction spectrum [16], and a generalised normalised DNA damage action spectrum [17],
giving the wavelength dependent damage for DNA in vitro (not in skin). Action spectra describe the
wavelength dependent efficiency of a radiation induced biological process. The image also shows the
UVA and UVB bands. The action spectra of most biological effects of UVR with significant impact
on human health peak in the UVB band; but there are significant effects into the UVA.
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visible light. This structural change may or may not be permanent. Examples of chromophores
in human skin are DNA and melanin. Chromophore activation can have direct consequences, or
could signal the start of physiological responses. For example, as a physiological response to UVR,

melanocytes produce and distribute melanin.

1.2.1 DNA damage and photocarcinogenesis

DNA is a chromophore. Although photons in the UVR band do not carry enough energy to ionise
atoms or molecules, UVR does contain enough energy to alter the structure of DNA [3]. Primary
DNA damage occurs when energy imparted by a UV photon is absorbed by DNA, and directly
alters the structure of the DNA molecule. Secondary DNA damage occurs when absorption of a UV
photon generates reactive oxygen species (ROS), leading to a cascade of damage, including damage
to DNA, as well as to the cell as a whole. Via these pathways, UVR is a known cause of keratinocyte
skin cancers. Most epidermal keratinocytes have a short lifetime, and cannot accrue enough DNA
damage to lead to cancer. The exception to these are the long lived stem cells in the basal layer,
where new keratinocytes are produced. As such, the process of photocarcinogenesis necessarily relies
upon the transfer of radiation from the surface of the skin to the basal layer. Figure [1.3]shows the
generalised DNA action spectrum (normalised to 300 nm), indicating that DNA is most susceptible
to damage from higher energy UVB radiation. However the skin itself filters UVR, meaning a

proportion of this higher energy radiation is removed before it reaches the basal layer.

1.2.2 Skin Cancers

UVR exposure is a known cause of all types of skin cancer [1], 2, B]. Melanoma skin cancers are the
cause of most skin cancer deaths [1], and keratinocyte cancers do not usually display a systemically
aggressive disease course. The keratinocyte skin cancers are squamous cell carcinoma (SCC) and
basal cell carcinoma (BCC). Despite these being having a low mortality rate [1], they are extremely
common, and treatment of these cancers represents a large financial burden for healthcare systems
globally.

In fair skinned populations, skin cancer is, by far, the most common type of cancer [1]. In
darker skinned populations, skin cancer is less common. This is due to the protective effects of skin

pigmentation, in the form of melanin.

1.2.3 Erythema and skin types

Erythema describes reddening of the skin caused by increased blood flow in dermal capillaries. This
is induced by injury or inflammation, and examples include wounds, insect bites, contact allergies, or
irradiation with UVR. The extent to which UVR is able to induce erythema is wavelength dependent,
with more energetic UVB causing more erythema than the longer wavelength UVA. The erythema
action spectrum FE(X) [15] (where wavelength A is given in nm), is shown in Figure and is
described by,
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1 250 nm < A < 298 nm
E(\) = 1(00-094(298—4) 298 nm < A < 328 nm (1.1)
100-015(140—3) 328 nm < \ < 400 nm

DNA damage is thought to be the chromophore for erythema [5]. The skin’s response to UVR
depends on the melanin content of the skin, and the different responses are described by the Fitz-
patrick skin type, detailed in Table

Skin Phototype [18] Features Response to Sun Exposure
I Pale white skin Always burns, never tans
11 Fair skin Burns often, tans poorly
II1 Darker white/ olive skin | Average tanning (after initial burn)
v Light brown skin Minimal burns, tans
A% Brown skin Rarely burns, tans darkly easily
VI Dark brown or black skin Almost never burns

Table 1.1: Fitzpatrick skin type classifications [18]. A lower skin type corresponds to a stronger
reaction to UVR exposure, as the additional skin pigmentation present in higher skin types imparts
protection.

1.2.4 Benefits of UVR

Solar UVR does have some positive effects on human health, such as the production of vitamin D,
and improved mood [19]. Recently evidence has emerged that UVR may have a beneficial effect on
cardiovascular health by releasing nitric oxide (NO) [20]. NO generated by UVR may also positively
affect the microbiome, and may and act as a neurotransmitter [21]. UVR also has immunosuppressive
effects. These mechanisms can be harnessed to use UVR in a range of medical treatments, called
phototherapy. UVC radiation is germicidal, and has widespread applications in sterilisation of air
and surfaces [22], which is of great interest due to the current COVID-19 pandemic.

1.3 Radiation transfer

Skin photobiology involves radiation travelling into the skin, and the biological effects are due to
chromophore absorption at some location within the skin. UVR travels through the skin in a
wavelength dependent manner, and the biological effects of UVR absorption are also wavelength
dependent.

To experimentally quantify biological effects of UVR in vivo, studies are labour, time, and cost
intensive, and in addition are subject to strict ethical constraints.

Photochemical and photobiological processes can be investigated in vitro (for example, elucidat-
ing the DNA damage spectrum as shown in Figure . The resulting data cannot be automatically
applied to in vivo processes, as in vitro procedures are unlikely to reproduce the transfer of UVR,
through the skin.
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In silico simulations attempt to address these issues. By simulating the radiation transfer
from almost any source into skin tissue, and quantifying resulting expected biological effects of
the radiation transfer, all without direct harm to any experimental subject.

Quantifying the biological effects of UVR within the skin necessitates quantifying the transfer of
UVR through the skin. It is proposed that if the UVR transfer through the skin can be simulated,
then resulting biological effects could also be simulated.

In order to accurately simulate UVR propagation through a scattering medium such as skin
tissue, the transfer of radiation through the skin must be represented by a suitable theoretical

model.

1.3.1 The radiative transfer equation

The radiative transfer equation (the RTE) describes the propagation of radiation in any medium.
The RTE can be derived by framing radiation transfer in terms of a particle-like description of
radiation travelling through a collection of scatterers and absorbers. Interactions between a photon
and the medium occur randomly, but the probability of interactions is specified. The RTE can be
derived from energy conservation rules. Simplistically, this looks at losses and gains of the number
of photons within a volume element (dV'). The following derivation is adapted from Quantitative
Biomedical Optics by Bigio & Fantini [23].

X X

Figure 1.4: The left image gives position of differential volume element dV'in Cartesian and polar
systems as referred to in the derivation of the radiative transfer equation (the RTE). The right image
shows volume element AV at position r, and the differential directional element dS2.

The energy conservation principles applied to the volume element dV can be thought of as the
sum of the gains in photons within dV' due to sources, the gains and losses due to scattering, the
losses due to absorption, and the losses due to divergence of the photon beam. Consider the angular
energy density u(r,fl,t). This is the energy per unit volume, per unit solid angle, travelling in
direction € at position r at time ¢; and is measured in units of Jm~3sr~!. As Equation shows,
the angular energy density u(r, ﬁ,t) (propagating about direction Q at position r at time t) is

directly proportional to the number of photons per unit volume and per unit solid angle that are
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propagating about direction Q at position r at time t),

w(r, 2, t)An
hey,

where ), is the wavelength in a medium of refractive index n, and ¢, the speed of light in a

Nav = (1.2)

medium of refractive index n, and the individual photon energy is given by hc/A\.

Using energy conservation principles across the volume element dV (as shown in Figure ; the
total rate of change of angular energy density u(r, Q, t) is the sum of the losses due to divergence
and extinction, and the gains due to any sources within the volume or scattering into the volume.
This is made explicit in Equation

0 A 0 N
au(r, Q, t) = au('f’, Q, t)div —+

“ 0 A 0 -
(T7 Qv t)ext + 7“(7’7 Qv t)scatt + 7u(r7 97 t)src (13)

ot ot P

The divergence term

The first term in Equation %U(T,Q,t)div, describes loss (or gain) of photons in the volume
element dV (at position 7, travelling in direction Q, at time ¢) due to divergence of the photon
beam. This can be interpreted as the spatial rate of change of u(r, ﬁ, t) in the direction Q; and can
represent a rate of change with respect to time by multiplying by the speed of light ¢, (the distance
travelled by light in medium of refractive index n in an infinitesimal time dt),

0 A R A
Eu(r, Q, t)div = Cnﬂ . Vu(F‘, Q, t)div (14)

The extinction term

The second term in Equation u(r, Q, t)ext, describes the loss of photons from volume element
dV (at position , travelling in direction €2, at time ¢) due to either absorption, or from scattering
out of the direction € (represented in Equation by pa, the absorption coefficient, and pg, the
scattering coefficient),

0 N
Eu(n Q, ) oxt = Cn(pta + ps)u(r, 2, 1) (1.5)

These losses are illustrated in Figure [1.5] The speed of light in a medium of refractive index
n is ¢y, and can also be thought of as the distance travelled by a photon per unit time. Thus
en(pa + pe)u(r,Q,t)/hf (see Equation gives the number of photons per solid angle dQ in
volume element dV that are absorbed or scattered, per unit time. As the distance light travels
in time dt is given as c,dt; then the quantities p, and ps can be interpreted as probabilities of
absorption or scattering over the infinitesimal distance c,d¢. The sum p, + ps can be interpreted as
the probability of interaction, and is often denoted iy = pa + s,

%u(r,ﬂ,t)ext = cappu(r, 2, t) (1.6)

This treatment of u, and ps as mutually exclusive probabilities of interaction is a vital part of
the Monte Carlo Radiative Transfer method, and Chapter 2] details the application of this concept
to the simulation of skin optics.
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Figure 1.5: This image indicates losses and gains within the volume element dV by showing the
effects of absorption and scattering within the volume element dAV. For clarity the figure shows
the photons scattered into direction €0 as originating outside volume element dV (and the photons
scattered out of direction Q as ending up outside volume element dV'). However photons remaining
within volume element AV that have also changed direction are counted as a loss or gain.

The scattering term

The third term in Equation u(r, Q,t)scatt, is the scattering term. This represents the gain of
photons in volume element dV (at time ¢) that have been scattered at r into direction € from any
direction € other than fl,

0 (7, €, t)scatt = Cnlhs / u(r, 2, t)P(Q, Q)dY (1.7)
4

au

The integral in Equation is over the whole solid angle | e d€Y; so as to include the gain of
photons from scattering from any direction. The scattering coefficient us is the probability that
over infinitesimal distance c¢,dt, a scattering event will take place. In addition there is another
term, P(£Y, ), known as the scattering phase function. P(€¥’,€2) is a function that describes the
probability of a photon travelling in direction 4 being scattered into direction Q. The gains of

photons across volume element dV are illustrated in Figure [1.5

The source term

The fourth term in Equation u(r, Q, t)src, represents the gain of photons (at position 7, travelling
in direction Q, at time t) due to any photon sources present in the volume dV. Equation
represents this in terms of ¢(r, Q, t)sre, which is the energy radiated by a source per unit time, per
unit solid angle, per unit volume (at position r, travelling in direction Q, at time t).

0 A N

&u(,ranat)src = q(r7ﬂ7t)src (18)
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Sources can include primary radiation sources (e.g., a point source radiating), or secondary

sources (e.g. emission following absorption at a point in space).

The RTE
The constituent parts can be inserted into Equation to yield,

(r,fl,t) = ch-Vu(r,Q,t)div—l—cnut(?“,ﬁ,t)—l—cnus/ u(r,Q,t)P(Q’,Q)dQ’—I—q(r,Q,t) (1.9)

4

0

a’u
Equation [1.9| was derived using the concept that the energy in a volume element dVwas directly
proportional to the number of photons contained within that volume (see Equation [1.2)). Losses
and gains of photons within a volume is relatively easy to quantify. However the more recognisable
form of the RTE recasts Equation in terms of radiance L(r, Q, t), which is the radiant angular
intensity per unit area travelling in direction €2, at position r at time ¢. The radiance L(r, Q, t) has

SI units of Wm™2sr~!. The radiance is directly proportional to the energy, as shown by Equation

.10l
u(r, ) = —~——~ (1.10)
Substituting Equation [1.10]into into Equation yields the more familiar form of the RTE,
10 N

—6tL(7“7 Q,t)=Q-VL(r,Q,t) + u L(r, Q. t) + ,us/ L(r,Q, t)P(Q, Q)dY + q(r, Q1) (1.11)
Cn

4

The radiance L(r, Q, t) can also be thought of as representing the number of photons travelling

in direction €2, at position r at time ¢, passing through a differential surface element d.S,

L(r,Q, 1)
hf

The radiance yields quantities useful in photobiology, such as the fluence rate (the energy deliv-

Nagt = (1.12)

ered by radiation per unit time, per unit area from any direction),

<I>(r7t):/4 L(r, 2, t)dQ (1.13)

Where ®(r,t) is measured in Wm™2.

1.3.2 Approximate solutions to the RTE

Even for simple media, solving the RTE analytically is difficult. For a complex structure such as
the skin, given gradients in absorption and scattering properties, calculation of an exact analytic
solution to the RTE is currently effectively impossible. Given the importance of elucidating radiation
transfer through skin tissue, several methods exist as approximate solutions to the RTE. The most
straightforward approximations will assume either scattering or absorption dominates within the

system.
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The Diffusion Approximation

If scattering dominates within a system, the diffusion approximation can be used. This involves
expanding the radiance in the RTE in terms of spherical harmonics [23]. This approach is more
valid for isotropic scattering (where the factor P(Q' , fl) is the same for all €’ ). This approximation
can have merit in tissue where scattering could be approximated as isotropic. However the upper

layers of the skin is highly forward scattering, so the diffusion approximation is not suitable.

Absorption

Another approximation neglects scattering entirely, and and only takes absorption into account, as
described by the Beer-Lambert law,

1
I_t — 10_Elcconc — e_/‘/al (1.14)

Incident Radiation Transmitted Radiation

l

Figure 1.6: If the optical behaviour of a medium is dominated by absorption, the Beer-Lambert law
is a suitable description of the attenuation of incident radiation.

In Equation (illustrated in Figure , I; and I; are incident and transmitted intensity
respectively. The first form of the Beer-Lambert Law in Equation |1.14]is usually used in chemistry
and biochemistry, where ¢ is the molar extinction coefficient (or molar absorptivity) of the medium,

and is usually measured in units of M~tem™!.

The molar concentration of the medium is ccone,
usually measured in units of M, and [ is the path length of radiation through the medium (measured
in cm). The Beer-Lambert law assumes scattering is negligible, so treats absorption as the sole cause
of any extinction. The second form of the Beer-Lambert Law in Equation is usually used in
physics, meteorology and astronomy, where [ is also the path length as above, and the absorption
coefficient for a medium p, is defined as the probability, per unit path length, that a photon will be

absorbed by the medium.

In the upper layers of the skin, scattering dominates, so the Beer-Lambert law is not suitable

for simulating UVR transport though skin.
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Monte Carlo Radiative Transfer

The term ‘Monte Carlo Method’ describes a class of algorithms that use random numbers to sample
from probability distributions in order to obtain numerical results. The term ‘Monte Carlo’ was
the codename given to the method for modelling random walks of neutrons during the Manhattan
Project [24], where the first nuclear weapons were developed. The algorithm was computerised by
von Neumann using the first general purpose electronic computer, the ENIAC (Electronic Numerical
Integrator and Computer), built in 1945 [24].

In general, Monte Carlo methods involve finding all possible outcomes of an event, and ascribing
the probability of each outcome occurring. The outcome of an event could be other events, which
also have a set of outcomes, and so on. As long as the probabilities are known, a simulation can be
built based on repeatedly randomly sampling these outcomes. Monte Carlo methods thus provide
a way to model complicated stochastic processes, as long as the probabilities involved are known.
Monte Carlo methods are widely used in physics [25], biophysics and medicine [7] [8, 26| [27] and
beyond, for example in financial modelling [28], predicting election outcomes [29], and modelling the

impact of a pandemic [30].

Monte Carlo Radiative Transfer (MCRT) uses random sampling of the mean free path of a
photon, along with the optical properties of the skin (the absorption and scattering coefficients) to
simulate the transfer of radiation through tissue. MCRT is able to consider the varying absorption
and scattering in all directions within the skin, and as such is a good approach to use over the
diffusion approximation or the Beer-Lambert law, as the numerical Monte Carlo algorithm should
reproduce the results of an analytical solution of radiative transfer. MCRT models of human skin
have been developed for applications in biomedical optics before [7] 8, 26l [31], however the work
presented here forms the first comprehensive MCRT model of human skin built to simulate UVR
transport [32] [33].

1.4 Thesis aims and summary

This thesis aims to present the development of an MCRT model capable of simulating the transfer of
UVR through human skin. Chapter [2| provides a detailed description of the Monte Carlo Radiative
Transfer (MCRT) algorithm used throughout this thesis. Chapter [3[describes the application of this
algorithm to create a model capable of simulating UVR transport through the upper layers of the
skin. The thesis aims to present a variety of applications of the model, along with details of data
analysis methods used to both validate the model against published experimental results, and to
examine predictions made by the model. Chapter [4] uses the model to quantify UVR induced DNA
damage occurring in the basal layer of human skin. Chapter [5| builds on the work in Chapter
by extending the model to darker skin types. Chapter [f] again extends the model by the addition
of a layer of sunscreen to the simulations. Chapter [7| describes the application of the code to
theoretically determine whether a new treatment protocol for a specific type of psoriasis might be
beneficial. Chapter |8] further extends the model to the UVC band, in order to theoretically assess
the safety of UVC sterilisation lamps.

The final experimental chapter of this thesis, Chapter [9] is a departure from computational

simulation, and details the assessment of the suitability of a commercially available hand held UVR
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meter in measuring the UVR output of sunbeds in beauty salons and gyms within the Highland

Council area.
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CHAPTER 1.

INTRODUCTION



Chapter 2

Monte Carlo radiative transfer

2.1 Monte Carlo radiative transfer

Monte Carlo radiative transfer (MCRT) simulates the transport of radiation through a highly scat-
tering medium. Using the probabilistic nature of photon propagation, the random walk of photons
through the medium are simulated. By repeating this many times, the result provides a numerical
approximation to the solution to the RTE.

MCRT is well optimised to model a complex 3 dimensional (3D) structure such as the skin. In
MCRT it is possible to model localised optical properties, and multiple physical quantities can be
recorded simultaneously, with desired spatial resolution limited only by the computational power
available. The input parameters for an MCRT simulation can easily reproduce experimental set-ups,
providing opportunity to validate results from the simulation against those obtained by experiment
[7, 31) 134) [35]. In addition, MCRT simulations can be designed to simulate situations that would be
difficult to test experimentally.

The code used to develop the MCRT model presented here was, in its original form, developed
for Astronomy research [36]. In order to simulate UVR transport through skin tissue, the code
has been extensively altered. All code developed for this thesis is available at the DOI https:
//doi.org/10.5281/zenodo.5651209.

2.2 Random sampling

Monte Carlo (MC) methods are founded on randomly sampling from known probability distributions.
Each sample must be random and independent, and collectively the samples must reproduce the
probability distribution in question. During the simulation of the propagation of a photon, at every
point where an interaction event occurs (scattering or absorbing), an independent random sample
must be taken from the relevant probability distributions which represent the underlying physical

process. The two random sampling methods used in this thesis are described here.

19
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Rejection method

The rejection method involves mapping the outcomes of a uniform distribution, U(0,1), to the
outcome of interest. Then a value ¢ is randomly sampled from the uniform distribution, U(0,1). If

& doesn’t map to the outcome of interest, the sample is rejected.

A simple example could be the coin toss, as in Equation An outcome is either heads, or
not heads (tails). Each outcome must be random and independent. Assuming the coin is fair,
the outcomes of heads or tails are equally likely; so these outcomes are mapped to the uniform
distribution U(0, 1) by assigning half of the distribution to heads, and half to tails. Results for the
‘coin toss’ are shown for different numbers of samples in Figure to illustrate that by increasing

the number of samples, convergence to the probability distribution sampled is obtained.
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Figure 2.1: Plot showing the number of heads in a simulated coin toss against number of throws (2
to 2°0 tosses). As the number of throws increases, the Nyeads/Ninrows converges on 0.5, as expected
for a fair coin.

Simulating the toss of an unfair coin, for example, one that only returned heads 10% of the time,

could be achieved by sampling,

1 if0<¢<ol

. (2.2)
0 if0l<¢<1.0

Pheads,unfair = {

Within the research presented here, this technique is used when deciding whether a power packet

will be absorbed or scattered, as discussed in the following sections.
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Inverse transform sampling

Rejection sampling is computationally inefficient, as a proportion of the samples produced are always
rejected. Inverse transform sampling ensures only samples fitting the probability distribution in

question are produced.

The probability density function (PDF), usually denoted f(z), gives the relative likelihood that
a random variable would equal a given value at . The cumulative distribution function (CDF) is
usually denoted F(z). The CDF can be thought of as the area under the PDF curve at z, and the
CDF evaluated at X, F(X), gives the odds of measuring any value up to and including X. The
CDF is obtained from the PDF via Equation

F(x) :/ f(a')da' (2.3)

where f(z) is normalised from & = Zyin t0 & = ZTpax. Equation details the method used to
obtain an independent random sample X from the PDF f(x). By setting the CDF F(X) equal to
a random number ¢ (randomly sampled from the uniform distribution U(0, 1)), then inverting the

function such that F~1(¢), the independent random sample X is obtained,

b's
£E= fla)de = F(X) = X =F'(¢) (2.4)
where the standard notation F~! denotes the functional (not arithmetic) inverse of F, such that

if F:V — W then F71: W — V.

Given that ¢ is a random number drawn from the uniform distribution U(0, 1), Equation
will return a random independent variable X. When the number of samples is very large, the
distribution of the random variables X; will reproduce the PDF. A practical example of inverse
transform sampling of the exponential distribution function, f(z) = ™%, and the effects of sampling
size are detailed in Figure

The method described above assumes the CDF F(z) can be obtained analytically. If this is not
possible (e.g., if the desired sampling distribution is an experimental dataset) then the CDF can be
obtained numerically. Consider a discrete dataset represented by g(x;). First the area under the

curve of the dataset is computed using the trapezoidal rule,

N
/b g(z)dz ~ Z MA:QC (2.5)

2
k=1

Where [a, b] are respectively the start and endpoint of the dataset of interest. This interval [a, b]
is divided into N subintervals of size Axy, (the separation between data points). By setting this area
equal to 1, the PDF f(x) is found,

b N
/ flaydz =Y F@ey) + 1 @) oy (2.6)

2
k=1

To convert this to the CDF F(z), the area under the curve up to and including each data point
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Figure 2.2: FEach column of plots shows results for a different number of random samples
(Nsampies =10, 100, 1000 & 10000) using inverse transform sampling of the probability distribu-
tion f(x) = e™*. In this case, F(x) can be analytically determined as F(x) =1—e™*. The CDF is
inverted to obtain a random sample X;, where X; = —log, (1-£). The first row is a scatter plot
of the random samples, with the value of X; on the z-axis, and point in the sequence the sample
occurred on the y-axzis. The second row shows a histogram of these samples (using 50 bins). The
third row shows both a normalised histogram (the sum of the histogram area is normalised to 1),
and the original probability distribution f(x) = e *. It is clear from the bottom row that the more
samples, the more accurately the histogram reproduces the original function f(x) =e™*.



2.2. RANDOM SAMPLING 23

must be found, which can be inverted to obtain a random independent sample,
X
F(X)~ Z Az, F(X) = X = F71(¢) (2.7)
k=1

If this is repeated many many times, the distribution of the random independent samples will
eventually match the PDF. An example of the process of turning a dataset into a PDF and CDF is
shown in Figure [2.3] and of inverse transform sampling in practise in Figure

Figure shows the importance of obtaining enough samples to reproduce the desired function.
Even for 10,000 samples, the spectrum from Figure is not perfectly reproduced. The inverse
transform sampling method is used extensively in the research presented here to randomly select a
wavelength from an experimentally obtained spectrum, and in these cases sampling numbers range
from 10® to 10°.
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Figure 2.3: The left plot shows a terrestrial UVR solar spectrum. The central panel shows the
same data transformed into a PDF using Equation@ (the area under the curve is equal to 1). The
right panel shows the resulting CDF, the cumulative probability, taken from summing the area under
FX) up to each point \;, and it is this CDF which is inverted to obtain random independent samples

(Equation E]’)

Pseudorandom numbers

Monte Carlo methods rely heavily on random numbers. Generation of true random numbers is
slow, and to do a Monte Carlo simulation correctly, every random number must be independent.
Pseudorandom numbers are produced by an algorithm (from a ‘seed’ supplied within the program),
and have a list length, or period, within which they behave like random numbers. To optimise speed
in a Monte Carlo simulation, a long list of pseudorandom numbers is used to represent the uniform
distribution U(0, 1), and £ is drawn from this list.

The numeric simulations for this code are written in Fortran 90, and use the in-built random

number function (call random number () . This inbuilt function has a period of 22°6 — 1, which

1See online GCC documentation: https://gcc.gnu.org/onlinedocs/gfortran/RANDOM_005fNUMBER.
html
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Figure 2.4: Ezxzample of inverse transform sampling using a numerical rather than analytical in-
version of the PDF. The probability distribution is generated from a terrestrial UVR solar spectrum
(Figure , The bottom row indicates the importance of sampling in large quantities to reproduce
the input spectrum, as the number of samples increases, the error between the sampled spectrum and

the input spectrum reduces.
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is adequate for the simulations performed. Early versions of the codes developed tested both the
inbuilt random number function and an external generator (e.g. ran2 from Numerical Recipes [31]),

and no difference was found in results.

2.3 The random walk

MCRT simulations should yield a solution to the radiative transfer equation by utilising the proba-
bilistic nature of photon propagation. This is done via simulation of the random walk of a photon
through a turbid medium. There are two components to the random walk: travelling between

interaction points, and what happens at the interaction points.

2.3.1 Optical depth sampling

The easiest way to simulate the random walk is to find out how far a photon is likely to travel before
it either scatters or is absorbed. This can be thought of as finding the probability that a photon
will reach a distance S without interacting.

As discussed during the derivation of the radiative transfer equation (in Equations and ,
the probability per unit path length that a photon will interact (either scatter or absorb) is given
by,

e = fla + ps (2.8)

where p is the probability of interaction per unit path length, which is the sum of p, (the
probability of the photon being absorbed per unit path length) and us (the probability of the
photon being scattered per unit path length).

This can be used to find the probability of an interaction occurring over the infinitesimal distance

dS, which is defined in terms of the distance S divided into NV segments, where IV is very large,

S

Given Equations[2.8]and the probability of the photon interacting over the infinitesimal distance
dS can be expressed by,

Rnteraction (dS) = UtdS (210)

Over the infinitesimal distance dS the photon either interacts, or does not interact, meaning
Hnteraction (dS) + Pno interaction(ds) =1
Therefore the probability of no interaction occurring over the infinitesimal distance dS (the

quantity of interest, from now on referred to as P) is,

P(dS) = Pno interaction (dS) =1- thS (211)

Given Equation the probability of no interaction occurring over a second element d.Ss is
also P(dS;) = 1 — puydSs (where dS = dSz), and the same for a third element dSs. Using the
identity,
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Jim (1 - %)N —e® (2.12)

the probability of not interacting over the entire distance S = NdJS is given by,

S N
P(S) = (1~ pdS)1 (L~ pdS)a(1 — Sl ~ pudS)y = Jim_ (1 - MN) (2.13)

Equation m (the probability of a photon reaching distance S without interaction) can be
rewritten as,
P(S)=e M5 =¢7 (2.14)

The average distance between events is the mean free path, —. The value uS is the number of

1
mean free paths travelled to reach S, and is defined as the optic;tl depth, 7 = 1 S.

Equation is also the the PDF describing the likelihood that a photon will reach a distance
S. Given this, inverse transform sampling can be employed to obtain independent random samples
of the optical depth 7.

In order to randomly sample the optical depth, the inverse of the CDF must be found,

§:/Ti e Tdr=F(X)=m1=—log. (1 —¢) (2.15)
0

Inversion of Equation yields an independent and randomly sampled optical depth,

Ti = — loge(l - 6) = - lOge(f) (216)

where £ — 1 is replaced with £ (as £ is a random sample from the uniform distribution U (0, 1),
it is also correct to say that (1 — &) is a random sample from the uniform distribution U(0,1)). The

optical depth is then converted into a physical distance .S; by solving the integral,
Si
T = / ueds (2.17)
0

2.3.2 Interactions: scattering & absorption

When the photon reaches the randomly sampled optical depth, the photon has reached the inter-

action point. At this point, the photon must either scatter or absorb. The likelihood of either

Hs
s+ a

scattering and absorption coefficients (known as the optical properties). The rejection method is

outcome happening is determined by the mean albdeo, a = , where us and p, are the local

used to determine whether the photon scatters,

b 1 ifo<¢<a (218)
ST 0 ifa<€<1.0 '

If the photon is absorbed (not scattered), the random walk of that photon is terminated, and
another photon starts the process of the random walk from the source position. So in this model,

an absorption event means termination of that photon, and there is no further emission simulated
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from the point of absorption (e.g. fluorescence is not taken into account in this model).
If the photon is scattered, and so is continuing on a random walk, a new direction and a new
optical depth must be randomly sampled, and the photon progresses from the scattering location to

the next interaction point.

Scattering

When a photon is scattered, the path of the photon changes. In skin tissue, most scattering is
considered to be elastic (the kinetic energy of the photon is conserved, meaning there is no change in
the wavelength of the scattered photon), and in the model presented here only elastic scattering is
considered. However inelastic (Raman) scattering does occur in tissue, where the scattered photon
exhibits a change in wavelength. This occurs at a rate of about 1 in 10° of scattered photons, which
has been successfully modelled using MCRT methods [27].

Scattering is determined with respect to the reference frame of the travelling photon (illustrated
in Figure .

With reference to the scattering term of the RTE (reproduced here as Equation , scattering
into the entire solid angle is possible (0 < § < 7 and 0 < ¢ < 27).

%u(r,ﬂ,t)scatt = cn,us/ u(r, S, t)P(Q, Q)dsY (2.19)
47

As the scattering direction is considered an independent random variable, this requires random
sampling. In isotropic scattering, all possible scattering angles are equally likely. However skin
is highly forward scattering [38], and to reproduce this, inverse transform sampling from a phase
function P(§¥,€Y) is required.

When taken in the reference frame of the travelling photon (see Figure , in skin, scattering
into the azimuthal angle ¢ is equally likely, and so the following equation is used to obtain an
independent random sample of ¢,

¢; = 2m€ (2.20)

where, as before, £ is randomly sampled from the uniform distribution U(0, 1).

The Henyey-Greenstein phase function

The Henyey-Greenstein function,

_ -9
Pua(0) = T 20 (2.21)

was originally used to describe diffuse dust scattering in space, and was also identified as a suitable
function for modelling scattering in biological tissues [34].

The key parameter in the Henyey-Greenstein phase function is the anisotropy factor g,
g = {(cos(0)) (2.22)

defined as the expectation value of cos(6), where 6 is the angle between the direction of incidence

and the direction of scattering. The g value varies between —1 < g < 1, where g =~ —1 indicates a



28 CHAPTER 2. MONTE CARLO RADIATIVE TRANSFER

y

Figure 2.5: Illustration of the geometry of the scattering direction in the frame of reference of the
scattered photon (as indicated by x', y' and 2'). In isotropic scattering, after an impact, scattering
into each solid angle (or direction) 6 and ¢ are equally likely. Skin tissue is highly forward scattering.
In the reference frame of the photon, the azimuthal angle ¢ is equally likely, and the polar angle 0
determined by inverse transform sampling of the Henyey Greenstein function (Equation @ The
scattering directions can be converted into the lab frame, indicated by the axes marked x, y and z,
using the transforms in Equation [2.26.

highly back scattering medium, g ~ 1 a highly forward scattering medium, and g = 0 an isotropically
scattering medium.

In order to obtain random independent samples of the polar scattering angle 6, the inverse
transform sampling method is used. To generate the CDF, Henyey-Greenstein phase function is

integrated over the whole solid angle, and set equal to 1,

2T w ™
/ Puc(0) sin 6dfd¢ = 2 / Puc(0) sin6df = 1 (2.23)
»=060=0 0=0

Using this, the CDF can be found. The CDF of the Henyey-Greenstein phase function gives the

odds of measuring a scattering angle 6 up to and including 6;,

0;
2w / Py (0)sinfdf = ¢ (2.24)
6=0

This CDF can be inverted, allowing random sampling of cos 6;,

o — (1+ 2+( k' )) (2.25)
cosf; = — —_—t )
2g g 1—g+2g¢

where, as before, £ is drawn from the uniform distribution U(0,1). As stated previously, this

randomly sampled cos6; is in the reference frame of the incident photon (Figure [2.5). To convert

new new
n

back to the lab frame, the transformations shown in Equationm [39] are applied, where ny®", ny
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2eW are the new scattering directions in the lab frame, and n,, n, and n, the old directions in

the lab frame (6 and ¢ are in the reference frame of the photon, see Figure .

and n

sin @(ngn, cos ¢ — n, sin
noev = (nan ¢ ySing) + ng cosf

* V1 —n2

sin 6(n,n, cos ¢ + n, sin
now = (nyn. ¢ 28 ¢) -+ ny cos 6

Y V1 —n2
ni®" = /1 —n?sinfcosp + n, cosb

(2.26)

2.4 Coding implementation of MCRT

In an ideal simulation, it would be possible to track the progression of every photon through a
continuous medium. In practice, computer memory and speed set limit what can and cannot be
simulated (and on how much data can be gathered at what resolution). To implement MCRT into
code that will run efficiently, the medium is discretised by a grid, creating voxels, and individual

photons are bundled into packets.

2.4.1 Power packets

Although it would be ideal to simulate the progression of every single photon through the medium, in
practise when simulating levels of radiation of interest in photobiology, to do so would take too long
using standard desktop levels of computing power. To simulate every photon incident on 1 mm? of
skin from midday equatorial sunlight in one second would require simulation of about 10*° photonsﬂ

To overcome this, photons are bundled into packets [40], and the progression of a power packet
is tracked through the medium. The number of ‘real’ photons of wavelength A (N, ) represented by
a power packet is given by,

1
Ny = E; \A— 2.27
A= Eiaho (227)

where h is Planck’s constant, ¢ the speed of light, and E;  is the energy per MCRT power
packet. E; ) is given by,

B\ = I\ AAt

’ Npkt,a

(2.28)

Where I is the irradiance of the source at wavelength A, A the area illuminated and Npk¢ x the
number of packets simulated at wavelength A\. Power packets can be converted into an ‘energy
packet’ by multiplication of an illumination time At.

Typically in the MCRT simulations presented in this thesis, the total number of packets simu-
lated (over all wavelengths) ranges from 107 to 10°. When a power packet is initialised, a random and
independent wavelength is selected from the input spectrum using the methods detailed in Figures
[2.3]and This thesis does not cover tissue fluorescence or Raman scattering, so all power packets
keep the same wavelength throughout the random walk, and absorption is modelled by termination

of the power packet.

2In the simulations performed here, simulating 10% takes about 20 minutes, so without considerable speed
up attempts, simulating 10'® photons would take about 380 years.
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2.5 3D grid code

The MCRT simulations presented in this thesis take place in a 3D grid of voxels (volumetric pixels).
The voxels discretise the medium. This provides an easy way to set optical properties, to track the
progression of power packets through the medium, and most importantly to record results. The
specifics of setting up the grid with the correct optical properties to model the upper layers of skin
will be described in the next chapter.

Packet progression

When a power packet (with a randomly selected wavelength) is launched into the grid, it does so
with a randomly sampled optical depth 7 (Equation. The initial direction of the power packet
will be determined by the source being simulated. The power packet will travel the distance S
(Equation , which is determined by the local optical properties. In the 3D grid model, these

optical properties are discretised to a voxel, such that
=Y pils; (2.29)
i

where fis; = pai + [s,i, the local optical depth to voxel 4, and As; the distance across voxel 4
travelled by the power packet.

With reference to Figure[2.6] Equation[2.30]describes how the power packet is progresses through
the grid, voxel by voxel, until it reaches the randomly selected optical depth 7.

T= Z pe,iNs; = per Asy + prr Asg + g Asl (2.30)

When a new voxel is reached, the distance to the nearest voxel along the direction of travel is
calculated (in Figure this distances are labelled by As;, Ass and Ass). This distance is added
to a running total of accrued optical depth 7iot. If this accrued running total 7y, > 7, then the
interaction point will be within the current cell. The distance within that cell to the interaction
point is calculated (in Figure Ash). When the power packet reaches the interaction point, it
either scatters or absorbs.

Every voxel contains a wavelength resolved running total of the path lengths accrued within

that voxel,

Svoxr = »_ As;z (2.31)

These are used to estimate absorbed energy and fluence.

Path length counters

In skin tissue, scattering events vastly outnumber absorption events, however, it is absorption events
that initiate photobiological processes. To gain good signal to noise, and reduce simulation runtime,
estimators are used to calculate the energy absorbed within a voxel. Estimators are also used to
calculate the fluence rate within a voxel.

The path length estimators employed here in the context of photon transport were introduced
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Figure 2.6: Illustration of how the power packet progresses through the 3D grid. The coloured vozels
represent different optical properties. The white star is the interaction point, located within a vozel.
If the power packet were to progress across the whole final voxel, the optical depth travelled would
be further than the randomly sampled T; so the distance to the true interaction point is calculated
within that voxel

by Lucy [40]. These utilise the distance a power packet travels within a voxel (As from the packet
progression algorithm, as described above in Figure and Equation to estimate the energy
absorbed within a voxel, and the fluence through a voxel.

In order to estimate the total energy absorbed by a voxel, first the contribution from a sin-
gle power packet is considered. The estimated energy absorbed within a voxel is proportional to
the probability of the power packet being absorbed over the distance travelled within that voxel,
ta(A)As. A single power packet of wavelength A that travels a distance As in a voxel representing

a medium of absorption coefficient f,(A), will contribute an amount of energy Eyoxi,

Eyox,i = Eipta(X\)Asy (2.32)
recalling from Equation that the energy carried by an individual power packet is given by,

 LAAt
Npkt,a

E;a

s

(2.33)

where A is the area illuminated and Npke » the number of packets simulated at wavelength .
Every voxel contains a wavelength resolved running total of the path lengths accrued within that

voxel,

Svoxr = > As; (2.34)

Over all wavelengths, within each voxel, this sums to,
Syox = Z Z Asi,)\ (235)
A

Given this, the total estimation of the energy per volume per second absorbed within the voxel
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of volume AV from the contributions of all packets from all wavelengths over time At is given by

E; IA
Qvox = AVAL 212 MaAS = W ; /J/aAS (236)

A useful quantity in photobiology is the spectrally resolved fluence rate. When radiation pen-
etrates into tissue, the direction of the radiation is not important in mediating photobiological
processes, but the relative intensities of the wavelengths are.

Similarly to the derivation of the RTE, to determine the spectrally resolved fluence (energy flow
per unit area, per unit time), the starting point is the energy density u (Jem™2), the energy per unit
volume,

¥

= — 2.
U\ c ( 37)

where c is the speed of light.
The energy contributed by a power packet to a voxel is directly proportional to the time the

power packet spends in that voxel,
As

ot = — 2.38
: (239)

So as a proportion of the total illumination time,

ot El by AS)\

E voxi:Ei . —— 2.39
Avox, A At At ¢ (2.39)
where again Fj;  is the energy of a power packet. Summing all the contributions of the power
packets (of wavelength A) within the grid cell (Equation [2.34)), and using the identity in Equation

2.33] the energy density (Jem™2) is obtained,

1 1 dt
uy = TV Z E/\,vox,i = HE Z EiA

IAAAt 1 LA
A A
pkt by AtAVC Z AT AVNpkt \C Z A

(2.40)

Using the identity in Equation the spectrally resolved fluence rate can be written as,

A
A 2.41
Py = AV Npra Z EN (2.41)

Equation is used extensively in the research presented here to quantify the spectral attenua-
tion of UVR as it penetrates into skin tissue. By keeping a running total of the wavelength resolved
path lengths in each voxel (Equation , Equation can be used to extract the estimated
fluence reaching any voxel in the model.

2.5.1 Simulating an infinite layer of skin

To simulate a layer of skin, repeating boundaries are implemented on the vertically oriented faces
of the grid, as illustrated in Figure A power packet leaving the grid from a vertical face rejoins

the grid on the opposing vertical face, with all properties pertaining to the power packet other than
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position retained. Any packets leaving by the bottom of the grid are terminated. This simulates an
infinitely repeating medium in the horizontal directions, and so approximates a 1 mm? section of a

large area of skin of depth 1 mm.

EIRN
]
]

\

E

Figure 2.7: Illustration of the implementation of repeating boundaries. Consider a power packet,
which on initialisation has a randomly sampled path length that happens to be much larger than
any of the grid dimensions. If the power packet leaves the grid at position A, the power packet is
immediately restated at position B (retaining all properties except position). if the power packet then
leaves the grid again at position C, the power packet is again restarted at position D. If the packet
then progresses and leave the grid at position E, the packet is terminated.

2.5.2 Reflections and refraction

All tissue, including the skin, has a different refractive index to the air. As such, reflections and
refraction at the air-skin boundary must be accounted for in the model (Figure [2.42). If a power
packet is incident at angle §; from the normal, then the reflected angle (6,-) will be equal to the angle

of incidence (6; = 6,). The angle of refraction 6; is given by Snell’s law,

n; sin = ny sin 0, (2.42)

where n; and n; are the refractive indices of the air and the skin (as shown in Figure
For unpolarised light, the probability that a photon incident on a refractive index boundary will

reflect, R, is given by the Fresnel Equations,

2

n; cos 6; — ny cos 0; n; cos 0y — ny cosd;

R(6;,0,) = % l

T (2.43)

n; cos 0; + ny cos 6, n; cos 0y + n; cos 0;

R is calculated for a given incident direction, and randomly sampled using the rejection method

to decide whether the power packet will enter the medium and refract, or reflect,
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(2.44)

b [l iH0<€<RO.0)
TN 0 i R(6:,0) < €< 1

where again, £ is a random sample from the uniform distribution U (0, 1). If the packet enters the
medium, then the random walk simulation begins. If the packet reflects, the packet is terminated
and another randomly sampled. Capturing the photons that reflect is an important part of MCRT,

as this is the physical behaviour of radiation incident on tissue.

___________
s Y

Intensity = [;

-

EEEEEEESAEEEEEEEEEEEER

Figure 2.8: An illustration of reflection and refraction of radiation at the air-skin boundary. The
angle of incidence always equals the angle of reflection 8; = 6;), and the angle of refraction 0y is found
using Snell’s law (Equation The probability of reflection is found using the Fresnel equations
which are combined in Equation [2.43,

Total internal reflection

In the case that an incident power packet enters the medium, and is scattered back towards the
surface, total internal reflection may take place if the incident angle 6; is greater than the critical

angle 6.,

0. = arcsin(n;/n;) = arcsin(ngin/Mair) (2.45)

taking note that the incident power packet is now on the skin side with n; = nsrin and ny = ng;-. In
the case that 6; > 6., the power packet undergoes total internal reflection, and continues the path
length progression after being reflected. In the case that 6; < 6., the power packet can either be
reflected or refracted (and leave the medium). The behaviour is determined by calculating R(6;, 6;)
(Equation , and random sampling using the rejection method as described by Equation
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2.6 Code validation

It is important to verify that the code could reproduce results from an existing published tissue
MCRT simulation.

Jacques et al.[41] developed an MCRT code to simulate the effects of photobleaching during
photodynamic therapy in rat skin. The results of their simulations were validated against experiment.
Within this paper, the authors simulated the penetration of radiation into rat skin using MCRT,

and fitted a function to the results,

U(z) = W(0)(Cre F12/% 4 Cyeh22/?) (2.46)

where W(z) is the fluence at depth z, ¥(0) the incident irradiance, and Ci,k1,C1,k2 and § are
wavelength dependent parameters fitted to the simulation, described in Table

Wavelength (nm) | pa (em™) | g (em™) | C1 | k1 | Co | ko | 6 (em)
420 1.8 82 5.76 | 1.0 | 1.31 | 10.2 | 0.047
630 0.23 21 6.27 | 1.0 | 1.18 | 14.4 | 0.261

Table 2.1: Fitting parameters for Equation

A comparison of the results from the grid code and Equation is shown in Figure [2.9] The
simulation was set up on a grid of size x =2 cm, y =2 cm and z =2 cm discretised into 200 x 200 x 200
voxels. The optical properties for the simulation are p, and pus, detailed in Table and refractive
index n = 1.38, and anisotropy factor g = 0.9. There is no differentiation in the optical properties
between layers of the rat skin within this simple model. The simulation was run with 10® power
packets, and takes about 25 minutes on the desktop PC.

Figure shows excellent agreement between the results of the simulation and the fitted func-
tion. The second panel in Figure 2.9 closely inspects the deviation just under the surface of the skin,
which is more pronounced for the shorter wavelength. This is because the impact of voxel resolution
is more pronounced near the surface of the skin (increasing voxel resolution increases computation
time).

To ensure the results presented within this thesis are a true representation of a numerically cor-
rect MCRT simulation, this validation step was repeated every time the MCRT code was materially
altered. By confirming results matched the Jacques results, this confirmed the code was correctly
simulating the transport of photons though a 3D grid, and could be applied to clinically relevant

problems.

2.6.1 Convergence

In order to have confidence that the simulations were performed using enough samples, each sim-
ulation was checked for convergence. This was achieved by repeating the same MCRT simulation
with three different pseudo random number seeds, and if the results did not differ by more than
3 significant figures, this was considered to converge. In practise, initial simulations would be run
with small numbers of packets (e.g. 10 packets) to check that packet progression was occurring

as expected. Then, these were increased by a factor of 10, until convergence was reached. For
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Figure 2.9: A comparison of the results from the grid code and Equation is shown in Figure
The plot shows mormalised fluence against penetration of radiation as a function of depth for

2.9.

two

wavelengths, 420 nm and 630 nm.

example, 10® power packets is more than adequate for the validation steps above, and for most of

the simulations performed in this thesis. In practise, 102 power packets usually gave a convergent

result and was relatively fast to run (about 20 minutes). However, for some simulations described

later on in this thesis, this was increased by a factor of 10 again, to 10° power packets.

The code as described here can be adapted to simulate non ionising radiation transport through

tissue. The next chapter describes the application of this code to the specific case of simulating

UVR transport through the upper layers of human skin.



Chapter 3

The UV-MCRT skin model

The previous chapter described the algorithmic application of MCRT to a 3D voxelated grid code.
In order to simulate the transfer of UVR through human skin, optical properties that describe UVR
interaction with skin tissue must be applied to the grid code.

This chapter describes the five layer MCRT skin model developed for modelling Fitzpatrick
Skin Types I & II (see Table in Chapter . Subsequent chapters describe applications and
modification of this code in order to simulate some photobiological processes (such as DNA damage
and phototherapy), darker skin types, and UVC irradiation. The basal layer is the location of most
concern when investigating carcinogenic consequences of UVR exposure, and as such, the MCRT
model developed must be able to simulate UVR transfer to the basal layer. The model must also
allow relevant physical quantities, such as fluence and absorbed energy, to be extracted from the

voxels representing the basal layer.

3.1 Grid geometry

In order to simulate MCRT of UVR through the skin, a 3D grid was built and divided into layers in
order to model the upper layers of the skin. The global dimensions and voxel resolution of the grid
are detailed in Table [3.11

The grid has 101 voxels in each dimension (rather than 100; which would give grid resolution
of 10 pm). This is an artefact from astronomical applications of this MCRT code, where a com-
mon applications involve a central emission source. By setting odd numbers of voxels, and fixing
coordinates such that the origin is at the centre of the grid, this means a single voxel is fixed at the
centre of the grid. In the simulations performed earlier on in this research (e.g. those presented in
Chapter , retaining an odd number of voxels (101) in the lateral dimensions allowed results from
a central slice through the grid to be extracted easily. However, in this case, keeping 101 voxels in
the vertical dimension was unnecessary, and using 100 voxels would have made depth based analysis
easier. In further chapters in this thesis, where central slice results are not presented, the numbers
of grid voxels were chosen such that the resolution of the voxels was either 10 pym or 1 pm, not
9.9 ym as detailed in Table

The layers simulated are the stratum corneum, the epidermis, a layer of melanin, the basal layer,
and the dermis. The layer depths are detailed in Table and shapes illustrated in Figure (3.2

37
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Dimension | Size | Number of Voxels | Resolution
X 1 mm 101 9.9 pm
y 1 mm 101 9.9 pm
Z 1 mm 101 9.9 pym

Table 3.1: Specifications of spatial grid used to simulate the upper layers of skin tissue as illustrated
in Figure @ It should be noted that each vozel (in total, 101 x 101 x 101 ~ 10° vozels) is able
to record the wavelength resolved fluence spectrum reaching that voxel using the wavelength resolved
path length counter described in Chapter[2. To simulate a layer of skin, repeating boundaries were
implemented on the vertically oriented faces of the grid. Any packets leaving by the bottom of the
grid are terminated. This simulates an infinitely repeating medium in the horizontal directions, and
so approzimates a 1 mm? section of a large area of skin of depth 1 mm.

Although the living epidermis is further stratified into the stratum lucidium, stratum granulosum
and stratum spinosum, within this thesis these are treated as one layer, as it is assumed in this
model that the constituent layers all transmit UVR in the same way.

The model, as described here, is designed to simulate Fitzpatrick type I and II skin that has
not been exposed regularly to UVR (for example the underside of the arm, or the shoulder). In
non-exposed types I & II, the melanin in the skin is mostly localised above the basal layer [42] [43].
By way of approximation, in the model, this distribution of melanin is simulated by separating the
epidermis into two parts. The bulk of the modelled epidermal layer contains no melanin, and a
thinner, concentrated melanin layer is sited directly above the basal layer. Within skin types I1I-VI,

melanin is distributed throughout the epidermis in varying concentrations.

Layer Depth (Healthy Skin) SD
Stratum Corneum* 14.8 pum 4.8 pm
Epidermis 63.7 pm -
Melanin Layer 73.7 pm -
Basal Layer* 83.7 ym 16.6 pm
Dermis** 2000-6000 pm -

Table 3.2: Epidermal depths marked * taken directly from Sandby-Moller et al. [{4]. Other depths
are adapted to separate the melanin layer from the bulk of the epidermis in order to simulate non
exposed skin. **The dermis extends deeper than the extent of our model, and as such, any packets
that would reach deeper than 1 mm and scatter back to the basal layer are not accounted for. Due
to the large optical depth a photon would have to travel for this to happen, this is unlikely, and as
such was neglected.

The grid as described in Table is divided into layers on a voxel by voxel basis, which are
mapped to optical properties pertaining to that skin layer. This allows multiple layer skin structures
to be simulated. Within a single voxel the optical properties are homogeneous. Each voxel is mapped
to specific optical properties depending upon its spatial location, allowing the structure of skin to
be simulated via a five-layer model. This is illustrated in Figure [3.2

As well as providing a convenient way to apply the optical properties to the model, the grid
layout allows each voxel to function as a ‘detector’. Each voxel contains a wavelength resolved path
length counter, thus maintaining a running total of the path lengths of the power packets passing

through that voxel. From this path length counter, fluence and absorbed energy can be estimated.
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Stratum Corneum-— {48 um|
63.7 )
3.7 um
Epidermis 3.7 ]
f1000 |

Melanin
Basal Layer—

Dermis :

[ ]

Figure 3.1: An illustration of the geometry of the model alongside a sketch of the upper layers
of the skin (adapted from Figure , with the basal layer highlighted. The geometry labelled here
refers to the model, and is detailed in Table[3.2 and by Equations to[3.7
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The voxelated grid is thus used to both discretise the optical properties, and as method to bin
results by location (by extracting results via the path length counter). Beyond the discretisation of
the optical properties, the grid resolution itself has no effect on the underlying radiation transfer

algorithm performed.

Stratum Corneum

Basal Layer

Dermis

Figure 3.2: Illustration of the voxelated five layer skin model (shown with 50 x 50 x 50 vozels
for clarity). On the left the empty grid is shown, and on the right, an illustration of the vozels with
assigned layers, which are mapped to optical properties.

3.2 Optical properties

Optical properties describe how radiation interacts with matter. The optical properties discussed

here include absorption (u,), scattering (us and g), and refractive index n.

3.2.1 Refractive index

Optical properties of tissue vary widely across, and within, individuals [46] [47]. There is limited
data on optical properties of skin tissue in the UVR, and this area would benefit from a comprehensive
literature review. Although the model is a five layer skin model, there are some optical properties
that are considered to be the same throughout the model. For example, the refractive index mgyin
[48] is described by,

4.54 x 102

=126+ 02 X
n(A) O T osTx 100

(3.1)

where wavelength X is given in nm. This is taken from Ding et al. [48]; where the dataset
presented contains only one data point in the UVR (325 nm).
Due to the refractive index change between the air and the surface of the skin, Fresnel reflections

are taken into account at this boundary (as described in the previous chapter).
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Stratum Corneum

Living Epidermis

Figure 3.3: Histology section of healthy skin magnified x 10 (in the public domain). The thick,
clear, stratum corneum at the surface is clearly visible, and the undulating dermal papillae (simulated
using FEquations are also highlighted. This image shows the stratum corneum to be thicker
(compared to the epidermis) than the depths reported in Table suggests. This may be due to
effects of sample processing, or this image may have a particularly thick stratum corneum or thin
epidermis.

3.2.2 Anisotropy factor

The anisotropy factor g, the parameter in the Henyey-Greenstein scattering phase function, (Chapter
2)) is assumed to vary linearly with wavelength as described by Equation [38],

g(A\) = 0.62 4 0.290\ x 1073 (3.2)

Figure [3.4] shows the wavelength dependence of Equation [3.2] and the effect on the shape on the
angle sampled from the Henyey-Greenstein phase function (equation [2.21)).

3.2.3 Absorption and scattering

Absorption coefficients (p,) and scattering coefficients (us) can vary across the different layers of
the skin.

Stratum Corneum (layer 1)

The wavelength dependent absorption and scattering spectra for the stratum corneum are taken
directly from van Gemert et al. [38] and shown in Figure The stratum corneum provides
significant protection against UVR , due to high absorption and scattering, particularly in the
UVB. It is assumed for the purposes of this model that the stratum corneum in non-UV adapted
Fitzpatrick skin type I or II skin contains no melanin, and as such has no influence on the absorption
or scattering properties of this layer.

In this model the stratum corneum is approximated as having a flat surface and a flat base.
Using the depth listed in Table each voxel with a position between the surface of the model
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Figure 3.4: The left panel shows the linear wavelength dependence of the anisotropy factor g,
which is the time average of the polar scattering angle 0, (cos®), in the reference frame of an
incident photon [38]. The right panel shows the Henyey-Greenstein phase function (Equation@
n C’hapter@ calculated for the limiting values of g, which gives the probability of the polar scattering
angle with respect to impact direction.

(zmax) and the base of the stratum corneum (zs. = 14.8 um) is assigned the absorption and scattering

coefficients shown in Figure [3.5

Living Epidermis (layer 2)

Below the stratum corneum is the epidermis. It is modelled as having a flat surface and an undu-
lating base to represent the dermal papillae (the wavelike structure clearly visible in Figure and
described by Equation ,

. xr T
Zbase(xyy) = 0.03 mm X sin (m) X COs (m) (33)

where the coeflicients are estimated from confocal microscopy images of human skin published
by Jensen et al. [49]. The resulting geometry from this modelled surface is a regular structure (as
shown in Figure which aims to approximate the shape o the epidermal-dermal junction. It is
clear from the histology section shown in Figure [3.3|that the epidermal-dermal junction is irregular.
In future work, the effect of de-regularising this modelled junction could be investigated.

The scattering and absorption of UVR within the epidermis has a significant effect on the amount
of UVR reaching the basal layer. The epidermal layer also contains living cells that are susceptible
to UVR induced DNA damage, although it is unlikely that DNA damage occurring here would have
serious consequences [50].

To simulate skin types I & II, the modelled epidermis is separated into two parts- a main
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Figure 3.5: Scattering and absorption coefficients for the stratum corneum, taken directly from van
Gemert et al. [38].

epidermal layer containing no melanin, and a thinner, concentrated melanin layer is sited directly
above the basal layer.

Experimental data showing the scattering and absorption coefficients for the epidermis are pub-
lished by van Gemert et al. (Figures and . The original experimental data were gathered
using ‘medium complexioned Caucasian skin’.

In order to approximate the absorption coefficient for non exposed epidermis, the contribution of
melanin to these experimental data was removed. It was assumed the experimental data described
skin with a melanin volume fraction of 4 % (from concentrations described by Karsten et al. [42]).
The result is an estimated absorption spectrum for non melanised epidermis, shown in the second
panel of Figure [3.7

Using the depths in Table every voxel with a position between the base of the stratum
corneum, (zs. = 14.8 um) and the base of the non melanised epidermis,

Zepidermis(xa y) = Zbase(-ra Z/) +63.7 pm (34)

is assigned the absorption coefficient for non melanised epidermis as described above. The
scattering properties applied are of the form shown in the first panel of

Melanin (layer 3)

The contribution of melanin to the UVR absorption in the epidermis is skin type dependent. In
the model, this contribution is calculated and concentrated in the melanin layer. Melanin is the
primary chromophore responsible for shielding the DNA-containing basal layer from DNA damage
from UVRJ[51], however research has found that melanin may also act as a sensitiser [52], this is
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Figure 38.7: Absorption coefficients for the epidermal & basal layers (van Gemert et al. [38],)
and for melanin, from the Oregon Medical Laser Centre (OMLC) [45]. The right panel presents the
resulting absorption coefficients for non melanised epidermis and the melanin layer residing above

the basal layer.
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discussed further in Chapter
The optical properties resulting from a combination of eumelanin and pheomelanin are described

by Equation [45],
Pamel = 6.6 x 10MIAT333V, (3.5)

where Ve is the volume fraction of melanin in the skin, wavelength A is given in nm, and the
absorption coefficient of melanin pi, me is given in cm™?.

The estimated volume fraction of melanin present in the skin ranges from 0 — 3 % for skin type
I, and from 3 — 5 % for skin type II [42] [43] [53]. The midpoint values of 2 % for skin type I and
4 % for skin type IT were chosen. These values are for melanin concentration across the whole
epidermis, so the corresponding absolute volume was calculated and then concentrated within the
voxels representing the melanin layer. The resulting absorption due to melanin was added to the
non melanised epidermal absorption coefficient to give the absorption for the melanin layer for each
skin type, shown in Figure 3.7

To simulate the distribution of melanin in non exposed skin as a single layer of melanin above
the basal layer, each voxel with a position between the base of the epidermal layer Zepidermis(%, V)
(Equation and the base of the melanin layer zmelanin(TY),

Zmelanin(x; y) = Zbase(xa y) + 73.7 pm (36)

is assigned the absorption coefficient for melanised epidermis as described above. These are shown

in Figure [3.6] The scattering properties applied are of the form shown in the first panel of [3.6]

Basal layer (layer 4)

The optical properties applied to the basal layer are the same as those applied to non melanised
epidermis. In the paper published of this work [32], the basal layer was assumed to contain only DNA,
for ease of analysis. However, this did underestimate the optical properties of the basal layer, as
there are other chromosomes and scatterers present. In the model described here, optical properties
of the basal layer are set equal to those in the epidermis. However, it is important to be able to
isolate the basal layer, in order to extract data such as absorbed energy, or fluence. To simulate the
basal layer, each voxel with a position between the base of the melanin layer zyelanin (2, y) (Equation
and the base of the basal layer zpasal (zy),

Zbasal(x; y) = Zbase(xa y) +83.7 pm (37)

is assigned the same properties as assigned to the living epidermis (layer 2).

Dermis (layer 5)

The deepest layer in this model is the dermis. The upper epidermal layers (the stratum corneum,
epidermis and melanin) are responsible for the majority of the attenuation of UVR reaching the
basal layer. However some UVR reaching the dermis is also scattered back to the basal layer, and as
there is no protective melanin at the basal-dermal junction, this represents an important component
of the model.
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The scattering coefficient used and

presented here is taken directly from van Gemert et al.[38]. This is not the same as that used in the
paper of this work [32], and the coefficient used here is thought to be a better physical description of

dermal scattering in the UV.
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Figure 3.9: Absorption coefficient [ta dermis for the dermis, including the constituent extinction
coefficients for oxyhaemoglobin and deoxyhaemoglobin. Note that the y-scale for the molar extinction
coefficients of oxyhaemoglobin and deoxyhaemoglobin is in units of 1 x 10°.
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The absorption properties for the dermis are described by Equation [45]. This is shown,
along with the constituent wavelength dependent components, in Figure [3.9] Here fi00q is the
fraction of blood present in the skin, wavelengths A are given in nm, and the absorption coefficient

of the dermis ft5 dermis IS given in cm~!. The coefficients Hahgb aNd iy base take the form described
by Equations [3.9] and respectively.

,ua,dcrmis()\) = fblood/ia,hgb(A) + (]- - fblood)ﬂbasc(A) (38)
Chgb
fhahgb(A) = o log, (10) (€a,0nb(A) S0, + €a,anb(A) (1 — So,)) (3.9)
g
fibase(A) = 7.84 x 107 x A73:255 (3.10)

To determine the absorption coefficient for haemoglobin as used in Equation [3.8] Equation [3.9
is used. This equation includes the absorption A haemoglobin concentration Chgp, of 150 g L™1 is
used, and the molecular weight of haemoglobin wyg, is 64458 g mol~!. The oxygen saturation So,
is assumed to be 75 % in the upper layer of the dermis. The extinction coefficients for both oxy
and deoxyhaemoglobin, are taken from Jacques et al. [45] (and are reproduced in the left panel of
Figure . Note that the y-scale in Figure is in units of 1 x 10°. The background absorption
Ibase 18 taken directly from Jacques et al. and shown in the right panel of Figure |3.9} and includes
the absorption coefficients of all of the other proteins in blood except haemoglobin.

The resulting dermal absorption coefficient described by Equation [3.8]is shown in the right panel
of Figure |3.9] The scattering coeflicient is taken directly from van Gemert et al. and is reproduced
in Figure These optical properties are applied to all voxels with positions below zpasal(z, )

(Equation [3.7).

3.2.4 Summary of optical properties

The resulting grid contains voxels that are both labelled as a given layer, and assigned the optical
properties pertaining to that layer. An illustration of the model is shown in Figure 3.10

Any individual voxel, and the data within, can be extracted. As mentioned in the previous
chapter, each voxel also acts as a detector, via the path length counter ). As; , which records the
wavelength dependent path lengths of the power packets. These can be utilised (using Equations
and to estimate the energy absorbed by a voxel, or the fluence incident on a voxel.

3.3 Irradiation

An advantage of MCRT modelling is that it is possible to simulate irradiation by any source, by
simulating the position of the source (and position of the intensity of the source), and the angle of
entry of power packets. The source spectra used in the simulations presented within this thesis are
application dependent, and as such will be described in each relevant chapter. Across all simulations
presented here, the entire skin surface is illuminated with equal intensity. This is done via random

sampling of the position of entry of the power packet,
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Figure 3.10: An illustration of the resulting skin model
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Tpos = Tmax(26 —1) 0<€<1.0 (3.11)
Ypos = Ymax(26 —1) 0<E<1.0 (3.12)
Zpos — Zmax — 0 (313)

Where Zp0s, Ypos and zpes are the spatial coordinates of the position of entry of the power packet,
and Tmax, Ymax and Zmax the extent of the grid (the grid extends from —zpax t0 Timax, and similarly
for y and z). The value ¢ is a very small round-off value ((zmax/Nacenis) X 107%), used to ensure the
power packet begins the random walk just within the surface of the skin, rather than starting on the
discontinuity at the surface. The random number £ is again from the uniform distribution U(0, 1)

to ensure Tpos and Ypos are independently and randomly sampled.

The model described here is able to simulate the transfer of radiation through an infinite plane
of Fitzpatrick Types I & II skin, 1 mm deep. By tracking the progression of individual power packets
through the medium, data can be extracted that allows photobiological processes to be simulated.
The following chapter describes the application of this model to estimate the DNA damage due to
sunbed and solar UVR exposure.

This model, in the main, is used throughout this thesis, with any minor adaptations described

within each chapter as required.
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Chapter 4

Quantifying direct DINA damage in
the basal layer

Synopsis

Both keratinocyte and melanocyte skin cancers are attributable to DNA damage caused by UVR,
exposure. One DNA photoproduct, the Cyclobutane Pyrimidine Dimer (CPD), is believed to lead to
DNA mutations caused by UVR. Using radiative transfer simulations, the number of CPDs directly
induced by UVR from artificial and natural UVR sources are compared. Monte Carlo Radiative
Transfer (MCRT) modelling was used to track the progression of UV photons through a multi-
layered three dimensional (3D) grid that simulates the upper layers of the skin. By recording the
energy deposited in the cellular DNA contained within the basal layer, the number of CPDs formed
can be estimated. The results indicate that after spending 6 minutes on a commercial sunbed,
skin will acquire the same amount as damage acquired during 10 minutes sunbathing in midday,

midsummer Mediterranean sun.

4.1 Introduction

4.1.1 Motivation

In the UK, 9/10 sunbeds emit UVR that exceeds current recommended EU limits [54, [55], and there
is an increased risk of squamous cell carcinoma (SCC) associated with sunbed use [56]. Given that
UVR is a carcinogen (and it is known that UVR induced mutations are found in many skin cancers),
and that skin is a turbid medium, it is reasonable to assume that a part of the carcinogenic action
of UVR involves the transfer of UVR through the skin. The model developed is used to quantify the
yields of direct DNA damage obtained from UVR exposure from both solar radiation and sunbed

use.

o1
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4.1.2 Sunbeds

Sunbeds are used in the UK mainly for cosmetic tanning [54} [57]. This chapter is concerned only
with commercial sunbeds for cosmetic use. Therapeutic UVR, units are described in Chapter [7} In
past decades there has been debate as to whether sunbed use increases the risk of cancer. Some
studies found a causal link [58| [59, 60] while others did not [61l [62]. This debate stemmed from
difficulties in elucidating risk attributable solely to sunbed use, as sunbed users were likely to exhibit
sun seeking behaviour. However, a recent meta-analysis concluded that sunbed use does increase
the risk of developing melanoma [63], though to a lesser extent than some previous estimates.

There is no doubt that sunbed users generally believe that a tan from a sunbed is safer than
that from the sun [64] [65] 66] even though evidence to the contrary exists [67]. This myth of a ‘safe
tan’ is still being promoted by the UK Sunbed Association at time of writing [68].

NH,
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H H H N H NH,
UV Photon
NH, NH, o o
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(o] N H (o) (o] H H o

Cyclobutane Pyrimidine Dimer (CPD)

Figure 4.1: A graphic description of the creation of a cyclobutane pyrimidine dimer (CPD). The
top part of the sketch shows a healthy DNA strand, with the bases labelled and colour coded. The
bottom half shows a CPD created after two neighbouring thymines are irradiated with a UV photon
of sufficient energy. The base pair between the strands breaks, and the thymines bond together as
illustrated. This causes the DNA strand itself to become misshapen, and the associated kink within
the DNA strand is illustrated. CPDs most commonly occur between neighbouring thymines, however
less commonly they can also occur between neighbouring cytosines, or between neighbouring thymine
& cytosine bases.

4.1.3 Photocarcinogensis: UVR and DNA damage

The processes that lead from UVR exposure to skin cancer are known as photocarcinogenesis. Al-
though these are complex, and involve the interplay between various biochemical processes, pho-
tocarcinogenic pathways are reasonably well understood [3, [69]. In summary, UVR (directly or

indirectly) causes mutations in DNA within skin cells. Eventually, over time, a cell could acquire
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enough mutations for cancer to develop. Black et al. [3] state
“There are three physical dimensions to photocarcinogeneis: dose, time and wavelength”

To clarify, ‘time’ refers to the latent period between UVR exposure and cancer being detected
(and can be of the order of decades); whereas ‘dose’ describes the total energy received by the skin
(power incident on skin X exposure time), where time of exposure could be of the order of seconds

to hours, and in the case of repeated doses, months or years).

Many skin cancers are known to be induced by UVR because they carry particular mutations
that are not caused by any other known mutagen [69]. These mutations occur when DNA is altered
by UV-induced molecular changes, and is then miscopied during the transcription process. These
UVR induced molecular changes are known as DNA photoproducts; and involve a conformal (shape
change) in the DNA molecule. The most common and numerous photoproducts of DNA are CPDs.
Other pyrimidine photoproducts (6-4 PPs, Dewar isomers) are also common, however within this
research only the CPD is considered, as these are the most numerous photoproduct produced by
both UVA and UVB radiation [70]. In addition, UVR can also form reactive oxygen species (ROS)
within the cell, which can cause a cascade of chemical reactions that lead to other types of DNA
damage [3] [71]. Yields of both photoproducts and ROS are wavelength dependent [5] [71].

Photoproducts can be produced directly and indirectly. The direct process is illustrated in Figure
and may be measured in vivo by irradiating skin, then immediately taking skin samples and
analysing them. Photoproducts can also be produced indirectly. Recent research has shown CPDs
form after exposure to UVR has ceased in both melanin rich melanocytes [52] and in keratinocytes
containing no melanin [72]. These are known as ‘dark CPDs’ and can contribute up to half of the
total CPD yield observed in melanocytes [52].

It is important to note that until recently, UVB was considered to be responsible for direct
DNA damage (and by extension cancer), and UVA was responsible for ROS (and by extension,
photoageing). Recent research has found this is not the case [70]. Although UVA induces fewer
CPDs than UVB by orders of magnitude, UVA does produce CPD. The UVA induced CPDs are not
only experimentally detectable [5] but are the most numerous photoproduct produced by UVA [70].
Given that both sunbeds and the sun are primarily UVA sources (and UVA penetrates deeper into
tissue than UVB), UVA induced CPDs must not be neglected as a contributor to the carcinogenic

burden.

Although the formation of UV-induced DNA photoproducts is very common (on average each
skin cell forms 50-100 photoproducts per second of sunlight exposure [73]), most occurrences are
corrected by cell repair processes (base excision repair or nucleotide excision repair [73| [74]). If

damage cannot be repaired, the cell may initiate apoptosis (controlled cell death).

If damaged DNA is not repaired, and a mutation occurs, this may have serious consequences,
or no effect at all. The outcome depends on the location of the mutation, both within the skin
structure, and on a genomic level. For example, 90 % of SCC tumours examined in the USA were
found to contain p53 mutations [3]. P53 is known colloquially as ‘the caretaker of the cell’ and
‘the guardian of the genome’, and one role of p53 is to initiate controlled cell death should the cell

become damaged, or if cell growth is out of control [69, [75].
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Location of DNA damage within the skin

In healthy skin, the basal layer is the keratinocyte stem cell layer, where new cells are produced.
Most of these cells leave the basal layer and move towards the surface (terminal differentiation),
and eventually form the stratum corneum, which is then shed. This is important because although
the cells in this upper epidermal layer do acquire DNA damage [76], it is unlikely to have serious
consequences, as the cells in the epidermis are already committed to terminal differentiation [5l [50].

In contrast, DNA damage affecting the cells in the basal layer is potentially dangerous. The
basal layer of the skin can accumulate enough DNA damage to lead to cancer [50]; and as such the

basal layer is the focus of our analysis.

In summary, UVR (directly or indirectly) induces conformal changes to the DNA molecule.
These are likely to be repaired. If they are not, this conformal change may result in a mutation. If
this mutation occurs within a gene responsible for tumour control, and if this occurs within a cell
located within the basal (stem cell) layer of cells, then this mutation will be passed on to daughter

cells. Eventually, over time, a cell could acquire enough mutations for cancer to develop.

4.2 Methods

Most MCRT simulations described in this thesis use the model described here, and most of the
subsequent research presented in this thesis was motivated by the research undertaken in developing
this model. The aim is to quantify the risks of direct DNA damage caused by irradiation from a
typical UK sunbed. It is not possible to use the MCRT model as described to quantify such risk in
absolute terms. Unlike with ionising radiation (where the SI units of Sieverts quantify the probability
that a given dose of ionising radiation will have long lasting health effects), there is no method or
unit to quantify the long term health risks associated with a given amount of DNA damage.

However, long term health risks of solar exposure are well characterised [56]. Given this, the
risk of direct DNA damage caused by irradiation from a sunbed are presented in terms of the risk
of DNA damage caused by exposure to solar irradiation.

In order to quantify the amount of DNA damage caused by sunbed and solar irradiation, the
code as described in Chapter |3|is applied here to simulate the transfer of UVR, to the basal layer.

Once the transfer of UVR from the sunbed and solar sources is quantified, these data are analysed

to estimate the relative risk of DNA damage from both sources.

4.2.1 MCRT simulation
4.2.2 Radiation sources

Sunbed

To quantify the DNA damage caused by a typical UK sunbed, a suitable spectrum was selected
from data collected during previous research [54] [55]. This is shown in Figure Each power
packet has a wavelength randomly selected from this spectrum using the numerical approximation

to the inverse transform method. The sunbed is considered a purely diffuse source, and as such, the
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Figure 4.2: The spectra of the radiation sources under investigation in this chapter are shown here;
with division between the UVB (280 nm to 315 nm) and UVA (815 nm to 400 nm) bands marked.
The left panel compares the UVR solar spectrum with a typical sunbed [54] (where the spikes indicate
characteristic mercury emission lines: mercury lamps are commonly used in commercial sunbeds).
The right panel shows this solar spectrum alone. This spectrum was recorded at midday during
a cloudless day in July in Thessaloniki in Greece using ground-based instrumentation[14, [56]. The
solar spectrum has a total irradiance of 50.5 Wm=2 (comprising 1.4 Wm~=2 of UVB and 49.1 Wm ™2
UVA). The sunbed spectrum has a total irradiance of 285.7 Wm~=2 (comprising 3.26 Wm~=2 of UVB
and 280.2 Wm~=2 UVA).
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Figure 4.3: The UVB spectra of the radiation sources under investigation in this chapter are shown
here; with the right panel showing the data on a log scale in order to highlight the small amounts of
UVB radiation emitted by the sunbed.

position of entry was uniformly distributed across the surface of the grid, and the direction of entry

to the grid was randomly sampled from an isotropic distribution,
esunbed = COS_l(_é-) 0< g S 1.0 (41)

where, as before, £ is randomly sampled from the uniform distribution U(0, 1).

Solar

An example of intense solar radiation was selected as a suitable comparison to the sunbed. A solar
spectrum from a cloudless day in July at midday in Thessaloniki, Greece was chosen [56] (Figure
. Each power packet has a wavelength randomly selected from this spectrum using the method
described in the introduction. The solar spectrum comprises a mix of direct and diffuse components
determined by the date, time, and the location on earth where the spectrum was recorded. These
are approximated by the clear sky model by Bird et al. [77,[78] as comprising 13% diffuse and 87%
direct radiation. As such the direction of entry to the grid is randomly sampled using Equation

—1/_ : I <
b { cosTl(=¢)  if0<¢ <0.13 42)

T if 0.13 < ¢ < 1.0

where, as before, £ is randomly sampled from the uniform distribution U(0, 1). In Equation
&' is used to select whether the power packet is diffuse or direct. If it is diffuse, a different random

number ¢ is selected to randomly determine the diffuse direction of entry.
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The MCRT model as described in Chapter |3| was built in order to simulate irradiation from a
sunbed and from the solar source as described above. Each simulation was performed for Fitzpatrick
skin types I & II; making 8 MCRT simulations in total. Each simulation was run with 10% power
packets. The MCRT model allows recovery of the spectrally resolved fluence in all the voxels in
the model. Using the path length counters and the absorption coefficient of each layer, the power
absorbed can be calculated.

In analysing the data developing this simulation, it is assumed that a significant part of the
process of CPD formation is reducible to ‘radiation transfer’, and that the resulting biochemistry
can be deduced from quantifying the amount of radiation reaching the basal layer.

The spectrally resolved fluence in the basal layer can be found via,

Y(A) = L Z i 5.k (A) for 4, j, k € basal layer (4.3)

where 1, ; , is the fluence at voxel of index {4, j, k} within the basal layer (and Npasa the number

of voxels within the basal layer).

4.2.3 CPD yields

The aim is to quantify the DNA damage induced by UVR reaching the basal layer. CPDs are often
found within signature mutations in UVR induced keratinocyte skin cancers (SCCs and BCCs)
that are linked to lifetime cumulative UVR exposure, and as such the CPD yield was chosen as an
indicator for DNA damage. Two approaches to calculating CPD formation in the basal layer are
detailed here. One approach, described as ‘band yield’, is the same as was used in the paper published
on this work [32]. This approach assumes that the CPD yields can be assigned to UVR bands (e.g.
assume one CPD yield for UVA, and one for UVB). The second approach, taken subsequent to
publication of reference [32] better represents the yield of UVR induced CPDs by utilising a spectra
(CPD yield within DNA vs. wavelength), and is described as ‘spectral yield’.

4.2.4 Band yields

The basal layer contains DNA, which is a strong absorber of UVB radiation, as indicated in Figure
[4.4] The extinction coefficient spectrum of oligomeric duplex dA20:dT20 has previously been used
to determine photodamage in DNA [79] and is used here as an approximation for the absorption
coefficient of the DNA contained within cells. The concentration of DNA within the epidermal and
basal layers is estimated using a volumetric method adapted from Mohlenhoff et al. [80]. Using the
number of bases per human diploid cell (12.8 billion bases) along with average cell sizes for cells in
the basal layer and epidermis (on average 13 ym and 20 pm respectively [81]), cells in the epidermal
layer are estimated to have a DNA concentration of approximately 0.005 moles per litre, and those
in the basal layer to have a DNA concentration of 0.018 moles per litre. Equation is used to
combine these concentrations with the extinction coeflicient epna taken from Mouret et al. [79] to
retrieve the absorption coefficient, as shown in

Pha,dna(A) = log,(10)epna (A)Cona (4.4)
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Figure 4.4: The DNA molar absorption coefficient reproduced from Mouret et al. [79]; and the
DNA absorption coefficients for the epidermis and dermis estimated using the method described by
Molenhoff et al. assuming a DNA concentration of 0.018 M for the basal layer and 0.005 M for the
epidermis, and using Equation @

Using this absorption coefficient; the energy absorbed by DNA in the basal layer can be extracted
using Equation

1
Epnay = Z ta,DNAYi j & (A) for 4, 7, k € basal layer (4.5)

Nbasal T
i,4,k

For a photobiological process, such as CPD formation, the efficiency of the process can be
described by the quantum yield ¢ given by Equation where Nprocess is the number of photons
causing the biological effect, and Nypsorpeq is the number of absorbed photons; giving the proportion

of effect to amount absorbed,

N rocess
¢= NI; bsd 40

Banyasz et al. demonstrated quantum yields for CPD formation to be ¢yyvg = 0.05 and ¢pyya =
0.0005 [82].

As stated in the derivation of the RTE (Chapter , the number of photons absorbed is directly
proportional to the energy lost during radiative transfer due to absorption. Thus considered in the
frame of reference of the absorbing chromophore, the number of photons absorbed by a chromophore
Nabsorbed 18 directly proportional to the energy absorbed by that chromophore Epyna -

As previously stated, to quantify the additional risk to human health due to sunbed use, the
CPDs formed due to sunbed irradiation are expressed as a proportion of those absorbed due to

solar irradiation, (as risks to health from solar irradiation are well characterised [56]) as shown in
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Figure 4.5: The left shows the data published by Ikehata et al. [83] showing both CPD in naked
murine DNA and CPD in the murine epidermis. As is shown, the naked DNA and epidermal results
overlap after about 300 nm. As the dataset for naked DNA stops at 335 nm, the right panel shows
an extrapolation to 400 nm using the epidermal CPD data between 335 nm and 360 nm.

Figure shows data published in late 2019 [83] showing a clear wavelength dependence on
CPD yield within both naked DNA and layers within murine skin. Although the epidermal and

dermal data may not be comparable to human skin, as murine epidermis is only2-3 cells layers thick,

the naked DNA data is suitable (murine and human DNA would be expected to behave similarly to
irradiation with UVR). The method followed here to differentiate DNA concentrations in the basal

layer and epidermis is the same as described in the previous section. The second panel of Figure |4.5
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extrapolates the naked DNA data set published by Ikehata et al. [83] to 400 nm; allowing it to be
used within Equation

A2
CPD Z Zi,j,k ACPD()‘)wi,Lk,Sunbed()\)
<sunbed> ) for i, j, k € basal layer (4.10)
A1—A2

CPDsolar Az
/\Z;\ > ik AcPD (M) j i solar (A)

where v; ; 1, is the fluence at voxel of index {i,j,k}, and Acpp the extrapolated action spectra
from the second panel in Figure UVB yields are calculated by setting A\; = 280 nm and A\ = 315
nm, and UVA yields by setting Ay = 315 nm and A\ = 400 nm.

The data extracted from the model were used to calculate the CPD yield using both methods
described above; and the methods were compared.

4.3 Results

The raw data produced by each of the simulations comprised a 4-D dataset, a hypercube comprising 3
spatial dimensions; z,y and z, each discretised onto a grid; and one wavelength dimension discretised
into 121 bins 1 nm wide, comprising the UVB & UVA wavebands. Each dataset contained 121 x 10°
data points (121 points for each of the 1 x 10° voxels).

Thus each voxel contains a wavelength resolved estimator of the radiation reaching that voxel,
obtained using the path length counter method (Equations and .

4.3.1 Radiation transfer

Figure shows maps detailing the total number of absorbed photons per second through a central
slice of the 3D grid for both the Mediterranean sun and the sunbed for skin type I and skin type IL.

Figure 4.7 shows the fluence incident on the basal layer for both skin types and both radiation
sources. The data are extracted from the main dataset using Equation [4.3] Figure [4.§] shows the
same data as that presented in Figure [.7} along with the incident spectra. The data in Figure [1.8
are normalised to show the difference in shape between the spectrum incident on the skin surface,

and that incident on the basal layer.

Basal (Type I) | Basal (Type II)
UVR band | 1y gya” | UVB | UVA
Solar 17.7% | 57.9% | 12.6% | 43.4%
Sunbed 12.3% | 39.7% | 8.5% | 29.2%

Table 4.1: This table gives the proportion of incident radiation within each band reaching the basal
layer for skin types I & II, for both solar and sunbed irradiation.

Table presents the proportions of the incident UVA and UVB from both sources reaching
the basal layer in both skin types.
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Figure 4.6: Maps of energy deposited in the central slice of the model in terms of Jem™3. Both
skin types are presented, and the maps have also been divided into the UVB and UVA. The plots have
been standardised to the same colour bar. The top of each map shows a bright flat layer, indicating
the expected strong absorption in the stratum corneum. The bright sinusoidal layer indicates high
absorption in the melanin layer. The empty voxels at the bottom of the grid indicate no packets have
penetrated that far, and as such, the depth chosen was adequate to capture any back scatter from the

dermis.
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Figure 4.7: Radiation incident on the basal layer for the solar and sunbed simulations. The data
presented here are extracted from the main dataset using Equation[{.3. The proportions of UVA and
UVB radiation reaching the basal layer are presented in Table
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Figure 4.8: Radiation incident on the basal layer for the solar and sunbed simulations, with the
source spectra, normalised to show how the spectral shape has changed after passing through the upper

layers of

the skin.
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4.3.2 CPD yields
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The results from applying Equations [4.84.9| on the retrieved data are presented in Table

Band yield Spectral yield
UVR Band Skin Type 1 Skin Type 11 Skin Type I Skin Type 11
CPDs Sunbed/solar CPDs sunbed/solar CPDs Sunbed/solar CPDs Sunbed/solar
UVA 4.53 4.49 3.22 3.23
UVB 1.77 1.73 1.05 1.03
Total 3.89 3.86 1.68 1.67

Table 4.2: Proportions of CPDs formed within the basal layer with respect to skin type and UVR
band. The number of CPDs formed by the sunbed is expressed as a fraction of those formed by the
Mediterranean sun. Methods used to calculate the CPD yields as described in the main text. Band
yield describes the method used in previously published work [32], and spectral yield is obtained using

Equation |4.10.

Band yield Spectral yield
UVR Band Skin Type I Skin Type 11 Skin Type 1 Skin Type 11
CPDs UVA/UVB CPDs UVA/UVB CPDs UVA/UVB CPDs UVA/UVB
Solar 3.28 3.41 0.41 0.41
Sunbed 8.40 3.28 1.24 1.30

Table 4.3: Proportions of CPDs formed within the basal layer with respect to skin type and UVR
Band. The spectral yield results are in line with what is expected; where the majority of solar DNA
damage is caused by UVB radiation.

Tables and give the proportions of CPD formed within the basal layer with respect to
skin type, UVR band, and radiation source. In Table the number of CPD formed under sunbed
irradiation is expressed as fraction of those formed under solar irradiation. In Table |4.3|the number
of CPD formed by the UVA component of the incident radiation is expressed as a fraction of those
formed by the UVB component of the incident irradiation.

Figure 4.9| compares both methods used to estimate the CPD yield to published experimental
CPD yields [5].

4.4 Discussion

4.4.1 Radiation transfer

Figure [4.6|shows maps detailing the total number of absorbed photons per second through a central
slice of the 3D grid for both the Mediterranean sun and the sunbed for skin type I and skin type II.
The maps clearly show the high absorption by melanin residing above the basal layer; and that more
photons are absorbed by the grid simulating sunbed irradiation. This is expected, as the incident
irradiance from the sunbed is higher than that for solar.

Figure [4.6] also shows for all of the simulations performed, the energy absorbed by the dermis
drops off with depth into the dermis, indicating that some UVR penetrates deeper than the basal
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Figure 4.9: The black dots on both panels represent experimental results from Young et al. [5]. The
experimental results shown involved some normalisation of input radiation, and as such, to compare
these, new simulations were performed using an input spectrum with uniform irradiance across all
wavelengths. The left pane shows the ‘band yield’ method, and the right panel shows the ‘spectral
yield’ method as described in the text.

layer, scattering repeatedly until absorbed. Figure [£.6] shows that for every simulation, the base of
the grid has recorded no fluence. This indicates that the geometry chosen to represent the depth
of the dermis was adequate to capture the physics of UVR transport within the upper layers of the
skin.

Figure [4.7] shows the fluence incident on the basal layer for both skin types and both radiation
sources. The data are extracted from the main dataset using Equation As expected, the plots
show the shielding effect of melanin is more pronounced for skin type II. Figure |4.8| compares the
shape of the spectrum incident on the basal layer in both skin types compared to the shape of the
incident spectrum. Figure [4.8] clearly illustrates that the shorter wavelengths are filtered relative to
the longer UVA wavelengths. There is little to distinguish the shape of the spectra incident on the
basal layer between the different skin types.

Table details the proportion of each band of incident radiation that reaches the basal layer.
In skin type II, the proportions of incident radiation from both bands is more greatly reduced than

in skin type I, thus demonstrating the shielding effects of the melanin.

For both sunbed and solar irradiation, for both skin types, Table demonstrates the shielding
effects of the upper layers of the epidermis offer preferential protection against UVB compared to
UVA.
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4.4.2 CPD yields

Table presents the CPD formed from sunbed irradiation as a proportion of those from solar
irradiation. Comparing both bands, there is no significant difference between proportions for skin
types I & II, indicating that skin type does not afford a relative increase in protection. The ‘band
yield” method suggests that for both skin types, the sunbed induces about 3.9 times more CPD
than Mediterranean midday sun. The ‘spectral yield’ method suggests that for both skin types, the

sunbed induces about 1.7 times more CPD than Mediterranean midday sun.

Table compares the CPD induced by UVA to the CPD induced by UVB. The band yield
method suggests, across all sources and skin types, that the majority of CPD are induced by UVA
radiation. This method suggests that for skin type II, for both sources, about 3 times as many CPD
are induced by UVA radiation compared to UVB. However for skin type I, the ratio is much higher
for the sunbed; where results indicate that the UVA present in the sunbed is responsible for 8 times

as many CPD as induced by the UVB component.

However, the results for spectral yield indicate that there is a similar proportion of CPD induced
by UVA compared to UVB across both skin types. The spectral yield method agrees with the band
yield method in that it suggests the majority of CPD induced by sunbeds are due to UVA radiation.
However the spectral yield method differs from the band yield method in that it suggests that the
majority of CPD induced by solar radiation are due to the UVB component. This is in line with
accepted thinking, where UVA is thought to be responsible for a significant number of CPD, but not
the majority [79]. Woollons et al. [84] found that the majority of CPD found in human keratinocytes
were induced by the UVB content of a UVA sunlamp; however; this study was conducted in vitro
and as such the findings in reference [84] cannot be directly translated across to in wvivo, where

epidermal shielding affects the spectrum reaching the basal layer.

Using both methods, the results Table indicate that UVA radiation is responsible for the
majority of CPDs formed in the basal layer from sunbed use. This is an important finding, as for
a long time, due to the relatively small likelihood of CPD formation due to UVA radiation (see
Equation and Figure UVA was not considered a relevant factor in carcinogenic potential. In
fact, in experiments with mice, Ikehata et al. have found that the most mutagenic CPD lesions (the
CPD most likely to lead to an actual mutation) peaks at about 313 nm; with significant mutagenicity
either side of this boundary [83]. This adds weight to the argument that UVA should not be neglected
as a contributor to carcinogenisis. The fact that UVA is responsible for the majority of CPD induced
by sunbed irraditaton is a combination of non zero likelihood of CPD formation by UVA, and the
greatly increased penetration ability of the UVA component of incident radiation (Table .

Comparison of Table and Table highlights the importance of calculating CPD yields, as
relying on radiation reaching the basal layer is not enough to reach a conclusion about potential risks
of DNA damage. For example, in skin type I, for solar radiation, the majority of the incident UVA
radiation (57.9%) reaches the basal layer. Using this, the conclusion might be reached that solar
radiation was more dangerous. However, using both methods, Table[.2]indicates that proportionally,
sunbed radiation induces more CPD.

If the risk of DNA damage from sunbed use for one skin type can be deduced from the ratio
between the number of CPDs formed due to sunbed exposure to the number formed due to solar
exposure, then Tables indicates that for both skin types, the additional risk is almost equal;
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despite skin type II containing twice as much melanin [18] 42].

4.4.3 Justification of spectral yield

It is likely the ‘band yield’ method, as used in reference [32], overestimates the UVA induced CPD
yield (see Figure. This is because both the sunbed and solar radiation are primarily UVA sources;
and using the method described above, the same CPD yield is applied for 320 nm as applied at 399

nm.

Experimental work by Young et al. [5] recovered CPD yields at different depths in vivo. Mea-
suring CPD in vivo can be confounded by indirect CPDs and DNA repair processes; however the
experimental protocol reported in Young et al. [5] is likely to be reporting mostly directly induced
CPD. The experimental results published for CPD yield in the basal layer are reproduced in Figure
4.9l

These are compared to results from new simulations performed using a UVR, input spectra of
uniform irradiance between 280 nm and 400 nm. This was chosen as to simulate the experiment,
which was performed using monochromatic UVR. It is clear that from the comparisons in Figure
that the spectral yield method is a better fit to experimental results. Though both methods
reproduce the experimental CPD formation well up to about 300 nm; the data obtained by the ‘band

yield’ diverges considerably from experimental results when wavelengths are greater than 320 nm.

However, as Figure shows, the spectral yield method starts to diverge from experimental
results at about 330 nm, and as such may overestimate the CPD yield due to UVA radiation
(though not as dramatically as shown by the band yield method). One possible reason for this
may be that the simulations performed to produce the results in Figure did not reproduce the
experimental protocol exactly. The experimental protocol used a monochromator; which are not
truly monochromatic and produce radiation with a small but non zero bandwidth. However this
is unlikely to be responsible for the divergence seen in the left panel of Figure 4.9 Given that
CPD yield decreases with increasing wavelength (Figure , it is reasonable to assume that the
experimental results would over-report CPD rather than under-report (due to the non-zero amount
of shorter wavelength radiation present in the monochromatic beam). The divergence is unlikely
to be due to repair processes having already started, as repair of CPD is slow. However, again,
the experimental protocol was designed to prevent this. One possible explanation is that in the
naked CPD results from Tkehata et al. [83]; at longer wavelengths the CPD yield becomes so low
that systematic errors become proportionately larger; leading to an over reporting of CPD due to
the longer wavelength UVA in the basal layer. Another reason for this discrepancy is that optical
properties used for the upper layers are underestimating the extent of scattering and absorption in
the longer wavelength UVA; meaning that in the simulations, more radiation reaches the basal layer

than would happen in vivo.

Given the evidence presented in Figure the spectral yield method is likely to provide a better
estimation of CPD formation than that provided by the band yield method (as used in reference
[32]).
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4.4.4 Epidermal DNA as protection

The focus in the analysis presented here is on DNA damage within the basal layer, as this is
damage with carcinogenic potential. DNA damage also occurs in the epidermis. As keratinocytes
in the epidermis are likely to be committed to terminal differentiation, any damage occurring here
is unlikely to have long term consequences [50, [85]. As a result, it may be that DNA within the
epidermis actually plays a protective role in shielding the basal layer from UVR. Melanin is usually
considered to be the only protective chromophore, however recent research indicates that the role
of melanin can no longer be considered as purely protective, and it may in fact be carcinogenic [52]
(for more detail, please see the discussion in Chapter . The results presented here point towards
DNA within epidermal keratinocytes being a potentially protective mechanism for cellular DNA in

the basal layer.

4.5 Conclusion

The MCRT model described in Chapter [3| was adapted to simulate irradiation of human skin types
I & II by sunbed and solar sources. These datasets produced by the simulations were interrogated
to attempt to quantify the amount of DNA damage occurring in the basal layer using two different
methods. However the model does not include UVR induced enzymatic DNA repair mechanisms
(which would reduce the total number of CPDs formed), nor other sources of CPD formation, such as
dark CPDs formed both with and in the absence of melanin [52] [72]. As a result, the model is likely
to under represent the total number of CPDs formed and by way of compensation, ratios of sunbed
induced CPDs to solar induced CPDs were presented. The validity of these results relies on the
assumption that other CPD formation methods; and repair processes, follow a similar wavelength
dependence to direct CPDs.

Of the two methods of calculating the CPD yield presented, the spectral yield method is likely
to provide the most accurate estimation of CPD formation.

Using the spectral yield results, Table suggest the sunbed induces about 1.7 times more
CPD than solar radiation. The conclusion is then drawn that 6 minutes on a sunbed gives the same
damage as 10 minutes in the Mediterranean sun.

The results quantify the relative risk of direct CPD formation from sunbed use in terms of solar
exposure. By implication this quantifies the risk of direct DNA damage due to exposure to UVR
from a sunbed in comparison to that from Mediterranean sunlight.

The basal layer has a high concentration of DNA [81] and is considered the layer of the skin that
can accumulate enough DNA damage to cause risk to human health [50]. The argument that UVB
radiation can not penetrate far enough into the epidermis to cause significant damage to the basal
layer is not supported by this model.

This model is only applicable to Fitzpatrick skin types I-II that are not UVR adapted, where
the melanin resides immediately above the basal layer; however the model could be adapted to
simulate other skin types, and these are discussed in the following chapter. When skin is not UVR
adapted, the UVR causes greater risk to skin health due to the lower concentration of melanin in
the epidermis, as part of the response to UVR involves melanogenesis, and movement of existing

melanin into the living epidermis (colloquially known as ‘tanning’). This model could be extensively
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adapted, by implementation of time dependent elements, to simulate this process.



Chapter 5

Simulating Melanin Distribution

Synopsis

The previous chapter describes a MCRT model capable of simulating UVR. induced direct DNA
damage in the basal layer of skin types I & II. This chapter describes the extension of the model
in order to simulate UVR induced direct DNA damage in skin type VI. By way of validation, the
model is designed to simulate published experimental methods as far as possible. Results comparing
theoretical differences in CPD formation between skin types I & I1, and skin type VI are compared to
findings obtained from the same published experimental work. The model is also used to investigate
the impact of melanin distribution on UVR induced DNA damage, and to quantify the extent to

which results differ when solar radiation exposure is investigated.

5.1 Introduction

Melanin is considered to be the chromophore primarily responsible for photoprotection against DNA
damage in the skin [51]. Melanin is a natural skin pigment, and is present in the skin in various
quantities and qualities, presenting as different skin colours across and within individuals.

Keratinocyte cancers (SCC & BCC) are known to be caused by mutations induced by UVR [3].
In black skinned individuals, incidence of SCC and BCC is lower (approximately 20 to 60 times less
common) than that found within those with white skin [36] [87, [88].

It has been reported that the extra protection provided by melanin in black skin is not enough
to account for the lower incidence of keratinocyte cancers reported in black skin [89]. It has been
suggested that the distribution of additional melanin (rather than the presence of additional melanin)
may explain the lower keratinocyte cancer incidence observed in in black skinned individuals [90].

Work by Fajuyigbe et al. [90] compared the melanin distribution in skin with experimentally
obtained direct CPD yield in different layers. Results from skin types I & II were compared to those
obtained from skin type VI. This allowed determination of a ‘DNA protection factor’ afforded by
the melanin present in skin type VI. As the experimental work reported depth resolved melanin
concentrations, and associated CPD yield in the basal layer, the research [90] provided an excellent

basis for both simulation design and opportunity to compare theoretical results to experiment.

69



70 CHAPTER 5. MELANIN

Melanin

Skin pigmentation, in the form of melanin, is considered to be the main photoprotective agent
in the skin. As part of the response to UVR, melanocytes in the basal layer produce melanin, a
pigment, from the non essential amino acid tyrosine. The melanin is encapsulated in organelles
called melanosomes. Melanocytes are shown in Figure [1.1} with melanosomes visible within the
melanocytes, illustrated by small brown dots. The melanosomes are taken up by surrounding ker-
atinocytes, which move up through the epidermis. The rate of melanosome production, and the
rate of uptake (and resulting distribution of melanin) is considered to be responsible for different
skin colours. As the keratinocytes move towards the surface, the melanosomes begin to break down,

distributing melanin throughout the skin. The rate of this degradation is skin type dependent [51].

5.2 Methods

Alterations to the model previously described are outlined here. In order to simulate the experi-
mental method as described by Fajuyigbe et al. [90], changes were made to the irradiation source,

the geometrical grid representation of skin layers, and the optical properties of the layers.

5.2.1 Irradiation source

The irradiation source used in the experimental work is an 300W-16S xenon arc solar simulator
(SSR) [90]. The spectrum is shown in Figure When comparing the SSR source with solar
radiation, the SSR appears to be a poor substitute for solar radiation. This is illustrated in the left
panel of Figure However when the input spectra I;(A) are erythemally weighted, via E(X\)I;()\),
(where the erythemal effectiveness F(\) is given by Equation [15] and where X is given in nm)
then the spectra exhibit an almost identical shape, as shown in the right panel of Figure |5.2

In the experimental work [90], UVR doses were delivered via a 7 mm diameter light guide in
direct contact with buttock skin. A punch biopsy of 4 mm diameter was taken from the centre
of the exposed area immediately after exposure. It is assumed the output from a light guide may
be approximated as diffuse. Given this, and given that the irradiation area is larger than the area
biopsied, the experimental method can be approximated as uniformly exposing the surface of a small
area of the skin to diffuse UVR.

5.2.2 Grid setup

In order to simulate the distribution of melanin within the skin, the depth (2) resolution of the grid
was increased to 1 um. The lateral resolution remains at 10 um Increasing the depth resolution
increased demands on available computer memory, and in order to compensate for this, a smaller
patch of skin (of surface area 0.5 mm x 0.5 mm) was simulated. The grid design used is detailed in
Table [5.1] Details on why the grid design was chosen can be found in the Grid geometry section of
Chapter
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Figure 5.1: Spectrum of the solar-simulated radiation (SSR) source used in experiments by Fa-
Juyigbe et al. [90]. The radiation is delivered to the skin via a liquid light guide. The SSR source is
a 300W-16S zenon arc solar UVR simulator is made by Solar Light, USA.
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Figure 5.2: The left panel directly compares the SSR source with solar radiation. It is evident the
two spectra are different shapes (even when neglecting the difference in intensities), and as such the
SSR does not appear to be a suitable alternative to solar radiation. However the right panel shows
the relative erythemal effectiveness of each source (described by Equation . Both sources have a
very similar wavelength dependent erythemal effectiveness, so the SSR is considered a suitable solar
simulator.
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Dimension Size Number of Voxels | Resolution
X 0.05 mm 50 10 pm
y 0.05 mm 50 10 pm
v/ 0.04 mm 400 1 pm

Table 5.1: Specifications of spatial grid used to simulate the upper layers of skin tissue. As before,
each vozel each voxel (in total, 50 x 50 x 400 = 10° vozels) contains a path length counter, enabling
each vozel to act as a detector, recording a full spectra of the wavelengths reaching that vozel.

5.2.3 Skin types

In the work by Fajuyigbe et al. [90] experimental results for melanin distributions (and CPD) are
obtained from punch biopsies from the buttock. This ensures the biopsied skin is unlikely to be
regularly exposed to UVR. Therefore the epidermal depths simulated represent the buttock specific
epidermal depths reported by Sandby-Mgller et al. [44]. Fajuyigbe et al. [90] also report melanin
distribution within the upper, middle and the bottom of the epidermis, and so the epidermal layer
within the model was further divided into two parts; an upper and a mid-epidermal layer. The

epidermal depths and layer dependent melanin concentrations are reproduced in Table

Layer Depths

Layer Depth Percentage of total Melanin

Skin Type I/IT | Skin Type VI
Stratum Corneum* 14.9 pm 0% 0%
Epidermis (Top) 55.0 pm 5% 13%
Epidermis (Middle) 76.5 pm 15% 27%
Melanin Layer 86.5 pm 80% 60%
Basal Layer* 96.5 pm 0% 0%
Dermis** 2000-6000m 0% 0%

Table 5.2: Depths of epidermal layers in buttock skin. Depths marked * taken directly from Sandby-
Myller et al. [[]]. The base of the dermis, marked **, extends deeper than the domain of the grid.
Here, the living epidermis is further divided into two sections (the middle, and the upper), in order
to simulate melanin distributions described by Fajuyigbe et al. [90].

Similar to before, layer separations are described by the following equations, with the sinusoidal

Zbase Tepresenting the shape of the dermal papillae,
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Zbase(T,y) = 30 um x sin <152m) X COS <15im>

Zse = 14.9 pym
Zbase ({,E y) +55.0 pm

= zbase( y) + 76.5 pm
Zbase (T, Y) + 86.5 pm

) =
)=
) =
) = Zbase(z,y) + 96.5 um

Optical properties

The optical properties for the stratum corneum, basal layer and dermis remain as previously de-
scribed. Within the epidermal and melanin layers, the scattering coefficients remain as previously
described, however the absorption properties are altered. In the previous chapter it is assumed that
in non exposed skin types I & II, melanin is concentrated above the basal layer. In fact, as reported
by Fajuyigbe et al. [90], they find that across different skin types, melanin is distributed throughout
the epidermis in a similar way, with just the total amount changing. From the published results
[90] it is possible to obtain the actual percentages for basal, middle epidermis and upper epidermis
for skin type VI, as reproduced in Table However for skin types I & II, these values are not
easily elucidated from the published results [90]. A distribution is assumed with the majority of the
melanin residing above the basal layer. This is detailed in Table

Within this simulation, one model is built to represent skin types I & II, and another for skin
type VI. As the total epidermal melanin concentration is assumed to be 2 % for skin type I and
4 % for skin type II, the combined model for skin types I & II uses a total melanin concentration of
Viner,1/11 = 3 %. For skin type VI, the total melanin concentration is assumed to be Viye11/11 = 24 %,
8 times that found in skin types I & II [91]).

This is divided up into the layers as described in Table resulting in absorption coefficients

of,

l’l’aﬂcpiupper =06.6 x 1011)\73'33fuppcrvmcl (51)
Ha,epimiqale — 6.6 x 1011)‘_3.33fmiddle‘/mel (52)
Ha,mel = 6.6 x 1011Aig'ggfmelanin‘/mel (53)

Where fupper; fmiddle 80d fmelanin are the proportions of total melanin as distributed across the
layers as described in Table

The values described in Equations to are added to the non melanised epidermal absorp-
tion coefficients using the method described in Chapter 3} and thus a layer dependent absorption

coefficient is obtained.

The simulations as described were run with 10® power packets; which produced convergent

results. The results were analysed using methods similar to those described in the previous chapter,
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and the fluence reaching the basal layer was extracted from the path length estimator results, using

Equation

5.2.4 DNA protection factor

Within the published experimental results [90], the layer dependent CPD yield in skin type VI was
compared to that from skin types I & II. This was described by the authors as the DNA protection

factor,
CPDI/H

CPDv1

where CPDy 11 is the CPD yield in skin types I & II, and CPDyy the CPD yield in skin type VI. The
DNA protection factor describes the amount by which melanin in black skin protects DNA from

DNApp = (5.4)

damage. Within the reported experimental procedure, the CPD yields were obtained by exposing
different volunteers to different doses of UVR, and working out the relative CPD yields from these.
It is possible to analyse results from the simulation in order to produce comparable results to those
published [90]. Similar spectra to those displayed in Figure may be extracted for the upper and

middle layers of the epidermis, using the following equations,

1

Yupper(A) = N Z i j.k(A) for 4, §, k € upper epidermis (5.5)
UPPEr Gk
1 .. . . .
Ymiddle(A) = Z i 5.6 (A) for 4, §, k € middle epidermis (5.6)
Nmiddie i

where layer Nypper and Nyiddle are the number of voxels within the upper and middle epidermal
layers respectively, and the fluence v; ;  is that found at voxel of index {4, j, k} within the upper or
middle epidermal layer respectively.

The method to analyse spectral CPD yields, as described in the previous chapter, is adapted

here to compare CPD yields between different skin types, across different layers,

(5.7)

DNAPF, layer = (

CPDI/II> _ 4O§m Acpp (M) Ylayer,1/11(A)
CPDVI layer ACPD()‘>wlayer,VI()\)

A=280 nm

Where Acpp is the CPD action spectrum (from Tkehata et al. [83]), and layer is the layer of

interest (upper epidermis, mid epidermis, or basal layer).

5.2.5 Melanin distribution

Fajuyigbe et al. [00] postulate that it is melanin distribution in black skin, rather than melanin
content alone, that provides the extra protection against UVR induced DNA damage. Using MCRT,
this could be examined. To investigate this, the model as described in this chapter was altered to
simulate the melanin distribution as was assumed in the initial model design and published in
reference [32]. These assumed that all melanin present in the epidermis is concentrated in a 10 pm
layer above the basal layer.

The simulations were run with 10® power packets, and the fluence reaching the basal layer was

extracted from the path length estimator results, using Equation
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5.2.6 Solar effects

It is difficult to use solar radiation in a controlled environment, as the spectrum of solar radiation
changes with time of day or year. For this reason, solar simulators are used to simulate solar
radiation under laboratory conditions. Given that MCRT is able to simulate any irradiation source,
the simulations described in this chapter were repeated for solar radiation (as described in the

previous chapter).

5.3 Results

The fluence incident on the surface of the skin, and on the basal layer of both skin types I/II & VI,

is shown Figure 5.3
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Figure 5.3: Radiation incident on the basal layer of both skin types simulated, along with the
incident radiation. The left panel shows the absolute irradiance of the source, along with the fluence
incident on the basal layer in both skin types. The right panel shows the same data, to illustrate how
additional melanin shields relatively more shorter wavelength radiation. The data presented here are
extracted from the main dataset using Equation @

By extracting the spectrally resolved fluence from the basal layer, Equation was used to
calculate the theoretical DNApy for different layers. These are presented in Table [5.3] where they

are compared directly to published experimental results [90].

5.3.1 Melanin distribution

To investigate the postulation in reference [90], (that it is melanin distribution rather than melanin
content alone, that provides additional protection) results from a simulation where all melanin is

concentrated above the basal layer) is shown in Figure
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Upper Epidermis Mid Epidermis Basal Layer
DNApp DNApp DNApp
Published Results [90] | 5.0 (95% CI 4.5-5.5) | 16.5(95% CI 11-27) | 59.0 (95% CI 24-110)
Simulation 5.8 24.4 109.5

Table 5.3: Comparison of the level of DNA protection factor at different depths afforded by skin
type VI as compared to skin types 1€ II.
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Figure 5.4: Radiation incident on the basal layer of both skin types simulated, along with the
incident radiation, for simulations of buttock skin where all melanin is concentrated in a 10 pm
layer above the basal layer. The right panel indicates that in this scenario, the shape of the spectra
incident on the basal layer in both skin types is almost exactly the same, and the additional quantity of
melanin in skin type VI has not shielded the basal layer from proportionally more shorter wavelength

UVB.



5.4. DISCUSSION 7

5.3.2 Solar effects

The basal layer fluence results were extracted from simulations of solar irradiation. These are shown,
along with incident spectra (from the left panel of Figure in Figure
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Figure 5.5: Solar radiation incident on the basal layer of both skin types simulated, along with
the incident radiation. The right panel shows normalised incident irradiance, along with the fluence
on the basal layer for both skin types, to illustrate how additional melanin shields against relatively
more shorter wavelength radiation. The data presented here are extracted from the main dataset

using Equation @ in Chapter |Z

Equation was used to calculate the theoretical DNApg for different layers. These are pre-
sented in Table (.4l

Upper Epidermis | Mid Epidermis | Basal Layer
DNApg DNApg DNApg
Solar (Theoretical) 5.6 22.8 85.6

Table 5.4: Comparison of the DNA protection factor at different depths afforded by skin type VI
as compared to skin types I & II.

5.4 Discussion

Melanin depth distribution and the subsequent effects on UVR penetrating the skin have previously
been examined by computational modelling [42]. This work used commercial software to perform
ray tracing (a subset of MCRT and does not capture scattering media well), and investigated the 370
nm to 900 nm wavelength range, which was loo large for direct comparison with the work presented

here.
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As expected, Figure [5.3] shows the basal layer in skin type VI receives betwen 10 to 100 times
less radiation than for skin types I & II, with evidence of considerable epidermal shielding of the

shorter wavelength UVB radiation.

In comparing the simulation results to the experimental results (displayed in Table , the
resulting DNApp for the middle epidermis and the basal layer lie within the 95% confidence intervals
as given by the experimental results; though at the upper limit of these confidence intervals. The
result for the upper epidermis lies just outside. Given that the DNA protection factor for the upper
epidermis is mostly influenced by the optical properties for the stratum corneum (though there is
some influence from the optical properties of the epidermis below, due to back scatter), this may
indicate that the optical properties (or the geometry) for the stratum corneum require alteration.
The results suggest that the optical properties (and geometry) for the stratum corneum are either
underestimating the optical depth of the skin type I & II stratum corneum, or overestimating the
optical depth of the skin type VI stratum corneum. The optical properties and geometry for the
stratum corneum were taken from literature (Chapter |3| and Table however in future varying

these parameters may be helpful in adapting the model to simulate real world results.

Overall, though the model gives results that are within the confidence intervals, the high value
of the DNA¢ found in the simulations as compared to the average found experimentally indicates
that the simulation has either over-estimated the amount of CPD inducing radiation penetrating

into skin types I & II, or underestimated the same for skin type VI.

Effect of melanin distribution on DINA protection factor

When all the melanin is concentrated in a single 10 um layer above the basal layer, the total
DNA protection factor DNA ¢ (calculated using Equation is found to be only DNA¢ = 3.86.
The theoretical findings presented here support the conclusion presented in reference [90] that it
is the distribution of melanin within black skin, and not just the presence of addition melanin,
that significantly affects the level of DNA protection afforded by black skin. This has potential
implications for potential interventions for skin cancer prevention. It is currently assumed that
sunscreens work by creating a film on the surface of the skin (and that a sunscreen that penetrated
into the skin would be undesirable). These results indicate that perhaps if a sunscreen could safely
penetrate into the upper layer of the skin and remain there, this may be an efficacious sunscreen

solution.

5.4.1 Solar radiation

The results in Table indicate that the theoretical DNA,; provided by black skin exposed to
solar radiation is slightly lower than the theoretical DNAs provided by black skin exposed to
solar simulated radiation. This has may suggest that SSR under-induces CPD in black skin when
compared to solar irradiation, or similarly, that SSR over-induces CPD in skin types I & II when
compared to solar irradiation. To answer this conclusively, the model would benefit by being able to
estimate the absolute number of CPD formed in different skin types, and under different irradiation

conditions.
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5.5 Conclusion

The theoretical results, validating against published experimental protocol presented here are broadly
within the 95 % confidence intervals as stated from experimental results. However the results indi-
cate that either the model is under estimating the amount of carcinogenic UVR reaching the basal
layer for skin type VI, or overestimating the same for skin types I & II. It is important to note that
extensive work by Karsten et al. [42] has computationally investigated the scattering properties of
melanin as it fragments in the epidermis (in the 370 nm to 900 nm wavelength range). The sim-
ulations presented here treat melanin as a purely absorbing chromophore, however this is a crude
approximation. Further work, including applying the fragmentation pattern and scattering proper-
ties identified by Karsten et al. [42] may improve this model, and better reproduce experimental
results.

The results indicate that by localising melanin above the basal layer, the DNA; is reduced by
30 fold. This result has implications for UVR protection strategies. In future, this code could be
developed further to simulate a true melanin gradient within the living epidermis.

However, the model may be compromised, as it does not take into account the effect of ‘dark
CPD’, which are CPD which form after exposure to UVR has ceased in both melanin rich melanocytes
[52] and in keratinocytes containing no melanin [72], and may contribute up to half of the total CPD
yield observed in melanocytes [52]. In addition, DNA repair processes are not modelled. These

effects could be included in future development of this model.
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Chapter 6

Theoretical prediction of DNA

photoprotection by sunscreen

Synopsis

Sunscreens are topical products used primarily to prevent sunburn. Sunscreens are formulated such
that after application, the constituent UVR filters form a protective film on the surface of the
skin. The performance of sunscreens are assessed against several standards, the most commonly
recognised being the sun protection factor (SPF). Recent research has investigated the extent to
which sunscreens protect DNA from photodamage. As current SPF testing necessitates the induction
of erythema in human subjects, and any assessment of the DNA protection factor from a given
sunscreen requires invasive procedures, accurate simulations of such processes may prevent harm to
human subjects. The aim of this work is to build and add a film of sunscreen to the surface of the
skin model described in previous chapters, and investigate effects on the theoretical CPD yield in

skin protected by a layer of sunscreen.

6.1 Introduction

A sunscreen film consists of UVR filters and some formulation, to act as a vehicle to improve
cosmetic features (such as ease of spreading, scent or appearance). UVR filters work by absorbing
and scattering UVR, and when these are present in a film on the skin, this means the amount of UVR,
reaching the skin is reduced. There are many UVR filters approved for use by different regulatory
systems [92]). The nomenclature of UVR filters can be complex, with filters referred to by several
different chemical or trade names [92]. Within this text UVR filters are referred to by the relevant

international nonproprietary name and the associated standard abbreviation.

6.1.1 Testing of sunscreens

Several different methods are used to characterise the efficacy of sunscreen. Of these, the most

recognisable is the SPF. The SPF quantifies how much radiation with the ability to cause sunburn
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is transmitted by the sunscreen (e.g. an SPF 30 sunscreen transmits 1/30'" of incident erythemal
radiation- radiation with the potential to cause sunburn under test conditions). Other rating systems
(such as persistent pigment darkening, or the Boots star rating [93, [94]) describe how well the
sunscreen filters UVA radiation. The UVA rating systems differ considerably across regulatory

bodies and are outside the scope of this thesis.

In vivo SPF testing

To label a product with an SPF, a test on human subjects must be performed. This test adheres to
an international standard [95] and is effectively the same across all regulatory bodies in the world
(with small changes in protocol).

A group of volunteers is selected with skin described as light by the Individual Typology Angle
(ITA) system [96]. The ITA describes pigmentation of skin (whereas the Fitzpatrick Skin Type
describes typical response to UVR, with pigmentation inferred from this). Volunteers must have
an average ITA of between 41° to 55° (in practice, this range is comparable to Fitzpatrick types I
and IT). Each volunteer has an area of the skin on their back covered by a reference sunscreen, the
sunscreen under test, and an area left unprotected. An example of the absorption spectrum of the

reference sunscreen is shown in Figure
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Figure 6.1: The left panel shows the absorbance of the three constituent filters of the standard P3
sunscreen at a concentration of 1% in a solution (data extracted from Osterwalder & Herzog [92]).
The right panel shows the absorbance of the P38 standard sunscreen, which comprises by volume
2.78% PBSA (phenylbenzimidazole sulfonic acid), 3.0% EHMC' (octyl methoxycinnamate) and 0.5%
BMDBM (avobenzone). The P3 sunscreen is expected to give an SPF of 15.5 £ 1.5 [95, [97].

The application of the sunscreens must strictly adhere to protocol. The amount applied must
be 2 mg cm~?2 and this must be applied to the skin in a specified motion with a gloved finger. Small

sites on each volunteers back are exposed to increasing (timed) doses of radiation from a solar
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simulator lamp. Between 16-24 hours post exposure, erythema is assessed by a trained individual,
who identifies the minimal dose at which each volunteer has developed erythema (the Minimal
Erythemal Dose- MED). For an individual, the SPF is given by,

MEDprotected

SPFindividual = yrmm—————
MEDunprotected

(6.1)

The SPF of the product under test is the mean of all valid individual SPFs calculated. During
the test, the volunteer’s response to a control sunscreen with a fixed SPF is also assessed, and a
reading of SPFi,qdividual is only considered valid if the individual has displayed the erythemal response

expected for this sunscreen with a fixed SPF (known as a reference sunscreen).

Reference sunscreens

The SPF testing of a new sunscreen is performed against a ‘reference sunscreen’, by way of calibra-
tion. A reference sunscreen is a formulation with exact ingredients, quantities and manufacturing
process specified by the international standard [95]. On following the testing protocol described
above, the reference sunscreen will return an SPF within a specified range. One reference sunscreen
is the P3 sunscreen. Prior to the introduction of the 2019 standard, sunscreens expected to return a
high SPF were tested against the P3 sunscreen (in the latest international standard [95], other high
SPF standard sunscreen formulations are specified). When testing the P3 sunscreen, an individual

must respond with an SPFi,dividual of 15.5 + 1.5.

Although this SPF testing protocol is a carefully developed international standard, there has
been some debate as to the extent to which the SPF is representative of ‘real life’ protection afforded
by sunscreens. It has been suggested that the SPF may overestimate protection in natural sunlight
[98], and specifically that the SPF rating on a UVB biased sunscreen overestimates the protection
afforded in temperate latitudes [99]. This is because the protection the sunscreen provides will
change as the irradiation profile changes. One study has shown that although differently filtered
solar simulators may meet the international standard, there can be differences of up to 50% between
the rated SPF using these simulators [100]. The biggest issue with in vivo SPF testing remains
that it necessitates harm to an individual, as to determine an SPF, erythema must be induced. In
addition, the process is expensive and time consuming. As such, there is great interest in in wvitro

and in silico methods.

SPF testing in vitro

Although in wvitro testing is not yet considered an acceptable method for evaluating the SPF of a
sunscreen, some in vitro methods are used to rate UVA protection. In vitro methods use transmission
spectroscopy, where sunscreen is applied onto a roughened PMMA (polymethylmetacrylate) plate
in order to better simulate the surface of human skin. The UVR transmittance analyser contains
a UVR lamp and an integrating sphere, and measures the transmittance of the sunscreen on the
PMMA plate.
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400 nm
E(A)Isource()\)
SPFin vitro = 40/\0:31?10 s (62)
> EN)source(N)T(A)
A=290 nm
Equation describes how the in vitro SPF can be calculated, where Isource(A) is the incident
spectrum, T'(\) is the transmittance of the sunscreen measured by the analyser, and E()) is the 1998

CIE erythema action spectrum [15] [101] described by Equation reproduced here for convenience,

1 250 nm < A < 298 nm
E(A) =14 100094(29%-% 208 nm < \ < 328 nm (63)
100-015(140-X) 328 nm < A < 400 nm

The 1998 CIE action spectrum is displayed in Figure

If sunscreen is applied to the plate in the same amount as specified by the in vivo test, the SPF
is overestimated. It is thought that this is because the PMMA plates do not simulate the surface of
the skin well, and other application amounts are recommended depending on the roughness of the
PMMA plate in use [102].

100 5 —— CIE 2008

10—1_

10—2_

10—3_

CIE Erythemal Effectiveness

10—4_
280 300 320 340 360 380 400
Wavelength (nm)

Figure 6.2: This shows the CIE 1998 (ISO/CIE 1999) Erythemal effective action spectrum [15,
101).

SPF prediction in silico

As it is assumed the UVR filters within a sunscreen are solely responsible for the UVR filtration

(there is no protective effect afforded by the vehicle), and the in vivo application amount is carefully
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measured, it could be assumed that simple application of the Beer-Lambert law (Equation
might provide a good estimation of the SPF. Although sunscreen contains high concentrations of
UVR filters, the Beer-Lambert law is considered valid [103]). The Beer-Lambert law is reproduced
here,

I

Ii 10 elcconc (6.4)
where I; is the intensity of incident radiation, and I; the intensity of transmitted radiation (both
of which are required to determine the SPF of a given filter). The molar decadic extinction e and
the concentration c.onc are easily determined for a given sunscreen. However [, the thickness of the
sunscreen film, is more difficult to elucidate. Human skin varies in thickness [104] and even with
careful application it is impossible to get a even amount covering the skin. The first attempt to
provide a mathematical solution to this was by O’Neill, by way of development of a step film model
[105]. This divided the applied volume of sunscreen into a depleted area and an area of excess, then
used the resulting differing values of ! (film thickness) to calculate the SPF. Brown and Diffey used
this to explain why sunscreen protection afforded in vivo was less than would be predicted using
the Beer-Lambert law [106]. Eventually the step film model was abandoned in favour of using a
probability distribution to simulate the film profile [102]. Current best practice for the modelling of
sunscreen film thickness uses the inverse of the gamma distribution, an asymmetrical distribution
described by Equation In this context, this distribution describes the variation in height of a
sunscreen film (h) relative to the ‘parent film’ height (that is, the film height achieved by the volume
of sunscreen applied if there is no variation in film height, see Figure .

! 1
h)=1{(- Th—— 6.5

=(3) i (65)

In Equation h indicates the proportion of the ‘parent’ film present, and f(h) the probability

of finding this h value for a given sunscreen. To construct the film thickness profile from the prob-

ability distribution, the height A is selected from the cumulative distribution (Equation . With

this method for determining film thickness, the sole factor determining the probability distribution is

ol

¢, the shape parameter (which, in this case, represents the asymmetry of the film height distribution,
or the evenness of spreading. A smaller shape factor ¢ indicates an asymmetrical distribution, with
less even sunscreen application). The scale factor b is needed for normalisation, and to conserve the

volume of sunscreen applied (such that bc = 1).

h
F(h) :/0 f(x)dx (6.6)

The publicly available online sunscreen formulation simulators [97] (the BASF Sunscreen simu-
lator [107] and the DSM sunscreen optimiser [108]) use a combination of Beer’s law in conjunction
with the treatment of film thicknesses described here. The predicted shape profile ¢ is determined
using an equation taking into account filter concentrations (reproduced in part in Equation .
In addition to these considerations, photoinstabilites are taken into account, as well as syngergistic
or deleterious effects of certain combinations of UVR filters (these are fully detailed in Herzog &
Osterwalder [97]).

Though existing in silico methods reproduce in vivo SPF results well, they are not considered
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Figure 6.3: This plot shows the different film profiles for different shape factors, and the associated
SPF obtained when films of P3 sunscreen are simulated with different film profiles using a basic
no grid MCRT method [97]. The black line indicates the parent film: a concept used in sunscreen
simulation to suggest the potential film thickness achievable in an ideal scenario.

acceptable replacements for in vivo testing. In addition, existing in silico methods do not give an
indicate the efficacy of sunscreens in protecting DNA from damage, which can be provided by an

MCRT model of the transport of UVR though a sunscreen film on human skin.

6.2 Monte Carlo transmission code

6.2.1 Methods

As a first step to building an MCRT model of sunscreen on skin, a basic Fortran 90 Monte Carlo
sampling code was developed to ensure results from published work on sunscreen simulators could
be reproduced. The Python SciPy Stats package was used to create the datasets for a given value of
¢ (see Figure. This dataset was read into the Fortran 90 code as the film profile. The extinction
coefficients for the filters comprising the P3 sunscreen were extracted from Osterwalder and Herzog
[92] and checked against a known dataset (personal communication)[109]. The P3 sunscreen com-
prises 2.78% PBSA (phenylbenzimidazole sulfonic acid), 3.0% EHMC (octyl methoxycinnamate)
and 0.5% BMDBM (avobenzone). The input spectrum is the international standard solar simulator
as used by Osterwalder and Herzog [92]. The simple MC code randomly samples from the input
spectrum to obtain a wavelength (), and from the film profile to obtain an (h) value, from which
the film thickness I(um) is determined using Equation [102],

I = 10hQ (6.7)

where @ is application amount in mg cm™2.

The factor 10 = 10 um g~! comes from the as-
sumption that sunscreen has a density of p = 1 g cm~2. Please note Equation Iﬂ[ does not take into

account any evaporation of the film (which would then inversely increase the concentration of the
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UVR filters).

A maximum optical depth is obtained using,

Tmax = 2.303¢l (6.8)

and if a randomly sampled depth is larger than this, the packet is transmitted (the factor 2.303
comes from conversion between logarithm bases, as log.(z)/logio(x) = 2.303).

The incident packets and transmitted packets are binned by wavelength, and the resultant SPF
is found using Equationwhere E()) is the CIE erythemal effectiveness as described by Equation
N, is the number of incident packets, and IN; the number of transmitted packets.

S BN

SPFin silico = “ gy (6.9)

> BN
A=290 nm

6.2.2 Results

The results obtained by this simple code, and comparisons to published results [97] are shown in

Table [6.1]

Shape Factor OsIt{ei\Z/Zlg d:;l([igﬂ Basic MC results
¢=0.5 6.3 5.94
c=1.0 17.3 17.27
c=1.5 35.0 36.0

Table 6.1: Results of a very basic MC sampling code to reproduce published results from existing
sunscreen simulators [97, (107, [108].

The spectrum of solar simulated UVR transmitted through a film of P3 sunscreen is shown in
Figure 6.4

6.2.3 Discussion

There is good agreement between results obtained using the MCRT transmission code are compared
to published results [97] in Table Slight differences are likely due to different datasets used for
the filter extinctions (the results from reference [97] will use extinction coefficients available to the
authors from the commercial laboratories they are associated with, these are not publicly available).
The good agreement between results give confidence that both the optical properties selected and
the geometry (for film profiles) match those used by previous work [97].

Figure illustrates how the sunscreen shown in Figure and the shape factor from the high
SPF scenario (Table 7 affects the transmission of radiation. The visible discontinuity at about
330 nm in the right hand panel of Figure is due to the discontinuity in Equation however it
does clearly show that proportionally, more of the transmitted erythemally effective radiation is in
the UVA than is incident. This is because sunscreens are designed prevent burning, so mainly focus
on blocking the UVB.
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Figure 6.4: The left panel shows a normalised incident and transmitted spectrum of a solar simu-
lator (the incident spectrum is extracted from Herzog € Osterwalder [97]. The transmitted spectrum
is the results of the simulation through a high SPF film as reported in Table[6.1. The right panel
shows the same results multiplied by erythemally effective factor as described by Equation@ (the
discontinuities are due to discontinuities in Equation @)

6.3 Grid MCRT

6.3.1 Methods

The aim of the code development was simulate a sunscreen film that could be added to the skin model
as described in previous chapters. In order to do, so a stand alone sunscreen film was simulated
using the grid code, and the theoretical SPF this film affords compared against published results. To
simulate this film of sunscreen with the grid code, again the optical properties of the sunscreen and
the sunscreen film geometry were determined. This time, they are implemented using the voxellised

grid model.

Optical properties

The simulation aimed to reproduce results published by Herzog & Osterwalder [97] testing the
SPF of various dilutions of a premix UVR filter concentrate (containing 20% EHMC, 20% DHHB
(diethylamino hydroxybenzoyl hexyl benzoate), 6% EHT (ethylhexyl triazone) and 5% BEMT (be-
motrizinol)). The results presented in reference [97] provide in vivo SPFs for a wide range of different
total filter concentrations, in addition to the in silico results presented. The filter concentrations
examined in reference [97] and used in the simulations performed here are presented in Table

The extinction of the constituent filters of the premix (and of the premix at different concentra-
tions) used in reference [97] is shown in Figure
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% Premix Filter Conc. [97] SPF in vivo | In silico [97]
6 1.2% EHMC, 1.2% DHHB, 0.36% EHT, 6.5 6.1
0.3% BEMT
10 2% EHMC, 2% DBI-E—;/}?%O.G% EHT, 0.5% 10 0.8
. 3% EHMcbi?%Dggﬁ,Tog% EHT, 76 148
2 4% BHMC, 4% Egﬁ% 1.2% EHT, 1% 909 19.8
”: 5% EHMC,1 Z?%Dggﬁ&m% EHT, 204 95 0
” 6% EHMC, 6% DB}EI;/][SfIB% EHT, 1.5% 350 302
” 10% EHMC, 10%B1})31§AI;B, 3% EHT, 2.5% 18.8 51.0

Table 6.2: This table presents the filter compositions used to test the performance of an existing
sunscreen simulator, and are used to test the simulation approaches presented here (the MC no-grid
code as described above, and the grid code MCRT approach). The leftmost column details the dilution
of the premix (containing 20% EHMC, 20% DHHB (diethylamino hydroxybenzoyl hexyl benzoate),
6% EHT (ethylhexyl triazone) and 5% BEMT (bemotrizinol) used, absorption of the filters is shown

in Figure[6.5.
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Figure 6.5: The left panel shows the absorbance of the three constituent filters of the premiz
sunscreen as used by Herzog & Osterwalder [97] to demonstrate efficacy of a sunscreen simulator.
The premix comprises 20% FHMC, 20% DHHB (diethylamino hydroxybenzoyl hexyl benzoate), 6%
EHT (ethylhexyl triazone) and 5% BEMT (bemotrizinol). The right panel shows the absorbance of
each of these filters at a 1% concentration (weight by volume), and the right panel shows this premiz
at a selection of the dilutions used in the Table @
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The filter extinction coefficients of the constituent filters were extracted from data published by
Osterwalder & Herzog [92] and checked against a known dataset (personal communication) [109].
Voxels containing the sunscreen (see the next section for geometry) had the optical properties applied,

and the remaining voxels were left empty.

Geometry

The depth (z) resolution of the grid voxels was 1 ym and a small patch of sunscreen of surface
area 0.5 mm X 0.5 mm was used for the simulation. By applying repeating boundaries, the model

simulated an infinite sunscreen film. The grid design used is detailed in Table [6.3

Dimension Size Number of Voxels | Resolution
X 0.05 mm 50 10 pm
y 0.05 mm 50 10 pm
V/ 0.02 mm 200 1 pm

Table 6.3: Specifications of spatial grid used to simulate a film of sunscreen.

To find the shape factor to produce the film thickness profile, Equation is taken from [97],
where 7iota1,9 is the total percentage (weight by volume) of the filters present in the sunscreen, and
the parameters pl = 0.33, p2 = 0.69, p3 = 0.89, p4 = 1.95 and p5 = 0.5 have been determined within
reference [97]. The original form of Equation contains an oil phase term, which accounts for
synergistic effects between the water phase and the oil phase of UVR filters. However to calculate

this, the extinction profile in the oil phase is required, and this data was not accessible.

c=pl+ p2('ytotal’%/('yf§ml’% + p4) 4+ p5/4 + oil phase term (6.10)

Equation [6.10| was used to calculate values of ¢ for each of the filter concentrations shown in
Table The Python SciPy Stats package was used to create film profiles for each value of ¢, which
were read into the Fortran 90 code. It is assumed for the purposes of this simulation that the applied
amount is 2mg cm ™2, that the surface of the sunscreen film is flat, and that there are no ’holes’
or areas of total depletion of sunscreen. To simulate the sunscreen film, while looping over the top
layer x and y, at each voxel, an h value is randomly sampled from the profile corresponding to the
premix dilution under test. This is used in Equation to determine a z-depth, and these voxels are

assigned the sunscreen optical properties. An example of the sunscreen film in voxel representation
is shown in Figure

Simulation & data analysis

The input spectrum is, again, the international standard solar simulator as used by Osterwalder and
Herzog [92]. Simulations were run with 109 packets. Packets exiting the bottom of the grid (and so
would be incident on skin, if the sunscreen film was on skin) are binned by wavelength, and used
within Equation as before.
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Figure 6.6: Voxelated representation of the sunscreen film. The top views show the smooth surface
of the film, and the bottom images show the base of the film, as in contact with the skin surface. All
axes here are marked in voxels.
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Results

Table compares results obtained from the grid code against the previously published results [97].

% Premix Filter Conc. [97] SPF in vivo | In silico [97] | MC No Grid | MC Grid

1.2% EHMC, 1.2%
6 DHHB, 0.36%EHT, 6.5 6.1 5.9 6.4
0.3% BEMT

2% EHMC, 2% DHHB,

0.6%EHT, 0.5% BEMT 10 9.8 9.4 9.86

10

3% EHMC, 3% DHHB,
15 0.9%EHT, 0.75% 17.6 14.8 14.4 16.4
BEMT

4% EHMC, 4% DHHB,

1.2%EHT, 1% BEMT 20.9 19.8 19.0 19.9

20

5% EHMC, 5% DHHB,
25 L5%EHT, 1.25% 30.4 25.0 924.3 28.1
BEMT

6% EHMC, 6% DHHB,

1 8%EHT, 1.5% BEMT 35.0 30.2 29.9 32.3

30

10% EHMC, 10%
50 DHHB, 3%EHT, 2.5% 48.8 51.0 49 49.6
BEMT

Table 6.4: This table compares results testing the performance of an existing sunscreen simulator
against results testing the MC no-grid code as described above, and the grid code MCRT approach.
The leftmost column details the dilution of the premiz (containing 20% EHMC, 20% DHHB (diethy-
lamino hydrozybenzoyl hexyl benzoate), 6% EHT (ethylhexyl triazone) and 5% BEMT (bemotrizinol))
used, absorption of the filters is shown in Figure

Figure shows comparison between results from the MCRT grid code to those from the
published work [97] (and the no grid MC code described in the previous section).

Discussion

The existing sunscreen simulator appears to underestimate the SPF, apart from at a high filter
concentration (Figure[6.7). The grid code appears to perform better in estimating the in vivo SPF.
It could be this is due to a simple increase in path lengths in the grid code. If the film thickness
profile is describing the real shape of the film on the skin, then using this profile in the Beer-Lambert
law will only correctly reproduce the physical distance travelled by photons at normal incidence.
Photons at non normal incidence may, on average, travel a further physical distance, so encounter a
greater optical depth and are therefore be more likely to be absorbed at a shallower physical depth.

The film profile was chosen to be random film height samples in z & y (that fit the film profile
heights from Equation . During conversations with sunscreen formulators at the 17" Inter-
national Conference of Photobiology (also 18 Congress of the European Society of Photobiology,
Light & Life 2019, Barcelona, Catalonia), they explained the topography of the skin is so jagged at
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Figure 6.7: Simulated vs in vivo SPF. This is a plot of the data presented in Table @ obtained
from the sunscreen MCRT grid code, using varying concentrations of a UVR filter premix (containing
20%EHMC, 20% DHHB, 6% EHT and 5% BEMT).

small scales that a random choice of depths might better simulate sunscreen than a smooth film.

However because of how films form, there will be areas of continuous films.

Ideally, if a good topographic image of sunscreen film on human skin could be obtained, this could
be used to determine a real geometry for the sunscreen film under simulation. Vehicle composition is
likely also important in sunscreen film formation (this is not captured by Equation , so different
formulations with the same filter composition may have different film profiles. If in silico simulations
were found to be so improved by the use of ‘real’ geometry that they could be used in place of in vivo
SPF testing, then in future, humans may still need to be retained within the workflow for in silico
SPF determination. For example, by taking a topographic image of a sunscreen film applied on a
human volunteer, this film geometry could then be used within an MCRT simulation to determine
the SPF of a given sunscreen. Although this would not remove the use of humans entirely, it could

remove the harmful element of SPF testing.

6.4 Simulating effect of sunscreen on DNA damage

After obtaining good agreement between the sunscreen film MCRT and published results, the next

stage was to combine the 3D film of sunscreen with the 3D skin model.



94 CHAPTER 6. SUNSCREEN

6.4.1 Methods

6.4.2 Code validation

In order to validate any theoretical results from the model, it was adapted to simulate the experi-
mental setup from Young et al. [110], where the protective effects of application of different amounts
of a high SPF sunscreen were investigated by quantifying CPD in the basal layer (and in the epi-
dermis overall). The grid setup and skin layer separations were exactly as described in Chapter 5]
as the experiments in Young et al. [110] were performed on buttock skin, and the irradiation source

was the same solar simulator as shown in Figure [5.1

6.4.3 Sunscreen

The sunscreen under test in reference [110] was stated as having an in vivo SPF of 65+£15.8, and ingre-
dients listed as MBBT (bisoctrizole), DBT (diethylhexyl butamido triazone), BEMT (bemotrizinol)
and BMDBM (avobenzone). However, percentages or proportions of the ingredients were not listed.
The existing available sunscreen simulators [107, [108] were used to vary the filter percentages of this
combination of filters until an SPF match was found. An acceptable match of 7% MBBT, 5% DBT,
5% BEMT and 2.5% BMDBM was found, which gave a predicted SPF=64.8. The constituent filters
and effect of the combined mixture is shown in Figure

—— SPF 64.8 Sunscreen
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Figure 6.8: The left panel shows the absorbance of the three constituent filters of the high SPF
sunscreen used by Young et al. to investigate photoprotection by sunscreen in vivo. The sunscreen
is assumed to comprise of 7% MBBT, 5% DBT, 5% BEMT and 2.5% BMDBM.

The experimental work in [110] investigated the effects of optimal application (2 mg cm=2) and
effects of sub optimal application (0.75 mg cm~?2). Using the SciPy stats package, a film profile was
built (using Equation to find ¢). A layer of sunscreen voxels were added to the top of the skin
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model.

Simulations were run with 10® packets (for the model representing skin types I & 1II) . In the
experiment, 4 SED were used on unprotected skin, and 30 SED for protected, in order to simulate
real life behaviour. This was reproduced in the simulation by multiplying the irradiance for the
unprotected simulation by 4, and by 30 for the simulation including the sunscreen.

In order to investigate the effect of sunscreen on DNA damage in skin type VI, the simulations
were repeated (using 10 photons, for better signal to noise). In order to investigate whether the solar
simulator provides a suitable simulation for true solar radiation in sunscreen testing, the simulations

were repeated with the solar spectrum used in Chapter

Data analysis

Following the methods described in Chapter [5] the fluence incident on the basal layer was extracted
and the methods described in Chapter |4 applied to estimate the relative CPD yields within the basal
layer.

6.4.4 Results

Results comparing the CPD yield in the basal layer of skin type I/II are shown in Table and

compared to experimental results.

Experimental Results [110] Simulation Results
0.75mgem™2 | 2mgem™2 | 0.75mgem™2 | 2mg cm 2
CPD rotecte:
Wr;;‘id 0.85 0.33 0.95 0.31

Table 6.5: Basal layer CPD yield estimated by simulations and basal layer CPD yield as published
by Young et al. [110].

Table shows the CPD yields across both skin types simulated, and across both solar and

solar simulated irradiation.

Solar Simulator Mediterranean Sun
0.75mgem™2 | 2mgem™2 | 0.75mgem ™2 | 2mg cm ™2
CPD rotecte
SPT I/11 Wr;;; 0.95 0.31 0.92 0.33
CPD rotecte:
SPT VI Wrzte;:d 0.32 0.11 0.34 0.11

Table 6.6: CPD: comparing the different CPD yield comparisons in different skin types and incident
radiation.

The radiation incident on the basal layer over both skin types, and from both irradiation regimes,
is shown in Figure
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Figure 6.9: Radiation incident on the basal layer for both skin types simulated, and with solar and
solar simulated radiation.
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6.4.5 Discussion

Table shows that there is good agreement between experimental CPD yields [I110] and the
simulation results, giving confidence that the simulations are representing the wavelength dependent
filtering effects of sunscreen (and the resulting reduction in CPD yield) well.

The results presented in Table indicate that there is no meaningful difference in the relative
CPD yield between results for simulated and solar radiation. It is thought that the use of solar
simulated radiation overestimates SPF of a sunscreen during testing. However, as discussed in
previous chapters, erythema (the endpoint for SPF testing) and CPD yield in the basal layer are
not the same, as CPD induced throughout the epidermis are thought to be responsible for erythema
[5]. It may be concluded from these theoretical results that solar induced basal layer CPD yield
may be well simulated by solar simulated radiation, however this requires further investigation. For
example, testing simulations against several sunscreens (with in vivo) with both solar and solar
simulated radiation would confirm these.

From the theoretical results, it appears that relatively speaking, sunscreen on skin type VI is
more protective against DNA photodamage than in skin types I & II. Skin type VI appears to
enjoy a 3 fold boost in the photoprotective effects from wearing sunscreen. This may be due to the
multiplicative effects of filtering via the sunscreen, and the melanin distributed throughout the skin
type VI epidermis.

One implication of sunscreen use on darker skin types has been identifying the impact on the
ability to synthesise vitamin D. Future investigation could aim to use an MCRT model of the
transport of radiation through sunscreen films applied to darker skin to quantify the reduction in
CPD yield compared to the reduction in ability to synthesise vitamin D, in order to quantify health
benefits vs risks in sunscreen use by darker skinned populations.

One obvious limitation of the work presented here is that the work simulated very few sun-
screen formulations. This was due to limited amounts of published data on experimental results
and sunscreen formulations. Subsequent to completion of this work, a new FDA ruling now en-
sures sunscreens sold over the counter in America are labelled with their constituent UVR filter
concentrations. This change will mean work such as this can be extended to cover many more
sunscreens.

Another limitation of this work, as discussed in the methods section, is that it is assumed that
there are no holes (no areas of complete depletion) in the sunscreen film. This is likely to be an
unreasonable assumption as for many reasons, it should be assumed that small breaks develop in
the sunscreen film. In addition, larger breaks in sunscreen film could be assumed to occur (the
simulations performed here only simulate an area of 1 mm) due to film removal due to friction or
sweat. These could be investigated in future work to identify the impact of these in relation to

cancer risk.

6.5 Conclusion

Here, a method for simulating UVR transport through a layer of sunscreen on human skin was
developed. It was found that the MCRT model reproduces in vivo SPF slightly better than existing

sunscreen simulators. In addition, the MCRT model was found to represent experimental CPD yields
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within the basal layer. The model was developed to simulate CPD yields on sunscreen protected
skin type VI, and it was found that relatively speaking, sunscreen affords greater reduction in CPD
yield skin type VI skin than in skin type I/II. This is likely due to the additional effect of melanin
distribution in skin type VI.



Chapter 7

Spectrally and spatially resolved
depth penetration achieved by
phototherapy lamps

Synopsis

The work presented in this chapter was motivated by clinicians at Ninewells Hospital and Medical
School, Dundee, who wished to determine quantitatively if utilising UVA1 phototherapy radiation
within a photochemotherapy protocol could be an effective treatment. Existing phototherapy treat-
ments are safe and evidence based, and as such, UVA1 photochemotherapy would only be considered
for use in patients where other approaches have failed.

Current best practise and limitations of phototherapy will be briefly discussed. This chapter
goes on to describe a simulation led approach (using MCRT) to estimate the depth of penetration
into skin tissue achieved by radiation emitted by phototherapy lamps. Both healthy and diseased
skin tissue were simulated. Using these spectrally and spatially resolved results for each lamp, the
best lamp for maximal UVR penetration can be identified.

A summary of this work has been published in the British Journal of Dermatology, titled ‘Could
psoralen plus ultraviolet A1 (PUVA1L) work?’ [33]. As far as we know, psoralen plus UVA1 (‘PUVAT’)
therapy has not yet been investigated as a treatment for certain conditions that are resistant to other
approaches. Our simulations indicate PUVA1 could work, and as such have provided theoretical

justification for clinicians to move towards a clinical trial of PUVAL.

7.1 Introduction

Phototherapy and photochemotherapy use UVR to treat skin diseases such as psoriasis, an autoim-
mune disease causing skin inflammation and irritation. Psoriasis is characterised by a faster turnover
time of keratinocytes in the skin. Rather than taking the normal 25-30 days to mature and shed,

keratinocytes in psoriatic skin mature after 3-5 days [111]. This fast cell turnover means mature,

99
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keratinised skin cells reach the surface of the skin at a faster rate than the cells are able to shed.
This leads to a build up of dead skin cells at the surface of the skin, resulting in skin scaling and
inflammation. Severity of psoriasis can range from mild to severe, and can have significant impact
on the quality of life of a sufferer.

The use of sunlight to treat skin disease has a long history, both in conjunction with photosensi-
tive plant extracts, and sunlight alone [18| 112 [113]. The first UVR lamp for medical treatment was
invented in 1896, beginning the practice of phototherapy within the hospital environment [112] [113].

Both phototherapy and photochemotherapy treat psoriasis by interrupting the accelerated cell
life cycle. These UVR based treatments are typically provided in a clinical setting, although in
Scotland a clinically managed home phototherapy service is available [114] [115]. Within a clinically
managed service, UVR exposure is carefully calibrated and monitored. The treatment unit consists
of fluorescent lamps and the quantity of UVR exposure is varied by altering the exposure time.

Therapeutic doses may be delivered in times as short as 15 seconds.

7.1.1 Phototherapy

The majority of phototherapy performed in the UK uses narrowband ultraviolet B radiation (NB-
UVB), so called due to the small range of wavelengths emitted by the lamp, as shown in Figure
.1l

NB-UVB radiation peaks at A = 311 nm with a full width at half maximum (FWHM) of about
2nm. NB-UVB has been in use in Europe since the invention of the Philips TLO1 lamp in 198
however due to regulatory requirements, it was only introduced in the US in 1998. Broadband
UVB phototherapy lamps are still in use in some settings [116], however for psoriasis NB-UVB is
considered a superior treatment [117]. NB-UVB therapy is highly effective and currently considered
safe. To date, no increased risk of skin cancer due to NB-UVB therapy has been found [118]. As
NB-UVB lamps were introduced in 1988, and skin cancer can develop over timescales of decades;
this is an area of ongoing research [117].

NB-UVB phototherapy works by locally damaging DNA which induces immunosuppression [117,
119]. To summarise, the photons emitted by the NB-UVB lamp carry enough energy to cause direct
DNA damage. This direct DNA damage has several effects, including the up-regulation of p53; known
as ‘the tumour suppressor gene’. When p53 is up-regulated this can arrest the natural cell cycle, or
even cause the cell to die [69} [75, [120]. The mechanisms by which NB-UVB immunosuppression is
achieved are complex, and not fully understood [119] however current understanding is described in
detail by Beissert et al. [121], and with specific reference to skin diseases, by Schneider et al. [117].

Given that phototherapy works by directly damaging DNA, and given the explanations of photo-
carcinogenesis from previous chapters, this raises the question as to why NB-UVB therapy shows no
increased risk of cancer. The reason may be the very short exposure times required for therapeutic
effect. Immediate, direct DNA damage does occur, arresting the accelerated cell cycle. However
without prolonged exposure, DNA repair may be able to take place before replication occurs. It is

this process of replicating damaged DNA which can lead to mutations and eventually cancer.

!More information on the Philips TL range is available at https://www.lighting.philips.com/main/
products/special-lighting/phototherapy
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Figure 7.1: Spectra of the four phototherapy lamps investigated. Broadband UVA is the stan-
dard lamp used for PUVA treatment. Narrow-band UVB (NB-UVB) is the standard lamp used for
phototherapy across Europe. The Fluorescent UVA1 and the Metal Halide UVA1 lamp both emit
radiation over the same range, and are both used in UVA1 monotherapy. The peak wavelengths are
found at A=351 nm for broadband UVA, A=311 nm for NB-UVB, and A=365 nm for the UVA1
lamps. All lamps exhibit the characteristic mercury line at 8365 nm, however the peak for Broadband
UVA is considered to be at the centroid of the smooth broadband radiation (rather than at the sharp

mercury peak).
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7.1.2 Photochemotherapy

Although nowadays most phototherapy in Scotland is performed using NB-UVB lamps, this has only
been the case since the late 1980s. Prior to the invention of the TLO1 lamp, photochemotherapy was
the standard radiation based psoriasis treatment. Photochemotherapy is phototherapy using both
ultraviolet A radiation (UVA) and a photosensitiser (introduced to the skin either topically, via a
cream or bath, or systemically, using oral medication). The radiation source used is a broadband
UVA source, shown in Figure |[7.1] The photosensitiser used will belong to the psoralen family of
drugs, hence the name PUVA - P(soralen) plus UVA.

Psoralens are a family of molecules which can be used as photosensitisers. Psoralens are mutagens
(an agent that can alter DNA), which bind with DNA. The resulting molecule is reactive to UVR,
hence the photosensitising effect. In addition to being used as as medicine, psoralens are commonly
used in molecular biology research as a tool to mutate DNA. The common psoralen used in psoriasis
treatment is 8-methoxypsoralen (8-MOP), which was first isolated from the Amma Majus plant in
1947 [18, [112).

Why is PUVA used?

PUVA is often avoided as a first line treatment due to the convenience, safety and effectiveness of
NB-UVB, however for certain diseases it is used as a first line treatment [122].

PUVA is often used as a second line treatment in treating a ‘standard’ presentation of psoriasis
if NB-UVB is no longer effective [122]. In this situation, PUVA may work due to additional systemic
immunosuppressive effects observed after PUVA treatment which are not observed after NB-UVB
treatment [123].

As NB-UVB failure commonly occurs in patients with psoriasis that is thicker than usual, PUVA
is recommended as a first line treatment for patients presenting with pustular psoriasis, or psoriasis
on body sites that have thicker skin, such as the hands and soles (palmo-plantar presentation) [122].
In addition, PUVA is considered as a first line therapy for patients with a higher skin phototype, as
PUVA is more effective than NB-UVB for these patients [122]. In both of these scenarios (thicker
psoriasis, or a higher melanin content in the skin) the radiation must penetrate through an optically
thicker medium before it reaches the region where therapeutic effect can be achieved.

There are two components to PUVA therapy: the photosensitiser, and the radiation. Efficacy
of the treatment therefore involves both effective distribution of the photosensitiser within the skin,

and successful penetration of wavelengths of radiation that will activate the photosensitiser.

When PUVA fails: the case for PUVA1

UVAL1 refers to the near-visible waveband within UVA radiation (340 nm to 400 nm). The der-
matology department at Ninewells Hospital and Medical School, Dundee, is one of only 3 places
in the UK where UVA1 monotherapy is offered [124]. UVA1 monotherapy may be used to treat
dermatoses such as graft versus host disease, and a variety of sclerosing (stiffening) skin diseases
[124] 125 [126]. UVA1l monotherapy is not currently recommended in the treatment of pustular
psoriasis [125] [127], however a pilot study suggests it may be a promising treatment [128]. UVA1
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is rarely indicated- roughly 80% of phototherapy treatments in Scotland are now NB-UVB, with
18% PUVA and 3% UVA1 (figures courtesy of Photonet, the Managed Clinical Network for UVR
Phototherapy in Scotland).

The penetration depth achieved by radiation incident on the skin is wavelength dependent, and
longer UVR wavelengths penetrate deeper into the tissue. One reason PUVA works when NB-UVB
fails may be, in part, to the advantageous penetration offered by the Broadband UVA source used
for PUVA [129].

For some diseases, such as palmoplantar pustular psoriasis, neither PUVA nor NB-UVB is effec-
tive. If PUVA fails, current treatments that might be attempted include Grenz ray therapy, systemic
retinoids or systemic immunosuppression. Systemic treatment can have serious side effects. One
reason for PUVA failure could be that the radiation cannot penetrate deep enough into the skin to
produce therapeutic effect. This provides justification to investigate whether UVA1 lamps, having a
longer peak wavelength, are able to reach greater depth in the skin, and are sufficiently absorbed by
psoralen—-DNA complexes to provide clinical benefit beyond that achieved using standard broadband
UVA photochemotherapy.

7.2 Methods

The code described in Chapter |3| required small modifications to investigate whether psoralen plus
ultraviolet A1 (PUVAL) could work.

Incident spectra used are shown in Figure (and are combined in the same plot in Figure .
All lamps were considered to have a diffuse output (as described by Equation .
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Figure 7.2: Spectra of the four phototherapy lamps investigated shown on one plot, for comparison.
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7.2.1 Depth resolution of the epidermal layers

The code developed and described in Chapter [3| has a z (depth) resolution of 10 ym. Initial investi-
gations indicated this was too large to clearly distinguish between the penetrations achieved by the
different lamps, and so the z (depth) resolution of the model was increased to 1 ym, as was done in
Chapters || and @ The grid design used is detailed in Table .

The depths used are presented in Table [7.1] and are taken from results obtained by experiments
performed by Sandby-Mgller et al. [44]. Clinicians from Ninewells suggested, as a first approxima-

tion, psoriatic skin could be simulated by doubling the thickness of the stratum corneum.

Layer Depth (Healthy Skin) | Depth (Psoriasis)
Stratum Corneum 14.8 p m 29.6 4 m
Epidermis 63.7 pm 63.7 pm
Melanin Layer 73.7 pm 73.7 pm
Basal Layer 83.7 ym 83.7 pm

Table 7.1: Epidermal depths from Sandby Mpller et al. [{4] for healthy and psoriatic skin (adapted
to separate melanin layer from the bulk of the epidermis to simulate non exposed skin). Clinicians
at Ninewells indicated that as a first approrimation, psoriatic skin could be simulated by doubling
the thickness of the stratum corneum.

7.2.2 Effect of 8-MOP on the optical properties

One clear distinction between this application of the code and any previously modelled system
described in this thesis is the addition of the photosensitiser. By nature of the mechanism of action,
the photosensitiser will affect the radiation transfer. However it is important to identify the expected
size of this effect in relation to the optics of the skin, as if this effect is small enough, it may be
neglected.

From a study investigating concentrations of psoralen in skin tissue treated for psoriasis (from
both topical and systemic application), the greatest concentration of 8-MOP in the epidermis was
found to be 128 pg mm—3[132].

We know that the molar attenuation coefficient of 8-MOP reaches a maximum in the UVC
of 2.5 x 10* M~! cm~!. In clinical practice, within the range of UVR wavelengths used for pho-
tochemotherapy, the highest relevant molar attenuation coefficient of 8-MOP lies at about 303 nm,
and it is 1.25 x 10* M~ cm™!. These values are obtained from the datasets presented in Figure
[130, [131].

8-MOP has a molecular weight of 216 g M~!. If the maximum concentration found in the
epidermis is 128 x 107! g mm™3, then the molar concentration is 5.9 x 1073 M mm~3. The volume
of skin simulated is 1 x 107% em ™3, or 0.1 mm~3 (0.05 cm x 0.05 cm x 0.04 cm). This means the
maximum number of moles of 8-MOP that could be present in the simulated volume of skin would
be 5.9 x 10712 M. This gives a maximum possible extinction coefficient of 7.37 x 1078 cm~!. This
is many orders of magnitude lower than any of the optical properties used to simulate radiation
transfer through the skin. As a result the contribution to absorption from 8-MOP has not been

taken into account within the radiation transfer simulations.



7.2. METHODS 105

25000 - —— Yeargers, 1965 —— Gasparro, 1993
—— Gasparro, 1993 104 4
R 20000 - 103
T
g
T 102
', 15000 A E
)
§
2 101 -
£'10000
%]
ﬁ 100 -
5000 A
10—1 4
0 T T T T T T T T T T T T T
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 7.3: Data for absorption of raw 8-MOP, reproduced from data from Yeargers et al. [130]
(8-MOP in aqueous glycerol) and Gasparro et al. [131] (8-MOP in ethanol). The positions of
mazimum absorption are indicated with dashed lines. The second panel shows the data as presented
by Gasparro et al., who present evidence of photoproducts of DNA and 8-MOP after irradiation with
visible light. The absorption of 8-MOP in ethanol is presented on a log scale to make this non zero
absorption in the visible range clear.
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Data analysis

Initial simulations were performed with a model for non-exposed Fitzpatrick type II (Caucasian)
skin. A simulation using 10® power packets was run for both healthy and diseased skin for each of
the four lamps under investigation, producing 8 datasets in total. Data was extracted from the path
length counters in each voxel via the methods described in Chapter [

As in previous chapters, the raw data produced by each of the simulations comprised a 4-D
dataset (a hypercube comprising 3 spatial dimensions, x, y and z, each discretised onto a grid, and
one wavelength dimension- the UVB & UVA wavebands, discretised into 1 nm bins). Each dataset
contained 121 x 10® datapoints (121 points for each of the 1 x 10° voxels). Thus each voxel contains
the spectrally resolved fluence in that voxel, obtained using the path length counter method.

These datasets were interrogated in several ways to identify whether there is additional pene-
tration depth provided by UVA1 phototherapy radiation that could be utilised to provide clinical
benefit beyond broadband UVA photochemotherapy.

By summing each dataset over all wavelengths, and over both lateral dimensions (z and y) as
shown in Equation this produces a dataset quantifying the penetration of radiation through the

skin.

400 50 50

b= D0 DY WiV (7.1)

A=280 i=1 j=1

Where ; ; 1 () is the fluence at voxel {4, j, k}.

7.3 Results

The results in Table present the (interpolated) depth, measured from the surface of the skin,
reached by 50% and 10% of the total integrated incident radiation.

Lamp Healthy Skin Psoriatic Skin

Depth (50%) | Depth (10%) | Depth (50%) | Depth (10%)

Broadband UVA (PUVA) 37 pm 215 pm 16 pm 65 pm

Narrowband UVB 17 pm 124 pm 14 pm 41 pm

Fluorescent UVA1 45 pm 254 pm 18 pm 83 pm

Metal Halide UVA1 46 pm 251 um 19 m 85 pm

340 nm — 350 nm 33 pm 192 pym 16 pm 57 pm

350 nm — 360 nm 39 pm 220 pm 17 pm 66 pm

360 nm — 370 nm 43 pm 247 pm 18 pm 75 pm

370 nm — 380 nm 47 pm 264 pm 19 pm 88 pm

380 nm — 390 nm 49 pm 262 pm 20 pm 101 pm

390 nm — 400 nm 51 pm 257 pm 20 pm 102 pm

Table 7.2: Depths, measured from the surface of the skin, reached by 50% and 10% of the total
integrated incident radiation for both healthy and psoriatic skin for each lamp. Also shown, for the
metal halide UVA1 lamp, are the depths reached by 50% and 10% of the radiation in 10 nm wide
wavebands comprising the lamp’s output.
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The data shown in Figure |[7.4] show the proportion of incident radiation that reaches a given
depth, up to 200 pum.
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Figure 7.4: Plot showing the proportion of incident fluence (integrated over all wavelengths) vs
penetration depth for both psoriatic and healthy skin for all lamps. These plots were produced from
the simulations performed and used[7.1 to produce the image. For clarity, this depth plot begins at
30 pm, excluding the stratum corneum.

The skin as a filter

To identify whether the radiation reaching deeper into the skin is able to interact with 8-MOP-DNA
complexes, the spectral content of the radiation reaching into the psoralen treated skin needed to
be recovered. This is possible by analysing the raw data in terms of wavelength.

In this case, to identify the spectra of the radiation that actually reaches the basal layer, a
summation over all voxels within the basal layer recovers the total irradiance incident onto those

voxels,

1
Nbasal

Y(A) = Z i,k (A) for 4, 7, k € basal layer (7.2)

i3,k

where Npasa1 is the number of voxels within the basal layer.

Using results obtained from Equation Figure shows the theoretical spectrally resolved
fluence reaching the basal layer for both the broadband UVA source and the fluorescent UVA1
source. The metal halide UVA1 source exhibits similar behaviour, but due to the irregular shape of
the spectra it is harder to see this on a plot (see Figure . The same results, normalised to the
incident spectra, are presented in Figure

7.4 Discussion

Figure shows radiation penetration up to a depth of 200 um, so well into the dermis (with
reference to Table , so all cells affected by psoriasis are accounted for within this range. These
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Figure 7.5: Plot showing the proportion of incident fluence (integrated over all wavelengths) vs
penetration depth for healthy skin for all lamps. This image differs from that in Figure [7.4) as this
includes the stratum corneum (so effects of back scatter and total internal reflection are evident just
under the surface), and the discontinuity at the boundary between the stratum corneum and living
epidermis can be seen.

Broadband UVA Fluorescent UVA1
—— Incident —— Incident
17504 ___ Basal Layer ——-- Basal Layer
(Healthy) 4000 A Basal Layer
BasalLayer  ( \{| | |77 (Psoriasis)
15004 (Psoriasis)
{12501 {3000
g g
= =
g 1000 - g
§ 8 2000
5 7501 g
= =
[ [
500 -
1000 -
250 A
04 ==mmmmnn2 ﬂ; .'"--..:,‘ 04 =mmmmmmm o
275 300 325 350 375 400 275 300 325 350 375 400
Wavelength (nm) Wavelength (nm)

Figure 7.6: This image shows the absolute irradiance reaching the basal layer of both healthy and
psoriatic skin, with reference to the incident dose delivered. This plot was produced using the raw
data and Equation [7.2.
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Figure 7.7: This image shows the same data as presented in Figure |7.6, but in this case each
dataset s normalised to the maximum. This is in order to illustrate the shape changes between the
spectrum of the incident dose, and the radiation reaching the basal layer.

results, along with the numbers presented in Table clearly indicate a penetration advantage
of UVA1 lamps over Broadband UVA. For clarity, the plot in Figure begins at 30 pm, and so
excludes the values of v, /1y detected within the stratum corneum. Back-scattering of radiation and
total internal reflection cause a build up of radiation just under the surface of the skin, which, if
included, makes the difference in penetration depths harder to observe on the graph. In the stratum
corneum, the skin cells are dead (so phototherapy/photochemotherapy will not have any biological

effect). For completeness, a plot including the stratum corneum, and a linear depth scale, is shown

in Figure

The results presented in Table quantify the depth penetration advantage achieved by UVA1
(both fluorescent and metal halide lamps) over that achieved by broadband UVA and NB-UVB.
The advantage is smaller at 50% of incident irradiation, but larger when considering the depth of
10% of the incident irradiation. The depth at which 10% of incident UVA1 source present is 40 ym
deeper than for a broadband UVA source. In addition, psoriatic tissue greatly reduced the depth
reached by radiation from all lamps examined. The stratum corneum highly scatters and absorbs
UVR, so thickening of this, by psoriatic scales, will greatly reduce the UVR reaching deeper layers
of the skin. The results suggest that UVA1 radiation does indeed penetrate deeper than broadband
UVA. However before UVA1 can be suggested as an effective treatment, it is necessary to investigate
whether this UVA1 radiation will interact with cells treated with 8-MOP.
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7.4.1 Absorption of UVR by psoralen

Whether the UVA1 lamp could be utilised to provide clinical benefit, beyond that achieved using
standard broadband UVA photochemotherapy, depends on whether UVA1 is sufficiently absorbed
by 8-MOP-DNA complexes.

To demonstrate the filtering effect of the upper layers of the skin, the results presented in Figure
have been normalised to the incident spectra. In these it is clear that the shape of the fluorescent
UVAT1 spectrum is mostly unchanged, whereas the broadband UVA spectrum is clearly shifted away

from the shorter wavelengths.

7.4.2 Psoralen-DNA Complexes

Given the spectrum of radiation reaching the basal layer, in theory it should be possible to quantify
the effectiveness of the photochemotherapy treatment as a whole, by including the effects of the
photosensitiser at depth.

The absorption spectra of 8-MOP is shown in Figure On initial examination, it seems
evident that the longer UVA1 wavelengths reaching the basal layer (see Figures and do
overlap with the 8-MOP absorption spectrum, given that 8-MOP absorption is non zero even into
the visible range.

However it is not 8-MOP which causes the therapeutic effect, instead it is photoproducts associ-
ated with the dark complex of 8-MOP and DNA. It is known that both monoadducts and crosslinks
contribute to the treatment of psoriasis [I31]. 8-MOP-DNA complexes produce monoadducts when
irradiated with visible light [I31], so this alone allows a qualitatively conclusion that PUVA1 may
be effective. However quantifying this proved difficult, as a comprehensive literature search did not
uncover a wavelength resolved ‘8-MOP + DNA dark complex’ spectrum for either monoadducts or
crosslinks. However, the search did uncover a dataset for a similar molecule. A publicly available
wavelength resolved spectrum of DNA-psoralen crosslinks does exist for another psoralen named
HMT (4’-hydroxymethyl-4,5’ 8-trimethylpsoralen). Sastry et al. provided a detailed description of
this molecule and performed the experiments from which the data presented in Figures [7.8 and
is taken [133].

The absorption spectrum of HMT is shown in Figure trimmed to only show the region of
interest from 280 nm. It is clear that, in the UVA1 region, HMT exhibits more absorption than
8-MOP, however 8-MOP absorption is non zero. From the work by Sastry et al. [133], data exist
showing the actual relative yield of interstrand crosslinks produced using DNA + HMT complexes.
These data are reproduced in Figure

It is interesting to note, in reference to Figure that the crosslink quantum yield does not
follow the absorption spectrum of HMT. In fact, more cross links are found at the longer wavelengths
than expected, and is noted by the authors [133]. Similarly, work by Gasparro et al. [131] also report
a higher monoadduct yield than expected after irradiation of 8-MOP-DNA complexes by visible light.

Both authors report that this may be due to the fact that photoreversal of adducts is often
induced by radiation of shorter wavelengths, and both theorise the higher than expected yields may
be because the longer wavelength sources do not emit photons of high enough energy to induce
photoreversal.

With this limited evidence, it is hard to quantitatively conclude the level of potential benefit
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Figure 7.8: Data from Figure@ plotted alongside the absorption spectrum for HMT, reported by
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UVA1 might afford over broadband UVA, but this evidence does suggest that the wavelengths

reaching the deeper layers are capable of inducing the photoproducts required for therapeutic effect.

7.5 Conclusion

In conclusion, our results suggest that UVA1 radiation may be suitable for photochemotherapy
treatment in cases where deeper depth penetration is required. The results clearly indicate that
additional penetration depth is provided by UVA1 phototherapy radiation over that provided by the
traditional PUVA source. It looks probable that this UVA1 radiation will interact therapeutically
with 8-MOP treated skin cells, but whether this is to an extent to produce therapeutic effect remains
unanswered. Based on the theoretical results presented here, clinical trials will begin in the future
investigating the efficacy of PUVAL.

If a crosslink yield spectrum were available for 8-MOP, the methods described here would allow
the calculation of a theoretical 8-MOP effective fluence. This would allow clinicians to predict a
suitable starting exposure time for PUVA1 treatment.

The results presented here could be analysed further, using methods discussed in Chapter
to investigate relative CPD yields obtained during NB-UVB treatment and PUVA. This analysis
could provide a theoretical explanation as to why studies report an increased cancer risk from PUVA
treatment, but not in NB-UVB.



Chapter 8

Theoretical determination of the
safety of far-UVC wavelengths

used for disinfection

Synopsis

Ultraviolet C (UVC) radiation is known to be germicidal, and is used to sterilise equipment or
rooms in hospitals or laboratories. UVC is known to be harmful to human health. However, the
wavelengths involved in sterilisation were thought to be unable to penetrate skin tissue in sufficient
amounts to cause erythema, and as such, some germicidal lamps were developed with the aim of
being safe to use by humans without protection. Research carried out at the Photobiology Unit
at Ninewells Hospital and Medical School, Dundee, found one such UVC sterilisation device caused
erythema and CPD formation. It was hypothesised by the researchers that the erythema and CPD
observed may be induced by small amounts of longer wavelength UVC also emitted by the device.
Recently, development of novel UVC sterilisation device which filters out most wavelengths longer
than 230nm has led to questions about the safety of the novel device. Using MCRT, it appears that
theoretically the majority of CPD (and so erythema) induced by the original UVC device tested was

caused by small amounts of UVB and UVA present in the source spectrum.

8.1 Introduction

The current Covid-19 pandemic has highlighted a need for fast deployment of safe and effective
sterilisation solutions. UVC radiation (200 nm to 280 nm) is effective for destruction of microor-
ganisms, and is currently being investigated for effectiveness in destroying SARS-COV-2 [134], the
virus responsible for the current Covid-19 pandemic. As a result being able to quickly sterilise
rooms, surfaces, air, and people is of immediate interest. It is known that UVC radiation used for
sterilisation can cause harm to skin and eyes [135] [136]. UVC sterilisation devices often use 254 nm

radiation. These devices are unsafe for use on humans; causing adverse effects to the skin and eyes
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after accidental exposure [137 [138].

Welch et al. [22] developed a UVC device capable of sterilising rooms. This device uses 224 nm
UVC to kill airbourne viruses and bacteria, and uses a short pass optical filter to remove longer
wavelength spectral components. As such, Welch et al. [22] have proposed the name far-UVC to
describe this source. It is suggested that far-UVC would be both suitable for disinfection and safe
for humans, as the UVC would not penetrate far enough into the epidermis to cause erythema or
DNA damage.

However in 2014, Woods et al. [139] assessed the effect of a 222 nm UVC sterilising device
(the Sterilray, Healthy Environment Solutions, Dover, NH). This study observed both erythema and
direct CPD after exposures lower than the threshold for disinfection. Woods et al. [139] suggested
that the small amount of longer wavelength UVR, present in the devices’s output may be responsible
for the erythema and CPD observed.

The motivation for this work was to determine whether the erythema and CPD detected by
Woods et al. [139] was caused by the far UVC radiation, or longer wavelength UVR also present in
the source spectra (see Figure . If the observed erythema and DNA damage was due to longer
wavelengths this may indicate that filtered far-UV sources (for example, Welch et al. [22]), may be

safe for use on human skin.

8.2 Methods

For most of the simulations performed, the grid design and skin geometry is identical to that de-
scribed in Chapter |5l However, in order to theoretically determine the transfer of far UVC radiation
into the skin, optical properties covering the wavelength range of 200 nm to 280 nm were required.
Previous to this research, all models investigated only the UVA and UVB wavebands, from 280 nm
to 400 nm.

8.2.1 Irradiation source (the Sterilray)

To simulate the Sterilray device, each power packet has a wavelength randomly selected from the
spectrum shown in Figure It is assumed the output of the light guide is diffuse, so is modelled
as diffuse illumination of the entire skin surface (using Equation in Chapter [4)).

8.2.2 Optical properties in the UVC

Scattering

The scattering coefficients used are shown in the left panel of Figure [8.2l For all of the scattering
coefficients (stratum corneum, epidermal and dermal scattering), data is taken from van Gemert et
al. [38] and extrapolated back to 200 nm.

Absorption

For the stratum corneum, epidermal and dermal scattering, data is taken directly from van Gemert et
al. [38]. The published proprieties are modified to simulate Fitzpatrick skin type I using the method
described in Chapter Fitzpatrick skin type I was chosen, as this type skin will be the most
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vulnerable to DNA damage by UVR. Typically in the UV region of the electromagnetic spectrum,
scattering in tissue dominates over absorption. However from the available optical properties, in
the UVC region, absorption is expected to dominate in the upper layers of skin. This is in line
with the reason for theorised efficacy of far-UVC, as reference [140] states that at around 200 nm,
UVC is strongly absorbed by proteins (due to the high UVR absorption by peptide bonds, which

are covalent bonds linking two amino acids [141]).

Other properties

In the absence of detailed properties for the UVC, the other optical properties (refractive index n

and the anisotropy factor g) are assumed to take the same form as outlined in Chapter

8.2.3 Data analysis

Given the high absorbance and scattering in skin in the UVC, to allow for detection of any UVC

power packets on the basal layer, 10° power packets were simulated.

The fluence is extracted from the grid cells, using a adaptation of Equation [£.3]where, in addition
to selecting the cells from the basal layer, cells are also selected from the upper epidermis (at a depth
of 20 ym) and the middle epidermis (at a depth of 40 pm).

In order to extract the depth at which radiation has dropped to 50% of the incident, the depth

dependent fluence is extracted using the path length counters and summed,

50 50

Y, = Zzzwi,j,k(/\) (8.1)

A =1 j=1

The result is interpolated to find the z value where

$=(A)
bo(A)

=05 (8.2)

In order to extract the half value depths for 222 nm, another simulation was run, this time with

a vertical voxel depth resolution of 0.1 ym.

CPD

To determine the wavelength dependent probability of producing CPD, the fluence obtained for
each layer is combined with a direct CPD yield spectrum obtained from Matsunaga et al. [142]
(presented in Figure . This CPD yield spectrum is obtained from naked DNA (calf thymus).
This spectrum is used over Ikehata et al. [83], as results are reported from 150 nm to 365 nm
(spanning most wavelengths emitted by the Sterilray). These results have been normalised to 1 at
260 nm, and as a result, no absolute CPD yields can be obtained via the method described here. In
addition, the concentration of DNA in each skin layer is taken into account (using the methods from
Chapter [4] to estimate DNA concentrations in the skin layers, DNA concentrations are estimated to
be 0.018 M for the basal layer and 0.005 M for the upper and middle epidermis).
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Figure 8.3: Wavelength dependent CPD wyield in naked DNA, relative to yield at 260 nm, from

Matsunaga et al. [142]. This is combined with the fluence spectra obtained for each layer and used
to predict the CPD yield in each layer.

8.3 Results

The resulting fluence extracted from each layer under investigation is plotted in Figure |[3.4] The

half value depths of radiation at different wavelengths are presented in Table

Wavelength | Depth
222 nm 1.65 pm
254 nm 4.5 pm
300 nm 10.5 pm

Table 8.1: Depths at which radiation incident on the surface of the skin drops to 50% of the
incident.

8.3.1 CPD yields

In order to identify the the wavelength dependent probability of producing CPD in each layer (Figure
7 the results presented in Figure are combined with the wavelength dependent probability of
producing CPD (Figure [8.3).

In addition, Table shows the percentage of total CPD produced in each layer attributed to
‘far UVC’ (200 nm to 230 nm), the remaining UVC (230 nm to 280 nm), and the component in the
UVB & UVA (280 nm to 365 nm).
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Percentage of total CPD

Layer 200 nm to 230 nm | 230 nm to 280 nm | 280 nm to 365 nm
Upper epidermis (20 pm) 6.40% 69.75% 23.85%
Middle epidermis (40 pm) 0.28% 41.41% 58.31%
Basal Layer (approx. 80 um) 0.00% 7.44% 92.56%

Table 8.2: CPD produced by different bands of UVC (200 nm to 230 nm, and 230 nm to 280 nm)
and the remaining UVR (UVA and UVB, from 280 nm to 365 nm), as a percentage of total CPD
induced within that layer

8.4 Discussion

Figure [8.4] shows that while some radiation from the 222 nm peak of the incident spectrum reached
the upper and middle epidermis, none reaches the basal layer.

With reference to the incident spectra shown in Figure only 16% of the lamp output power
is emitted at wavelengths longer than 230 nm, and only 6% is emitted at wavelengths longer than
280 nm. Given this, it is important to note the lower intensity incident radiation above 275 nm
makes up the majority of the radiation penetrating even to the upper epidermis.

Given that the average depth of the stratum corneum is 14.8 um (and ranges from 10 pm to
40 pm) results from Table and Figure indicate that 222 nm radiation alone is unlikely to
penetrate the stratum corneum in sufficient quantities to cause harmful effects. As MCRT fluence
includes any back scattering effects, this can lead to a higher fluence just under the skin (due to
fluence being integrated over all angles, whereas irradiance is just incident on the skin). It is not
clear whether the half value depths reported in reference [140] (of 0.3 pm for 200 nm radiation and
3 pm for 250 nm) include back scatter, but if not, this would explain the slightly deeper half value
depth reported for 254 nm in Table

Figure [8.5] shows that while CPD from shorter wavelengths are expected to be found in the
upper and middle epidermis, no far UVC wavelengths induce CPD in the basal layer (where CPD
may have mutagenic potential).

Figure [8.5] and the results presented in Table strongly indicate that the majority of CPD
in the basal layer are not produced by far UVC (< 230 nm), and in fact the basal layer is strongly
shielded from UVC wavelengths. This indicates that the CPD found in the basal layer by Woods
et al. [I39] are likely to have been induced by the longer wavelength UVC, and possibly UVB and
UVA present in the Sterilray (which are only visible in Figure on the log scale).

However it is not possible to conclude that that the erythema observed by Woods et al. [139] was
most likely to have been induced by the longer wavelength UVB and UVA present in the Sterilray.
A large proportion of the CPD in the upper and middle layers (where direct CPD are a likely a
marker for erythema [5]) are induced by UVC present in the device, and as shown in Table over
5% of CPD in the upper layer of the epidermis (and so 5 % of the radiation inducing the erythemal
response) is likely to be from the 200 nm to 230 nm band.

Research by Buonanno et al. [140, [143] [144] has found that no epidermal CPD are detectable in
mouse skin under irradiation with 207 nm and 222 nm UVC, while epidermal CPD are detectable
when irradiated with 254 nm UVC. The results are the same when compared to a 3D human skin

model [143]. These results are in contrast to the theoretical findings presented here, where some
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CPD formation would be expected in the upper living epidermis for 222 nm. However all results
presented here are relative, and it may be that the very low levels of CPD predicted here would not
be detected, or even form in vivo. Such findings highlight the need for independent clinical trials in
humans.

This thesis is restricted to simulating UVR transmission through human skin. However, the
methods described within this thesis could be used to build an MCRT model capable of simulating
the transmission of UVC radiation through eye tissue. As it is known that germicidal UVC lamps
can damage eyes [136, [137] [138], such a model could offer a useful in silico method to aid prediction

of any harm to human eyes caused by UVC devices.

8.5 Conclusion

Overall the results do indicate that with sufficient filtering of radiation above 230 nm, a UVC
sterilisation device may be safe for use on human skin. The simulations indicate that it is very
unlikely that far UVC devices will cause long term harm, in the form of carcinogenic mutations
in the basal layer. However the same conclusion cannot yet be made for erythema. However as
CPD in the upper and mid layers of the epidermis are the cause of erythema [5], then the result
presented conclude that most, but not all, erythema observed by Woods et al. are due to wavelengths
longer than 230 nm. In addition, UVC has been shown to degrade the structural and mechanical
properties of the stratum corneum [145], where after irradiation with UVC, fractures were more
likely to occur. This indicates that regardless of CPD or erythema, studies on the long term impact
of UVC irradiation on human skin are required.

As such, independent clinical trials in humans of any new devices are necessary to confirm in
vitro and in vivo conclusions that wavelengths shorter than 230 nm are indeed safe for use around

humans, and if so, to test safe dosage limits.
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Highland Sunbeds

9.1 Synopsis

In 2012 it was reported that most sunbeds in England emit UVR at levels above the recommended
European safety standard [54,[146]. Highland Council have a sunbed licensing scheme, and the licence
conditions include compliance to the European safety standard. In order to measure the UVR output
of sunbeds, Highland Council purchased a handheld UVR meter, and requested assistance from the
Photobiology Unit at Ninewells Hospital and Medical School, Dundee, in assessing the suitability
of a handheld UVR meter to evaluate UVR output of commercial sunbeds. Here, the calibration
method and performance of the UVR meter in comparison to methods used in previously published

work is reported.

9.2 Introduction

It is known that 9/10 sunbeds in England emit UVR levels that exceed the European safety
limits [54]. These state that the total erythemally effective output of a sunbed must be below
0.3 Wm~2, with this comprising of no more than 0.15 Wm~2 contribution from UVA and no more
than 0.15 Wm~2 from UVB [146].

9.2.1 Sunbed Licensing at Highland Council

Councils in Scotland have the option of licensing sunbed premises, however only a handful have
chosen to do so. One such council is Highland Council. Licensing of sunbed premises provides
revenue to the council, and in theory it should provide the customer with confidence that the
sunbed premises they are using is operating within guidelines set out within the licence.

The licences are granted by Highland Council Environmental Health (HCEH), based in Fort
William. Licence conditions include placement of Scottish government mandated warning posters,
air conditioning and temperature regulation, a ban on access by children and young people, a
separate room housing the sunbed to avoid accidental exposure to UVR, and that the total UVR
output from the sunbed must comply with the European Safety standard [146| [147]. HCEH had no
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way to independently verify that the sunbed complied with the standard, and this condition was

satisfied via the output listed for the sunbed make and model, and also via sunbed servicing reports.

An incident reported to HCEH attributed a burn to sunbed use. The environmental health team
sought a method of determining the UVR output of a sunbed to determine, independently of sunbed
operators, whether the sunbed met the safety standard [146]. HCEH purchased the Gigahertz Optic
X1-4 light meter, which is an ‘UV Erythema Broadband Radiometer for Hazard Testing Sun Tanning
Beds’[148]. After purchasing the unit, HCEH made contact with the Photobiology Unit at Ninewells
Hospital and Medical School, Dundee, for assistance in assessing the suitability of the light meter

for measuring the UVR output of sunbeds.

9.2.2 UVR measurement and spectroradiometry

Measuring the dose of UVR from any lamp source is difficult. It is not enough to simply measure
the total power output of the source. The European safety limits are placed on the the erythemally
effective radiation (Equation , not the power output from the sunbed. As described in Equation
erythemal effectiveness is wavelength dependent. To calculate the effective erythemal dose, the

output power of the sunbed must be spectrally resolved somehow.

Spectroradiometry is a technique that allows the spectrum from the light to be measured. Spec-
troradiometry can be performed using a benchtop device, or a portable diode array detector. A
common problem with UV spectroradiometry is light that falls on, and is counted by, an incorrect

pixel within the detector. This is known as stray light [57].

Stray light can be minimised using a double slit spectroradiometer, an example of which is the
double-grating Bentham spectroradiometer (IDR300, Bentham Instruments Ltd, Reading, UK). The
Bentham spectroradiometer (the Bentham) is calibrated against the National Physical Laboratory,
and accredited for clinical calibration purposes by the UK Accreditation Service. The Bentham
is fixed in place within a climate controlled room, so sources must be brought to the laboratory
for testing. This means it would be extremely difficult to use the Bentham for on-site sunbed

measurements.

Portable diode array detectors can be used to measure the UVR output of sources in situ
(such as sunbeds) [54] [57]. However, as these use a single slit, stray light must be accounted
for. Although stray light is minimised during the design process, at small irradiance levels, stray
light could potentially be the cause of a high proportion of counts measured at a given wavelength
(especially in the UVB). Corrections for stray light are determined by calibrating the portable diode
array against the Bentham.

Both use of the Bentham and portable diode array detectors require a skilled operator, expensive

equipment, and data processing.

Another method for measuring UVR is a hand held unit giving a single reading, such as the
X1-4. Such a unit is likely to also suffer from stray light problems internally, however this can be
accounted for by using a reference source spectrum. Use of the incorrect reference spectrum can

lead to incorrect readings from the handheld meter.
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9.3 Methods

9.3.1 Calibration of X1-4

The X1-4 light meter is a lightweight, handheld meter that is designed for ‘Measurement and exam-
ination of UV Hazard from UV Irradiation devices like sun-tanning beds’. It is operational between
5°C and 40°C (this is important as during on-site sunbeds measurements the room containing the
sunbed can become very warm).

The detector head comprises of 3 sensors. One measures erythemally effective UVA, one measures
erythemally effective UVB and UVC, and one measures UVC output.

The X1-4 lightmeter was brought to the Photobiology laboratory and calibrated in line with
the UKAS standard provided by the Photobiology department, Dundee. This was achieved by
taking identical measurements of a selection of UVR sources with the Bentham and the X1-4, and
comparing the results.

In the climate controlled photobiology laboratory, the Bentham is switched on and left to reach
operation temperature. The X1-4 collection detector head was positioned to be exactly in line
vertically with the Bentham collector head, and firmly fixed in place. A vertical bank of calibration
lights was set up at a distance of 30 cm from the detector heads. They were switched on and left
for 5 minutes to warm up. As the bank of lights was vertical we assume the small vertical offset
between the Bentham and the X1-4 does not affect the radiation collected. The X1-4 detector head
is covered, and a dark reading taken. Then the head is uncovered, and an erythemally effective
reading for both UVA and UVB is taken. Then the Bentham spectrum acquisition begins, which
takes about 10 minutes. After this, another X1-4 reading is taken, and then the head is covered, and
another dark reading is taken. The reading for the X1-4 is taken as the average of the two readings
(minus the dark reading, which for the X1-4 was zero for both UVA and UVB). This process was
repeated for several types of lamps used in the photobiology department. The spectra acquired from
the Bentham are processed to find the erythemally effective UVA and UVB output, and the results
compared to those recorded for the X1-4.

The total erythemally effective UVA and UVB compared between the results from the Bentham
and the light meter results. It was found that the X1-4 required a 0.98 correction factor for total
erythemally effective UVR.

It should be noted that on initial examination, the X1-4 was found to be faulty (the device
showed a zero reading for UVB, no matter the lamps used). The device was returned to Gigahertz

Optic for repair, and all reports here are on the repaired device.

9.3.2 Portable diode array

Although the Ocean Optics device does exhibit stray light errors in measurement, data processing
techniques have been developed to account for these. This device has been used to gather data
published data in the field [54] [57].

In the field, the performance of the X1-4 was compared to that of a portable diode array spec-
trometer (the Maya 2000 Pro Ocean Optics Spectrometer, Ocean Optics, Dunedin, FL, U.S.A.).
The Ocean Optics device has been used for similar research previously [54]. The Ocean Optics de-

vice was also calibrated against the Bentham at the Photobiology laboratory in an almost identical
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way to that described above for the X1-4, with the only difference being that each single spectrum
recorded by the Ocean Optics comprises data from two readings, one ‘long’ acquisition and one
‘short’ acquisition. The long acquisition saturates in the UVA (the bulk, and peak, of sunbed out-
put) but accurately captures the UVB. The ‘short’ reading will accurately capture the UVA without
saturation, but will not gather many counts for the UVB. The results were analysed to produce a

wavelength dependent calibration factor for the Ocean Optics device.

On site measurements

In order to assess the performance of the X1-4, the X1-4 was compared in on-site experiments to a
portable diode array detector- the Ocean Optics USB 2000 pro.

Inspections took place taken at 5 locations in Fort William, and 6 locations in Inverness and
Aviemore.

Measurements in the sunbed cabins were taken using the method described in reference [54].
In summary, the sunbed was switched on, and after 2 minutes of warm up, identical measurements
using the X1-4 and the Ocean Optics spectrometer are taken at positions as that mimic the position
of a human body within the cabin. Identical measurements were taken using both the X1-4 and the
Ocean Optics USB spectrometer. The results from the X1-4 were recorded on sheets prepared by
HCHS, and the spectra obtained from the Ocean Optics device were analysed using calibration data
from the Bentham (and Equation , and then integrated across bands to find the erythemally
effective UVA, UVB and total UVR doses. For each sunbed, the resulting erythemally effective
output is the average of all of the measurements taken within the sunbed cabin. The results were

analysed and compared to determine the suitability of the X1-4 for such on-site use.

9.4 Results

Figure presents the erythemally effective UVR irradiance recorded by the X1-4 and those calcu-
lated by analysing the spectra obtained by the ocean optics device. Figure presents the results
divided into UVA and UVB components. On both Figure [9.1] and the EU limit and the average
reported by Tierney et al. [54] are marked.

9.5 Discussion

The results in Figure indicate that the X1-4 reads over what is found via the Ocean Optics
device by a factor of about 14%. The X1-4 consistently gives a higher reading than the Ocean
Optics, indicating a source of systemic error. However with reference to Figure the readings
from the X1-4 and the Ocean Optics for UVA are remarkably close, and the difference in UVR as a
whole appears to be due to differences in the UVB readings.

One possible source of error is the source spectrum library. To accurately characterise erythe-
mally effective UVR, the X1-4 needs a reference spectrum (which is selected before use via the device
interface). Given that this relies on choosing the generic ‘tanning sunbed’ option on the X1-4, this

will lead to errors as all the lamps tested in the sunbeds have slightly different spectra. However,
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Figure 9.1: Measured total erythemally effective UVR from each sunbed, using the X1-4 and the
Ocean Optics portable diode spectroradiometer. Also shown via dashed lines are the EU limit, and
the average experimentally measured by the survey of sunbeds in England undertaken by Tierney et
al. [54/.
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Figure 9.2: Measured erythemally effective UVA and UVB from each sunbed. Also shown via
dashed lines are the EU limit, and the average experimentally measured by the survey of sunbeds in
England undertaken by Tierney et al. [5]].
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given measurement difficulties with UVR, the calibrated X1-4 is likely to be a suitable tool for this
sort of measurement.

All sunbeds surveyed here had total erythemal irradiance below the average reported by Tierney
et al. [54] in 2012; regardless of the measurement device used. The UVB readings reported here are
much lower than those reported in reference [54], however, the UVA readings are closer to the average
reported in reference [54]. Without taking further measurements outside the Highland Council area
it is impossible to say whether this is an effect of the licensing scheme, or if sunbeds are more
generally now closer to compliance with the standard.

In taking measurements with the Ocean Optics, the acquisition and analysis process required a
skilled operator. The time taken to acquire Ocean Optics readings were orders of magnitude longer
than for the X1-4, all taking place in a hot, bright environment around UVR. Acquisition times
for the Ocean Optics (taking 6 readings per sunbed) thus require the operator to be in the same
room as the sunbed for up to 15 minutes. In contrast, the X1-4 is much easier to use, as there is no
significant acquisition time (readings are taken as soon as the reading stabilises; which was within
seconds) and taking the 6 readings at different positions within the sunbed cabin took less than 2
minutes. However no matter the device used, proper personal protective equipment must be worn
(including high SPF sunscreen reapplied before each visit, goggles, a face shield, and long sleeved

clothing, and gloves).

9.5.1 Sunbed Premises

All premises visited were hotel or gym chains, or independent beauty salons (no tanning salon chains).
During visits to the hotels and gyms, there was no discussion with managers about the sunbed, or
the licensing process. However, the independent salon owners were keen to discuss sunbed use,
sunbed maintenance, the biological effects of UVR, and expressed concern about customer’s safety.

For example, most sunbed premises use a token system to ensure the sunbed is only switched on
for short periods of time. Several operators said they are aware that some customers ‘bank’ tokens,
in order to circumvent the time-limited sunbed operation period. It is impossible to say without
further research how long the average customer actually spends on a sunbed. Such research may be
of value in order to compare the risks of long term harm due to to recommended use to the risks of
actual customer behaviour.

One salon was found to have a sunbed with a particularly high erythemally effective UVB
reading. The owner said that bed was particularly popular with psoriasis sufferers, and she offered
them priority. The extent of such ‘self medication’ of this type within the UK is unknown (though
it has been investigated in the US [149]). Investigating this, and potential impacts, may be of
use to phototherapy providers. Many salon owners asked questions about the dangers of UVR,
specifically about photoageing and risks of skin cancers. After this, several salon owners volunteered
the information that sunbed engineers give advice on increasing the output of their bed beyond
the rated performance, and advice on preparing for an enforcement visit (such as retaining broken
starters for the sunbed lamps, and swapping these into the place of working starters when the
enforcement visit occurs). This lead to the question as to how the sunbed engineers actually measured
the output of the sunbeds (which was part of their safety checks), and investigating this further may

be of interest from a public health perspective.
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9.6 Conclusion

In summary, given good agreement with results obtained via the established protocol, the X1-4 is
likely to be suitable as a device to measure the UVR output of a sunbed. Given the speed at which
measurements can be taken, the X1-4 is likely to be a safer device for the operator to use than a
spectroradiometer, as less time is required to take the measurements; so there is less preventable
UVR exposure.

For the X1-4 to be used by a Health & Safety officer (without specific radiation safety back-
ground) to measure sunbed UVR output, training would be required in non ionising radiation safety.
In addition, it would be difficult to state whether readings from the X1-4 could be considered an
accurate enough measurement method for legal enforcement action, if this was required. The X1-4
would require regular calibration tests with a qualified standards laboratory, such as the Photobi-
ology Unit. The performance of the X1-4 could potentially be improved by identifying the ideal
reference spectrum for a given sunbed, and this could only be achieved by developing some sort of

reference library of commonly used sunbed lamps within sunbed units.
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Chapter 10

Conclusion

10.1 Summary

The aim of this project was to develop a MCRT model capable of simulating the transport of
ultraviolet radiation (UVR) through the upper layers of human skin, in order to quantify biological
affects caused by UVR penetrating into skin.

Chapter [l] provided an introduction to the structure of human skin, and the biological conse-
quences of exposure to UVR radiation. The chapter goes on to derive the equation of radiative
transfer, and makes the case for Monte Carlo radiation transfer MCRT as a suitable method to solve
radiation transfer through turbid media.

Chapter [2|detailed the coding implementation of MCRT as used throughout this thesis, including
random sampling, interactions (scattering and absorption), the 3D voxellised grid, and the use of
path length counters to estimate physical quantities. Chapter 2 also provides the validation technique
used throughout this work to ensure the MCRT code provided expected results for known input
parameters.

Chapter 3| described in full the MCRT model used throughout this thesis, including geometry
and optical properties used to simulate the upper layers of the skin. This chapter also details how
different irradiation sources are simulated, and in general details the approach taken to setting up
an MCRT simulation of UVR transport through skin.

Chapter [ detailed implementation of the code to quantify direct DNA within the basal layer
of skin (in skin types I & II). Here, the results indicated that about 6 minutes on a sunbed would
cause the same amount of damage as 10 minutes in Mediterranean sun, and that the majority of
CPD found in the basal layer of sunbed irradiated skin are caused by the UVA component of sunbed
irradiation. The development and implementation of this model was the precursor to most of the
subsequent work presented in this thesis.

Chapter [5] extended the work within Chapter 4 to cover darker skin types. This was achieved by
using published experimental work as a basis around which to design simulations. In doing this, the
code written for the previous chapter was altered, and more abstractions included, to make future
changes easier to implement within the existing code. In this chapter, experimentally determined
layer dependent melanin concentrations were applied in the code, along with experimental irradiation

sources. The results found from simulation were mostly within the 95% confidence interval reported
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by experiment (with only the upper epidermal results lying just outside). Simulations were repeated
using solar, instead of solar simulated, radiation, and this predicts that solar simulators slightly
overestimate the protection afforded by melanin when compared to solar irradiation.

Chapter [6] extended the code as described in Chapter 3 by adding a layer of sunscreen to the
surface of the skin, and investigating the resulting reduction on CPD yield in the basal layer. The
chapter begins by reproducing the results of existing online sunscreen simulators using a very basic
Monte Carlo transmission code. Then, this is applied to a voxellised grid, which is eventually added
to the surface of the skin model. Then, as in Chapter [5] experimental work was used as a basis to
design simulations.

Chapter[7]described how the MCRT code was implemented to determine whether UVA1 radiation
could be used in conjunction with psoralen in the treatment of palmoplantar pustular psoriasis. The
results indicated that this combination may have potential to work, and a clinical trial is planned.

Chapter [8|investigated a UVC sterilisation device to determine whether experimentally reported
CPD yield were likely due to the shorter, UVC wavelengths, or longer UVC/UVB wavelengths also
present in the device. The chapter concluded that it was likely CPD in the basal layer were induced
by longer wavelengths (so a device that filters these was likely to be safe). However the theoretical
study reported here could not conclude which wavebands induced the reported erythema.

Chapter [9] presents results from practical work, where the performance of a handheld UVR meter
was assessed for suitability to measure UVR output of commercial sunbeds in operational locations
(such as beauty salons and gyms). The conclusion is that it is likely the device would be of use if

suitable training was given to the operator.

10.2 Concluding remarks

One issue with computational models such as the ones presented here, is that even if the physics
of the system is well represented by the model used, the output of the simulations are completely
dependent on the parameters input to the model (so called ‘nonsense in, nonsense out’). As such, in
order to assess the quality of results, validation against experimental results is a useful and important
step, where possible.

Within this thesis, this was achieved by designing simulations to match experimental protocols,
and comparing results. However, while simulations that reproduce experimental results offer an
important validation step, they do not advance research in photobiology. One advantage of simula-
tions is the ability to go beyond what can easily be achieved experimentally. This is why working
closely with clinicians and scientists within the Photobiology Unit at Ninewells Hospital and Medi-
cal School, Dundee, was invaluable, as this provided the insight into exactly what required further
investigation.

In order to produce an MCRT model of UV radiation transfer through skin, the key parameters
input to the model are the optical properties for the skin layers, and the geometry of these skin
layers. There is good data available for skin layer geometry, covering many different skin sites and
skin types. However, the availability of optical properties for skin in the UV is poor. Several of the
optical properties used throughout this model (e.g. for the stratum corneum, and the epidermis)
were taken from results published in the 1960’s to the 1980’s. Results throughout the thesis for

the UVA point consistently indicate that the model overestimates the amount of longer wavelength
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UVA radiation penetrating into the skin, which indicates that either, or both, of the scattering
and absorption properties used were underestimated. Some of the UVC optical properties used in
Chapter 8 were taken from published, but extrapolated data. Comprehensive literature reviews
yielded few more recent optical properties to use. Some exist, but often these would include only
one or two datapoints in the UVR, (e.g. the refractive index in Equation [48]).

It would be beneficial to the field to complete a literature review of UV optical properties for
use in MCRT (or other mathematical modelling approaches), either limited to human skin, or to
tissue in general. A comprehensive literature review would highlight where data is lacking, and may
suggest which up to date techniques could be applied to obtain useful data. This would lead to
better wavelength resolution for the optical properties, and hopefully lead to more effective MCRT
models.

Ideally, the optical properties for an individual patient could be obtained, and entered into the
simulation in order to predict UVR dose required for a given treatment from a given lamp, leading

to truly personalised in silico predictions.

10.3 Future Work

The MCRT code developed for this project is now reasonably robust. At the beginning of this
work, it took well over a year to get code that could simulate DNA damage in human skin. With
each subsequent application, the code was improved, speed was increased, and bugs detected and
removed. The simulation work for one of the later chapters (UVC) was completed in under three
weeks, including research into optical properties in the UVC. This code is now developed well enough
to be close to being something more of a tool than a research project in itself. It could be used by
photobiological researchers to investigate specific situations. For example, the model developed here
could be used to provide theoretical explanations for example as to why NB-UVB does not seem to
cause cancer. Another example would be investigating phototherapy across different skin types, and
body sites (e.g. PUVA on darker psoriatic skin), potentially aiding dermatologists.

Another application of this code could be to work in parallel, rather than apart, from in vivo
researchers, with the aim of reducing animal testing in the future. One potential downside to in
silico investigations such as these, may be that previously unknown phenomena would be effectively
impossible to investigate or observe as they would in an in vivo study. By working alongside in
vivo experiments, the in silico results could be directly compared and suitability as a replacement
assessed. For example, murine skin is widely used in photobiological research. Lab mouse breeds
are likely to have much more homogeneous optical properties of the tissue across individuals than
humans. As such, an MCRT model of mouse skin could be built, and improved upon as more data
were obtained. This may provide a route to validate the in silico model, and reduce animal testing
in the future.

Another, future direction of the work presented here could be in silico phototoxicity prediction.
The foundations of this can be found in Chapter [7, which investigates how UVR from different
phototherapy lamps interacts with psoralen. One point made in the discussion is that absorption
does not equate to photobiological action. It is not necessarily tissue or compounds that interact
with UVR, but rather tissue-compound complexes. If this work could be reproduced for other drugs

or compounds currently under in vivo investigation (human or animal), then the extent to which
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this code can predict phototoxicity could be assessed. This may be a route to achieving a small
reduction in testing on animals or humans within biological and pharmaceutical research.

Other future applications include extending the model to try to predict the most beneficial
phototherapy treatment for a patient, given the site of their disease. This potential application of in
stlico personalised medicine could be achieved quickly, and may lead to improved patient outcomes.

Another application of the model could be to investigate phototherapy induced damage in blood
cells. In fact, the model can, as it stands, predict the DNA damage from any supplied UVR source
to any cell in the epidermis, basal layer, and upper dermis.

A barrier to this work being used as a tool, as is, is that the code is written in Fortran 90,
a language that few researchers (outside the specialities astrophysics, meteorology, or other high
performance computing applications) are familiar with. However, this could be overcome easily by
providing a graphical user interface, or even an easy to use command line interface. To simplify the
user experience further, cloud computing capabilities could be utilised. MCRT is an ideal application
for cloud computing approach; as costs could communicated to the end user up front, and the actual
MCRT code would be maintained and executed on the cloud, removing the need for the end user to

have a computer dedicated to these simulations.

10.4 Conclusion

Starting from code originally developed for Astronomy research [36], an MCRT model capable of
simulating UVR transmission through the upper layers of skin tissue has been developed. This code is
publicly available in the repository at https://doi.org/10.5281/zenodo.5651209. This model has
been adapted for several different applications as outlined in this thesis, including simulating DNA
damage in different skin types, photoprotection by sunscreens, efficacy of phototherapy treatments,
and safety implications around the use of UVC lamps. At the opening of this thesis, the statistician
George Box was quoted; “All models are wrong, but some are useful”, and this thesis aims to place

the model presented within in the latter category.


https://doi.org/10.5281/zenodo.5651209
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