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Abstract

Computational studies on light-tissue interactions in medical treatment and diagnosis
have offered deeper insights in the processes underlying laser treatments and
fluorescence measurements. | apply this approach in the study of fluorescence

detection and of laser therapy.

First, | investigate three methods of fluorescence detection and the reported contrast
between healthy skin and malignant tissue. | varied the concentration of haemoglobin
in the target, the concentration of melanin in the epidermis, the scattering of light in
the skin, the depth at which the target is located in the skin, the width of the target,
the thickness of the target, the concentration of photosensitizer in the target, and the
concentration of photosensitizer in the skin. My findings confirm previous clinical
studies in that the auto-fluorescence corrected fluorescence detection method
generally shows a higher contrast than the other methods. The results support earlier

clinical studies and are in accordance with expert experience.

Second, | study laser therapy for psoriasis. In a series of simulations, | analyse three
types of pulsed dye laser systems and one IPL system. The investigated biological
effects are heat shock proteins, hyperthermic tissue damage and vasoconstriction of
the microvasculature. The changes in the skin concern blood volume, blood
oxygenation and scattering in the epidermis. The calculations show that there are
some notable differences in the effect changes in the composition of psoriatic tissue
has on the efficacy of laser and IPL therapy. Still, Inter-device variance was more

prominent than intra-geometry variance.

My study adds to the understanding of fluorescence detection of keratinocyte skin
cancers, as well as that of laser therapy for psoriasis. Additionally, it offers potential

avenues for increasing the efficacy and efficiency of these therapies.
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(T)he only way in which a human being can make some approach to
knowing the whole of a subject, is by hearing what can be said about
it by persons of every variety of opinion, and studying all modes in
which it can be looked at by every character of mind. No wise man
ever acquired his wisdom in any mode but this; nor is it in the nature

of human intellect to become wise in any other manner.

John Stuart Mill, in On Liberty, 1859

The sciences do not try to explain, they hardly even try to interpret,
they mainly make models. By a model is meant a mathematical
construct which, with the addition of certain verbal interpretations,
describes observed phenomena. The justification of such a
mathematical construct is solely and precisely that it is expected to

work.

John von Neumann, in the Unity of Knowledge, 1955
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1. Introduction

1.1  Context of the Problem
Of all organs of the human body, the skin is among the most accessible. Easy to touch
and directly observable, we’d expect it to divulge all its secrets at first notice. Alas, in
reality both the limitations of our clinical research methods and the complexities of the
skin have made the quest for knowledge on the conditions of the human skin rather
difficult. Subtle neurological or immunological responses to internal and external
triggers are not susceptible to direct observations, making the “easy access” to the skin

rather misleading.

In practice dermatologists, like so many other researchers, have to resort to scientific
methods in order to better understand the diseases and conditions that affect the
normal functioning of our skin. The best-known method to do so is the clinical trial: treat
patients with what one think works and see how their condition improves.
Methodological refinements have increased the accuracy of this tool. We now are used
to strict randomization and blinding in order to prevent deliberate or implicit bias. But
the essence remains the same: Treat a large number of patients and see what happens.

Or at least test a large number of people, as in the case of epidemiological studies.

This is not the only way we can investigate the skin. Laboratories are filled with specially
crafted mice and other test animals, which literally sacrifice their lives for science. In
some cases, it is possible to construct a phantom. The collection and testing of tissue
samples as well as the use of in vitro experiments are similar in approach. We do not
look at the patient, but at some real-world alternative which, at least we hope,

sufficiently approaches the human body / skin.

A third way in which the human skin can be studied, at least for some applications is
mathematical modelling. Assuming that sufficient data is available, we can use the
lessons learned in chemistry, physics, biology, any many other fields to create a quite
abstract but detailed representation of the skin. Abstract in the sense that the model
often leaves out a lot of details, detailed because each variable can be studied at every

moment or location.
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This distinction to our opinion is not unique to medicine or dermatology. In economics
too we see the use of large sets of empirical data, the application of laboratories and
questionnaires, and the use of abstract logical methods of analysis including the
application of mathematical models. That is, econometrics collect tremendous amounts
of data on firms, industries and countries and thereby try to elucidate “what works”.
Behavioural economists and game theorists love inviting oblivious students to play their
games, learning more and more about how rational human economic decisions really
are. But the best-known instruments in economics rely on abstract theories and
mathematical models, applied to explain the best macro-economic policy, build a
foundation for the regulation of markets by governments, or the decision by an

individual to start working on a Ph.D.

In the work presented below, | apply mathematical models in order to better understand
the way certain clinical dermatological methods work or can be improved. At the outset,
we know that these therapeutic and diagnostical methods are effective. The clinical
trials have been conducted, even when the level of rigor can often be increased. But
these trials haven’t explained how certain methods work and others do not. As we shall
see below, the level of detail and control that can be achieved with the mathematical
modelling cannot reasonably be achieved in a clinical setting, or at least not within
reasonable financial and time limits. Let us introduce the two dermatological techniques

that will now be considered for further analysis.

In chapter three | model the fluorescence detection of keratinocyte skin cancers (KSC).
Fluorescence and phosphorescence describe variants of the phenomenon that certain
molecules emit visible light when irradiated using an appropriate light source (1). To be
precise, | analyse a system for fluorescence detection that is used in clinical practice
called the DyaDerm Expert. It comprises of a detector head containing white light LEDs,
409 nm LEDs and a CMOS chip, which are controlled through a trigger box which itself is
connected to a personal computer running Microsoft Windows. The front of the
detector head is visible in figure 1. The image is captured using the sensor mounted in
the centre of the head. The outer ring contains the LEDs: The smaller circles are the
white light emitting LEDs and the larger circles belong to the 409 nm LEDs. Figure 2
illustrates the situation during a measurement. In a darkened room the patient is

positioned in front of a blue or black background. The detector head, here mounted on
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a robot, is positioned in front of the area to be investigated and the measurements are
performed. The LEDs emit pulsed light (1Hrz) and the images are captured in between

the pulses.

A common misconception is that these systems are best used to diagnose a suspicious
lesion. More conventional techniques such as dermatoscopy are better suited for that
purpose. Rather fluorescence detection is intended to discover areas which have a high
likelihood of containing a KSC, i.e. the stage prior to making a diagnosis. This way a
clinician can find lesions that are not readily observed with the naked eye (2). The
rationale for using such a device is that earlier treatment is associated with higher cure
rates: commonly applied treatments for KSC such as 5-fluorouracil have a modest
clearance rate of 70% after one year (3,4). Because these systems are intended to detect
lesions at the earliest opportunity, it is important to understand their limitations. Using
a parametric study, | investigate the effect of optical and morphological changes on the
ability of three methods of fluorescence detection to detect the presence of a tumour
based on the difference in emitted fluorescence from the target and the surrounding
healthy skin. These parameters are the scattering coefficient of light in the skin, blood
content of the target, melanin content of the epidermis, width, thickness and location

of the target, and concentration of fluorophore in the target and surrounding tissue.
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Figure 1: Detector head of the DyaDerm Expert fluorescence detection system.

Figure 2: Situation when performing fluorescence detection.
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The fourth chapter is dedicated to psoriasis, a chronic and burdensome skin condition
which is characterized by the presence of red and scaly lesions, which are often
accompanied by persistent itching. Psoriasis can have a considerable negative impact on
the quality of life of the patients, and if so, is treated using a wide range of therapeutic
modalities ranging from topical corticosteroids to systemic drugs targeted at the
immune system. Light based therapies for psoriasis include photochemotherapy, UV
therapy and laser therapy. These treatments are known for their relative long duration
of treatment free remission (5,6). | consider four different laser or intense light systems,
three of which have been previously described in the treatment of psoriasis, and
investigate how certain variations in psoriasis affect their efficacy. The studied systems
are the 577 nm Pulsed Dye Laser (PDL), 585 nm PDL, 595 nm PDL and an Intense Pulsed
Light (IPL) system designed for skin rejuvenation. Figure 3 shows a 595 nm PDL system,
the V-Beam by Candela. The laser itself is shown in the background, and the delivery
system is placed on the skin. Similarly, figure 4 shows the Nordlys by Ellipse, an IPL
system. The right side of the image shows the applicator, the hexagon crystal serves as

a light guide and is placed on the skin.

Figure 3: 595 nm PDL system (Candela V-Beam)
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Figure 4: IPL system with 10 mm applicator (Ellipse Nordlys and PRS applicator)

The variations are changes in blood oxygenation, blood concentration in the skin and

scattering in the epidermis.

The motivation for these investigations stems from discussions | had with clinicians who
apply these techniques in their day-to-day provision of care for patients. By increasing
our knowledge of these techniques, we can improve the quality of care that is provided,

and perhaps extend the application of these techniques beyond their current scope.

Fluorescence detection has not seen widespread adaptation in dermatological practice.
Therefore, the body of experience is rather limited. The analysis contained in the
subsequent chapters can, to a degree, act as a substitute for the limited experience,
elucidating some of the limitations of the approach. There is an ongoing discussion
within the dermatological profession regarding the need for early detection: Most KSC
develop slowly, and monitoring is a costly activity. | note that this is a question for the
dismal science and not a medical issue. The scientific community has developed proper
tools which would aid us in determining the optimal method of surveillance, assuming
the dermatologists and GP’s can provide us with the data of sufficient quality. The
guestion can be formulated as a simple problem of decision-making under uncertainty,
as described in the handbook by Hirschleifer and Riley (7). To my knowledge, such an

analysis has not been performed, making the question whether or not it is desirable that
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most patients being treated for skin cancer are likely going home with an untreated, not
observed lesion, not something we need to concern ourselves with for this research. It
does suggest that, given the low rate of technological innovation in medical
dermatology, computational analysis as a substitute for clinical real life experience is a

worthwhile endeavour.

Laser therapy for psoriasis, like fluorescence detection, is a technique which is applied
more often in specialised clinics such as those located in academic medical centres, than
in regional hospitals. The equipment used for the therapy requires substantial
investment, and return on investment might be an issue in systems with national health
care insurance / provision. Thus, experience again is limited, making computational
modelling an interesting alternative to clinical experience or clinical studies. The limited
interest of the dermatological community in laser therapy for psoriasis is to the
detriment of their patients. Current treatments, such as methotrexate, show limited
efficacy, short duration of remission and serious potential side effects. For example,
prolonged use is associated with a marked increase in the risk for KSC (5,8,9). In addition
to the relative small number of clinics being able or willing to provide patients with laser
therapy, dermatologists usually restrict the application of this modality to patients in
which a limited surface area is affected by the disease. Consequently, a large portion of
the population is deprived from having access to this treatment modality. Given the
relative long duration of treatment free remission, and the excessive costs of some
systemic drugs this is an unsatisfying outcome for patient and society. The inconsistency
of this traditional view is even more obvious when we consider that treating large areas
of skin for cosmetic purposes is not considered to be an issue. This needs to change, and
perhaps the insights formed in this work allows us to take another step towards the full

body laser treatment of psoriasis.

One could extend the argument in favour of the use of analytical rather than clinical
methods to a utopian worldview. Clinical and animal research involves subjecting
sentient beings to potential harm. Research implies uncertainty and risk: some
treatments will show to be ineffective. Others will cause severe adverse events.
Complications can and do result in loss of life. Furthermore, practical limitations affect
the depth of knowledge that is acquired. Clinical research requires treatment groups of

sufficient size, implying that there is a bias towards the most common type of patient.
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Ethically, from a welfare perspective, this is undesirable (10). Analytical methods do not
suffer from these problems. In a world where the models are sufficiently accurate, the
data on the relevant properties are known, and sufficient computing power is available,
we could discover the complete therapeutic potential of an intervention for all possible
types of patient without ever having to harm anyone. Regardless if the nature of the
intervention is pharmacological, surgical or psychoanalytical. One could regard the use
of deep learning algorithms for diagnostical purposes as a first step towards this
development. Computers will find variables we as humans have missed. Alas, we are far
from a world in which the scientific knowledge on the human physiology and the
pathology of diseases is sufficient to design accurate complete models. Data on
properties of human tissue is scarce and published results can vary wildly, a problem
addressed by Welch et al. under the heading “Second task of tissue optics” (11).
Computing power is a valuable resource, and there is much potential for analytical

methods for research on medical treatments.

1.2  Hypotheses
To increase our knowledge of the laser treatment for psoriasis using PDL and IPL, as well

as our knowledge on the fluorescence detection of KSC, | conduct computational studies
simulating these treatments and adjusting relevant parameters as to better understand

how these parameters influence the efficacy and accuracy of the studied techniques.

The aim of the research is to improve our understanding of the effect of variations in
technique and skin on the efficacy and accuracy of dermatological treatments. As | have
worked for several years next to clinicians who apply these techniques on a daily basis,
| was fortunate to observe the real-life performance of these techniques. The limitations
studied are not hypothetical; they are chosen because in actual application situations
are encountered in which practitioners ask themselves and others these questions.
Physicians seek to apply the optimal therapy, choosing that method which is best suited
for the patient, wanting to use those settings which will result in the optimal result. Since
each patient is unique, often the question arises if settings need to be adapted or not

and which technology is best suited.

The work presented below seeks to flesh out those situations that are seldom in

practice, but valuable in terms of the acquisition of knowledge and experience. This
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previous experience is used as a foundation for the computational analysis, with the

objective of generating results that in turn can be used to improve clinical practice.

| will address the following hypotheses in my research.

1.

10.

The combined use of protoporphyrin IX (PpIX) fluorescence and auto
fluorescence in fluorescence detection of KSC results in a higher reported
contrast in terms of fluorescence between healthy skin and skin containing a KSC
than the contrast reported by PpIX fluorescence or auto fluorescence alone.
The higher reported contrast by the combined method of fluorescence detection
is not affected by an increase in scattering in the skin.

The higher reported contrast by the combined method of fluorescence detection
is not affected by an increase in epidermal melanin.

The higher reported contrast by the combined method of fluorescence detection
is not affected by an increase in vascularisation of the KSC.

The higher reported contrast by the combined method of fluorescence detection
is not affected by a decrease in width of the KSC.

The higher reported contrast by the combined method of fluorescence detection
is not affected by a decrease in the thickness of the KSC.

The higher reported contrast by the combined method of fluorescence detection
is not affected by the depth of the KSC.

The higher reported contrast by the combined method of fluorescence detection
is not affected by a decrease in PpIX concentration in the KSC.

The higher reported contrast by the combined method of fluorescence detection
is not affected by an increase in PpIX concentration in the surrounding tissue.
PDL and IPL therapy can induce Heat Shock Protein 72i (HSP72i),

vasoconstriction, and/or thermal injury in separate areas of the psoriatic skin.
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11. The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction, and/or
thermal injury in psoriatic skin is affected by differences in blood oxygenation.

12. The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction, and/or
thermal injury in psoriatic skin is affected by differences in blood concentration.

13. The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction, and/or
thermal injury in psoriatic skin is affected by differences in light scattering in the

epidermis.

1.3  Methodological approach
The work presented in this research is based on the application of three research

methodologies.

First, | conduct a critical review of the scientific literature that is relevant for the
performed study. The information and knowledge acquired from the work of previous
studies then is used in a systematic study using a computational model, which is the
second research method applied. The motivations for applying computational analysis
have been discussed in section 1.1. The third research method consists of the
comparison of the result of the analysis with published and unpublished clinical data and

experience as a coarse benchmark for external consistency.

1.4  Structure of the thesis
Chapter two is devoted to a discussion of the structure of the skin and the theories and

techniques used in the current study. Chapter three discusses the study of the
fluorescence detection of KSC, and how it is affected by changes in the optical properties
of the tissue, the geometry of the target, and the distribution of the photosensitiser.
These studies show that some of these variables, such as the concentration of melanin
in the epidermis, the concentration of haemoglobin in the tumour, and the
concentration of protoporphyrin IX in target and tissue, have a significant effect on the
accuracy of the different methods of fluorescence detection. Other factors do influence
the accuracy of fluorescence detection, but more as a boundary condition. Tumour

thickness is a good example of this: Too small tumours cannot be detected because
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there hardly is a signal to detect, while thick tumours are not distinguishable from

smaller tumours as the extra tumour tissue is hidden from observation.

The fourth chapter focusses on the treatment of psoriasis using pulsed dye laser systems
and IPL. Instead of using some physical measure such as target vessel destruction, heat
shock protein induction is regarded as the primary driver of the beneficial effects, and
the classic hyperthermic damage measure as a countervailing effect, forcing the user to
make a trade-off between heat shock protein induction and tissue damage. A third
measure is vasoconstriction, which is registered because of a potential use in
establishing the size of the heat shock protein induction now that this outcome cannot
be readily observed. This outcome measure is determined for four devices: 577 nm PDL,
585 nm PDL, 595 nm PDL and one IPL. Since psoriatic lesions show a large clinical
variation, the effect of these variations on the four systems is investigated. It is shown
the systems differ in depth at which they can induce an effect. Differences in blood
oxygenation, scattering in the epidermis, and blood concentration in the lesion have a
limited effect on the behaviour of the devices. The required energy for a given biological
effect does change, so clinicians are advised to take these factors into account when

deciding which settings they would like to use.

The final chapter presents a short overview of the results and discusses how these can
be used to improve clinical practice. Finally, some future avenues for research are

discussed.
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2. Theoretical framework

2.1 Structure of the skin
The following discussion of the structure of the skin is based on the introductory chapter
of the eighth edition of Rook’s handbook of dermatology (12). The skin is the largest
organ of our body, having an area exceeding 2 m? in a 70kg adult. It forms a barrier
preventing water loss, acts as an important immunological defence, serves in the
thermoregulation of the human body, is a neurosensory interface with the outside
world, through the sub-cutaneous fat prevents and limits trauma by acting as a cushion.
The skin is comprised of the epidermis (50 — 1000 um), the dermis (500 — 5000 um) and
the subcutaneous fat. In addition, it contains various adnexa which play a role in the
maintenance of the skin and e.g. thermoregulation. A schematic representation of the

skin is shown in figure 5.
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Figure 5: Structure of the skin (12)
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The epidermis is the outermost part of the human skin and is mainly comprised of
keratinocytes or corneocytes. The latter are cornified keratinocytes and envelop the
skin, creating a very insoluble outer layer. The epidermis is continuously renewed: in
healthy skin, it takes 30 days for the skin to completely renew. As can be seen in the
abstract illustration of the epidermis as represented in figure 6, the structure of the
epidermis is stratified, or layered. The lowest layer is a single line of basal cells and called
the stratum Basale. Basal cells are rectangular cells and ordered side by side, much like
the Phalanx of the Roman empire. The largest subset of basal cells is called transit-
amplifying cells. When these cells divide one cell is moved into the next layer, the
stratum spinosum. Once the transit-amplifying cells have reached eight divisions, they
are released into the stratum spinosum as well. A limited subset of the basal cells though
are stem cells: When they divide, new basal cells are created. In addition to the
keratinocytes, there are also melanocytes and Langerhans cells present in the basal
layer. The first are dendric cells responsible for the production and allocation of melanin.
This natural pigment serves as an important protection against UV radiation, which can
induce severe damage to human tissue. Melanin is of importance in light based
therapies that use visible light, such as fluorescence detection and non-ablative laser
therapy for psoriasis. Langerhans cells are also dendric cells, but act as anti-gen
presenting cells: the envelop an anti-gen and transports it to the lymph nodes, which
can elicit an immune response. Basal cells can develop into malignancies, which are
called basal cell carcinomas (BCC). BCCs retain the palisading organisation of the
keratinocytes and can be recognised in histopathology based on this property. BCCs
tend not to metastise to other organs, although treatment is required as the BCC can
damage other tissue through its unlimited progression. E.g. it can grow through the

small channels contained in bones, thus reaching the brain or eyes.

The second layer of the epidermis is the stratum spinosum. Here the basal cells detached
from the dermal membrane, are rounded and desmosomes are added. The most
common form of skin cancer. Squamous cell carcinoma (SCC) originates from these
squamous cells (13,14). It is this form of keratinocyte skin cancer that is capable of
spreading to other organs. Although the probability of a SCC spreading to other parts of
the body is generally held to be about 2%, the data acquired by Van der Leest in the

Rotterdam study suggests that this is an significant underestimation (15-17).
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The third layer is the stratum granulosum. Here the squamous cells are further flattened
and lipids are produced which are important for the protective function of the cornified
envelope. The grain-like keratinocytes also form a tight junction: the stratum
granulosum acts as a secondary barrier, potentially enabling the shedding of the skin. In
a mouse model, Yokouchi et al. found that the keratinocytes in the granular layer of the

skin resemble Kelvin’s tetrakaidekahedron, explaining the tight seal (18).

In palmoplantar skin there is an additional small layer, which due to its translucent

nature is called the stratum lucidum.

The final layer of the epidermis is called the stratum corneum. Here the keratinocytes
have lost their nucleus, are completely flattened, filled with filaments and contained in

a layer of various types of fats. At that point they are no longer called keratinocytes, but

corneocytes.
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Figure 6: Differentiation of the epidermis (12).

The dermis and epidermis are separated by the basal membrane, which is permeable
for a limited number of molecules. The dermis contains a large amount of water, thanks
to the presence of molecules which are able to bind a large amount of water molecules.
The structure of the dermis is not layered, like the epidermis, but more like a mesh
created from collagen and, to a much lesser degree, elastin fibres. In addition to this

mesh there are blood vessels, which provide oxygen and nutrients to the tissue and play
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a central role in the thermoregulation of the body. Blood vessels are allocated in two
planes, the superficial plexus and the reticular plexus. In particular, the first is an
important target in vascular laser therapy, such as the treatment of acne or psoriasis.
The lymphatic vessels and nodes drain the excess fluids and waste from the tissue, and
are an integral part of the cutaneous immunology. The dermis contains several adnexa,
such as the eccrine and apocrine sweat glands and the pilo-sebaceous unit. The latter
provides the growth of hairs and the production and excretion of sebum. The hair root
plays an important role in the regeneration of tissue, and contains a significant number

of pluripotent cells.

The subcutaneous fat is located below the dermis and in non-obese humans contains

80% of the caloric reserves that are stored as fat.

2.2 Behaviour of light in tissue

2.2.1 Absorption
When light travels through a turbid medium, it is either scattered or absorbed. The

probability that a photon is absorbed or scattered when traveling 1 meter through a
given medium is called the absorption coefficient u,(m™) and scattering coefficient

Uq (M) respectively.

The absorption coefficient of a medium is derived from the the molar extinction
coefficient (MEC), or molar attenuation coefficient, of its constituent compounds. The
MEC tells us the probability that a photon of a given wavelength is absorbed by one mole
in a cm. Since | do not study the behaviour of individual compounds, but that of tissues
which are comprised of a varying mixture of light absorbing compounds, it is more useful
to work with the absorption coefficient of the medium. This is derived from the molar
extinction coefficient (cm*M), the molar mass (kgM™) and the concentration in the

tissue (kgm3) of the light absorbing molecules.

MEC * concentration

Ha molar mass

Equation 1: Calculation of absorption coefficient (cm™)

An increase in a chromophore of fluorophore, such as melanin, haemoglobin,
protoporphyrin IX, or flavin adenine nucleotide, results in an increased absorption of
light in that medium.
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The main light absorbing compounds in the skin are the two types of melanin, eumelanin
and pheomelanin, and the two types of haemoglobin, oxyhaemoglobin and de-
oxyhaemoglobin. Their MEC is shown in figures 7 and 8. Melanin plays an important role
in the protection of the skin against the harmful effect of solar (and artificial) UVB and
UVA radiation, and hence strongly absorbs those forms of “light”. Longer wavelengths
are more weakly absorbed. Haemoglobin is a particular strong absorber of blue light
(400 — 450 nm), and a moderately absorber of green and yellow light (500 — 600 nm).
Note that the curves for oxyhaemoglobin and de-oxyhaemoglobin generally lie close
together, except for the double hump between 550 nm and 600 nm. As we shall see in

the chapter on laser therapy for psoriasis, this difference is relevant for the efficacy of

the various devices.
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Extinction coefficient of haemoglobin
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Figure 8: Molar extinction coefficient of Haemoglobin (20)

The effect of other light absorbing molecules contained in the skin are combined and
treated as constituents of the “virgin” dermis or epidermis. Like haemoglobin and
melanin, the remaining light absorbing compounds tend to absorb shorter wavelengths
better than longer wavelengths. An example of this is illustrated in figure 9. Not
illustrated is the absorption of light by water, which has a relative modest molar
extinction coefficient over the range of visible light when compared to haemoglobin and

melanin.
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Figure 9: Absorption coefficient of dermis and epidermis (21)

Depending on the nature of the light source and the absorbing molecules light can cause

various effects. These effects can occur simultaneously.

One class of events that can follow irradiation | have already mentioned are fluorescence
and phosphorescence. Fluorescence and phosphorescence are used for the detection of
skin cancer and can be used to investigate immunological mediated skin diseases (22).
Phosphorescence and fluorescence differ in the lifetime of the exited state:
Fluorescence results from the relaxation of the more unstable singlet state of exited
molecules, whereas phosphorescence is produced when an exited triplet state of a
molecule relaxes. The probability distribution of the wavelength of the emitted photons
differ as well. Chapter three will discuss the use of fluorescence in the detection of the

most common forms of skin cancer.

A second effect is heating of tissue. Energy lost by the absorbing molecules through
vibrational relaxation causes an increase in heat. Thus, light can turn certain molecules,
such as melanin, haemoglobin, or water, into heat sources. Selective heating of tissue is
beneficial in the treatment of acne, psoriasis, atopic dermatitis and skin cancer to

mention just a few (23-26).
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A third class of effects which can be induced using light irradiation are photochemical.
Examples are inter-molecular energy transfer, such as in photodynamic therapy (PDT)
(27), intra-molecular energy transfer, dissociation, ionization such as in the production
of plasma in the skin, and isomerisation, such as the isomerisation of urocanic acid in UV

therapy (28).

2.2.2 Scattering
In order to be absorbed by a molecule or atom, the photon first needs to reach it. As the

photon travels towards the molecule, it is affected by other molecules and atoms which
results in scattering of the light particles. Scattering changes the direction in which light
propagates. If inelastic scattering occurs, such as in Raman scattering, both direction and
frequency of the light are changes. Raman scattering is used in Raman spectroscopy to
detect basal cell carcinomas (29). Elastic scattering only changes the direction in which
the photon travels. The two forms of scattering most relevant for my investigations are
two forms of elastic scattering: Raleigh scattering and Mie. Raleigh scattering occurs
when the molecule is much smaller than the wavelength of the light it interacts with.
Oxygen and nitrogen molecules for example have a size of 60*10'2 m and 65*10'? m
respectively, much smaller than the wavelength of blue light, 400 nm. Raleigh scattering
is different for shorter and longer wavelengths. Thanks to this effect, the sky usually is
blue. Mie scattering describes what happens when light interacts with a larger
molecule. In those situations, there are multiple scattering events in the molecule, so
that the difference in the treatment of different wavelengths cancels out. This is why
clouds appear white. The scattering coefficient u, (m™) is used to describe the
probability that a photon undergoes a scattering event when it travels 1 m through a
medium. The skin is comprised of both relatively large and small molecules and

structures, and thus exhibits both types of scattering.

2.2.3 Radiative transport
In a turbid medium like skin, the light-tissue interaction is determined by the scattering

and absorption events. The next step then is to determine how light travels through a

medium, or more precise, how the energy in terms of radiation is transported through

the medium. For that purpose | shall use the Boltzmann Radiative Transport Equation

(RTE) (11). The RTE is not a solution to Maxwell’s equation, but rather a statistical
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approximation of the transport of a photon particle in multiple scattering media. It
states that the change in a beam of light L travelling in the direction s at point r, and
travelling through a cylinder with infinite small area and infinite small length, is
determined by the amount of light that is absorbed at that point, the amount of light
that is scattered at that point, and the light that is scattered in from points in the

medium.

dL(T', §) A Al A !/
S = (o + LGS + s [ P8I 8) o

41

Equation 2: Boltzmann Radiative Transport Equation

p(s,8") is the phase function and describes probability distribution of light being
scattered in direction §’ if it originates from direction s. For example, Raleigh scattering
is more isotropic, i.e. the light is equally scattered in all directions, whereas Mie
scattering is anisotropic with a forward momentum. More precise, anisotropy refers to
the effect of a change in angle on the observed optical properties of the medium. The
phase function has an angular and azimuthal component. The two components are
independent of each-other. The azimuthal component depends on the index of

refraction, and the angular component on the angle of the incoming light.

The phase function used in the studies presented below is the Henyey — Greensstein
phase function, since it is considered to be appropriate for light transmission in tissue

(30).

HUs . 1_92
3
Ha t Hs (1+g%?—2gcosh)?2

p(cosO) =

Equation 3: Henyey-Greenstein phase function for turbid media (31)

Here g is the anisotropy factor g = f4np(s, $") (s,8")dw: the expected average cosine
of the scattering angle. If it has a value of -1, all the light is backscattered and if it has a
value of 1 all light is scattered forward. A anisotropy factor with value 0 could be
isotropic, but also anisotropic scattering, e.g. if the probability of perfect forward
scattering and perfect backscattering are equal. The value of g for skin differs with
wavelength due to the inhomogeneous nature of skin and its mix of Raleigh and Mie

scattering.
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The code used in this research uses a different formulation of the Henyey-Greenstein

phase function:

21— g)?

3
(1—-2gcosf+g?)2

p(6) =

Equation 4: Henyey-Greenstein phase function used in the code

The reason for this function rather than the one mentioned above is that in the hop-
drop-and-spin algorithm in each drop only a fraction of the bundle of photons is

deposited. This fraction is L, so that the fraction —=— is scattered.

HatUs HatlUs

Alternatives to the Henyey-Greenstein phase function are the linear anisotropy phase
function and its extension, the delta-Eddington approximation. However the Henyey-
Greenstein phase function has become the accepted standard to represent photon
transmission through turbid tissue. The alternative phase functions are not used in the
thesis, and the interested reader is referred to the discussion by Willem Star in chapter

6.3.7. of the textbook by Welch and Van Gemert (32).

2.2.4 Lambert-Beer law
Since the transport of light through a medium depends on both absorption and

scattering, it can add to the understanding of the behaviour of light by considering the
effect of absorption and scattering independent from each other. For media where
absorption is much stronger than scattering, the attenuation of light can be described
using Lambert-Beer law. In situations when a collimated beam of light travels through
a homogeneous, highly absorbing tissue in which there are very few scattering events
scattering is of minor importance, and the phase function can be ignored. The
Lambert-Beer law states that the attenuation of light in a medium is described by the

function

E(z) = Ep(1— rsc)e_(ﬂa+MS)z

Equation 5: Lambert-Beer law from (11)

Where E(y is the fluence rate at point z (Wm2), z (m) is the distance from the surface z,
r«c is Fresnel surface reflection of the collimated light striking the external surface, and
Eo is the collimated irradiance. rs relates to what happens when light crosses from one

medium to another, a topic that is treated below.
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Lambert-Beer law

1,20E+12

1,00E+12

8,00E+11

6,00E+11

4,00E+11

Collimated irradiance at depth z (Wm~»-2)

2,00E+11

0,00E+00
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75

Distance into the medium (z)

Figure 10: Plot of attenuation of light according to Lambert-Beer law.

The corresponding values for figure 10 are pu_s=0, p_a=0.0625, r_sc=0 E0=1E12 W.m-2.

The Lambert-Beer law states that when absorption strongly dominates scattering, the

attenuation follows an exponential decay curve.

2.2.5 Diffusion approximation
In some media scattering is much stronger than absorption. When scattering is equal or

greater than absorption, the Boltzmann Radiative Transport Equation is appropriate. If
scattering (strongly) dominates absorption, the diffusion approximation to the
Boltzmann Radiative Transport Equation can be used. However, the diffusion
approximation lacks the ability to include highly directional light sources at the
boundary. In this thesis | apply a stochastic approach using the Monte Carlo method to
solve for the photon distribution equivalent to the full solution of the Boltzmann
Radiative Transport equation. This approach avoids the diffusion approximation and
permits collimated and diffused boundary conditions easily without the use of a
specialist phase function that would be required to model collimated beams in the

diffusion approximation.

The diffusion approximation describes light as a diffusion process. The diffusion of light
can roughly be imagined akin the diffusion of tea in a (still) cup. The propagation of light
is determined by the gradient of photon density in the medium. This implies that photon
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propagation has limited memory, only the local gradient is of relevance. So diffusion can

be described as a Markov process, just like no-claim schemes in car insurance (33).

The diffusion approximation to the RTE is valid when the dimensions of the medium
greatly exceed the pathlength of the light and when the number of scattering events a

photon undergoes is sufficiently large.

In order to determine how many photons (or, if multiplied by hv, the amount of energy)
are / is present at a certain location at a certain time, we thus need to determine the
expected number of photons that originate from within the medium and have travelled
to that location at that time. This is perhaps comparable to the calculation of expected

utility in decision theory using Von Neuman-Morgenstern expected utility functions (34).

From this it follows that in diffusion theory we calculate the flux of light at a point ¢(7)
(Wm=2) by solving the differential equation for the expected scattering from all
directions, i.e. the solid angle integral. During laser therapy, some of the light that travels
through a certain point rin direction s comes directly from the light source, whereas the
rest is first scattered within the tissue. So, in order to simplify the analysis, the flux can
be separated into the contribution from the columnated light source and the

contribution from scattered photons.

Star discusses the diffusion theory in light transport in detail, to which interested readers
are referred (35). He states that what sets transport theory apart from simple diffusion
theory is the addition of the source term, and, from the Eddington approximation,

simple expressions for the diffusion coefficient and the effective attenuation coefficient.

2.2.6 The transition of light from one medium to another
Before light travels through a medium, such as the skin, it generally needs to enter the

medium. If the media have different indices of refraction, i.e. the speed of light differs
in both media, reflection and refraction will occur. When light is reflected, it does not

enter the medium, but is reflected away from the boundary under some angle.

The portion of light that is reflected can be determined using the Fresnel equations. In
the formula 6; is the angle under which the light hits the normal from the boundary and

0, is the angle of refraction. n, is the index of refraction of the medium to which the
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light travels, and n; is the index of refraction of the medium from which the light travels.

The fraction of light being reflected differs for the type of polarized light.

N cos 0; —n; cos O,
n=

¢ cos B; + n; cos 0,

_ m;cos B —n, cosb;

r, =
= 7n; cos 0; + n; cos 6,

Equation 6: Fresnel equations

Where 7 describes the fraction of parallel polarized light that is being reflected and r,

is the fraction of perpendicular polarized light being reflected.

When light enters a medium with a different index of refraction, the direction in which
it travels is altered. The angle of refraction is the direction in which light travels if it is

able to enter the medium. That is given by Snell’s law.

sinf; 1,

sinf, n;
Equation 7: Snell’s law.
At a certain angle, the critical angle, light is unable to cross the boundary and is

completely reflected. The angle in which reflected light travels is described by the law

of reflection, 8; = 0,

2.2.7 Types of light sources
Light originates from a light source. This can be the sun, a laser, or a fluorescent

molecule. One way in which the light sources investigated in this study differ is the
direction in which the light is emitted. Most lasers emit a collimated beam of light. The

emitted photons travel in parallel.

For the incident light source used in the Monte Carlo model, is modelled by an initial
angle of incidence and a distribution function. This facilitates diffuse and highly

collimated beams to be modelled easily. If the diffusion approximation were used,
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collimated sources have to be approximated by a succession of buried light sources to

represent the collimated nature of the beam (36).

Figure 11 shows the different types of light sources: The light produced by an IPL is
divergent, the photons generally travel in the same direction, but some are directed

away from the normal. Fluorescent molecules act as a point source, emitting light in all

directions.
Collimated Divergent Point source
Laser IPL Fluorescence

Figure 11: Light sources

2.3 Solving the RTE in TODDY
For my study | will use the Two-Dimensional Laser-Tissue Model with Dynamic Boundary

Conditions (TODDY) software package.(37) It has been used, amongst others, for the
study of laser therapy for vascular lesions (38,39), PDT using a light source embedded in
the skin (40), and optimisation of IPL therapy for hair removal in skin of varying colour
(41). It is comprised of a Monte Carlo simulation for the solution of the RTE, and can
solve Pennes’ bioheat equation using the alternate direction implicit (ADI) finite

difference method, and calculates the values of the Arrhenius damage integral.

2.3.1 Methods to solve the RTE
The Monte Carlo method is used for solving integral functions and can be used to solve

the RTE in turbid media (42,43). The difference with other approaches for solving or
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approximating the RTE such as the discrete ordinate method and the finite element
method is that the Monte Carlo method is based on statistical convergence of a random
walk, rather than a direct solution to a set of differential equations. The variation on the
Monte Carlo simulation used in this research follows a bundle of photons as they travel
through the skin. The Monte Carlo approach is suitable in situations where solving the
equation directly is either impossible or requires a disproportionate amount of
resources. The journey of the bundle of photons is separated into various individual
steps, and each time the value for the random variables is selected using a random
scheme based on the probability density function of the variable. The results of the
calculations are added, which if the calculation is performed a sufficient number of

times, results in the value for the integral of the function.

Various random elements of photon transport need to be taken into account. Random
events are modelled by drawing a random number from a uniform distribution over (0,1)
and associating certain values of the variable with a range of (0,1). In the case of path
length there is a one-on-one correspondence between the distance that the photon
travels and the result from the random number generator. So the random events
present in simulation light-tissue interactions are the path length, the direction in which

the photon travels and the balance of absorption and scattering at an interaction event.

Although the reflection event at an internal boundary can be modelled as a random
event, in the software package used in this research it results in the photon energy being
separated in two independent bundles. The size of the bundles depends on the Fresnel
equation for reflection. For example, if R=r?=15%, then 15% of the remaining energy of
the photon bundle is reflected and traced until the energy falls below the threshold. This
is followed by the tracing of the photon bundle that had remained at the boundary and

continues in the direction as determined by Snell’s law.

Depending on the type of light source, the initial direction of the photon is given. If the
light source is a laser, the direction is given by the orientation of the laser. In
fluorescence though, the initial launch of a photon can occur in any direction. In isotropic
fluorescence, the direction of the initial launch is randomly chosen from a equiprobable

distribution of all angles.
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Once the initial direction is known, the distance the photon travels, the path length, is
determined. The path length is randomly drawn from an exponential probability density
function based on the total attenuation coefficient. Now that we know direction and
distance, we can establish the new location. It is important that one checks if no
boundaries are crossed: The direction and path length are calculated under the implicit

assumption that the medium in which the photon travels for that step is homogeneous.

If the photon indeed could cross a boundary a new calculation must be performed and
the photon is relaunched from the boundary, either into the new medium or back into

the old medium, depending on the outcome of the randomization.

Once the location to which the packet of photons has travelled is determined, a fraction

of the photons contained in the packet is deposited at the location. The fraction is equal

to % The remaining bundle of photons is relaunched.
t

The direction for the subsequent step is determined based on the phase function, the
anisotropy factor g and a random number. This is followed by the determination of the
path length, a check if a boundary is crossed, and the deposition of photons. This
sequence is repeated until the fraction of photons remaining in the bundle falls below a
certain predetermined threshold. Then a new photon is launched from the light source.

The sequence is illustrated in Figure 12.
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' Location 0: r? of the photons are reflected

Energy transmitted is (1-?)

= Location 1: (1-r?) mu_/mu, of the energy is
deposited. Rest undergoes a scattering event

Location 2: (1-r%) (mu, *mu_) /mu, of the energy
is deposited.

Figure 12: lllustration of a random walk of a bundle of photons in the Monte Carlo method.

A collimated bundle of light is directed at the surface of the skin. At the skin — air
boundary, some of the light is reflected. The rest is refracted and moves one path length
in certain direction. There, a fraction of energy, determined by the ration of the
absorption coefficient and the total attenuation coefficient, is deposited. The remaining
bundle undergoes as random scattering event. The path length is determined following
a random event as well. This establishes the second location for the bundle to travel to,
at which another fraction of the energy is deposited. This sequence is repeated until the

remaining energy drops below a certain pre-determined threshold.

The Monte Carlo has some attractive strengths, but is not without its weaknesses either.
It is able to solve the RTE for a wide range of geometries. The code can be easily adapted
for various phase functions and it is not sensitive to relative sizes of the scattering and
absorption coefficients. But it does require sufficient numbers of photons for
convergence, something that cannot be checked in advance. Also, it is relatively

computationally intensive.

2.3.2 Geometry
The TODDY package is based on a 2D layered representation of tissue on a Cartesian

mesh. Each layer has its individual optical properties such as scattering coefficient,
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absorption coefficient, concentrations of those chromophores and fluorophores that
are modelled individually and anisotropy factor. The width of the layers is given by the
width of the tissue, but the length can be set for each layer individually. Some limitations
exist, e.g. the target cannot extend beyond the lower dermis. All layers have base
attenuation and scattering coefficients which represent the optical properties for the
tissue without its main chromophores such as melanin for the epidermis and
haemoglobin for the dermis. For example, the absorption coefficient of the epidermis is
calculated as a linear combination of the absorption coefficient of pure epidermis (i.e.
without any melanin) and the absorption coefficient of melanin. These values are

derived from the work by Jacques (44).

Lower region of the dermis

Upper region of the dermis

Epidermis

‘ ‘ Light source

Figure 13: Geometry in TODDY
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The light source is located at the bottom of the graphical representation shown in figure
13. The light source can be mono-chromatic as well as consist of a broad-band source.
After launch, the photons are scattered according to the Henyey-Greenstein phase
function and values for the anisotropy factor, g, are taken from published work. The light
source can be of equal width as the tissue, or smaller. In a previous version of TODDY a
light source was embedded in the tissue (40), but the current version requires the light

to enter the skin from the air.

The first layer represents the epidermis. The absorption and scattering in the epidermis
is represented by a base absorption function and a base scattering function as published
by Jacques (44). The additional absorption by melanin is added to the attenuation
coefficient. Town has studied the effect of melanin concentration in the epidermis on
the optimal pulse profile for laser hair removal using a previous version of TODDY (41).
The basal layer is not represented directly, but rather the concentration of melanin is
represented as a percentage in the epidermal layer using the formula for absorption by
epidermal melanin from Jacques (44). In addition to melanin, the version of TODDY used
in this work allows for the introduction of one additional chromophore. Here this is used
to study the effect of an increase in PplX in the epidermis, but the program allows for
any chromophore to be modelled. The absorption from this chromophore is calculated
from actual biological and physical properties: A table of the molar extinction coefficient
(cmL.M?) for the various wavelengths is added by the user and together with the
concentration of the chromophore present in the skin (mg.I!) and the molar weight of
the chromophore (gr.M?) used to calculate the additional attenuation from the

chromophore (cm™).

The second layer is the dermis. As in the epidermis, absorption and scattering of the
bloodless dermis is modelled using a function from Jacques . To this | add absorption by
haemoglobin and two additional chromophores or fluorophores. In the current work the
option to add chromophores was used to model absorption by PpIX and Flavin.
Attenuation by haemoglobin, PplIX and Flavin was calculated from the molar extinction
coefficient, concentration and molar weight. Blood oxygenation is incorporated in the
values for the molar extinction coefficient table for the whole dermis. The used values
are calculated using a linear concentration of the values for deoxygenated haemoglobin

and oxygenated haemoglobin. The dermis is separated into an upper dermis, which is
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located above the target area, and a lower dermis, which surrounds the target area and

continues below it.

The third layer, or more precisely area, is the target. Individual optical properties can be
defined, so that it can represent a tumour, hair follicle, blood vessel, or the papillary
dermis. The location of the target is limited to the dermis. The distribution of the

chromophores within the different layers is assumed to be homogenous.

The boundaries in the model are defined as crossing from the air to the epidermis or
vice versa, crossing from the edge of the epidermis or dermis into the adjacent, not
explicitly modelled tissue, crossing from the epidermis into the dermis or vice versa, and
crossing from the dermis into the target and vice versa. When a photon crosses a
boundary, it is relaunched at the boundary for the share of the remainder of the path

length relative to the original path length.

After each path length, some of the energy is stored at that location. The share of energy

stored, or share of photons stored, is dependent on the share of the absorption

coefficient in the total attenuation % For fluorescence, the share of photons absorbed
t

by the fluorophores is stored separately and is the basis for the subsequent fluorescence

Ha (fluorophore)
Ha '

calculations

In the simulation of the photothermal treatment, there is one Monte Carlo simulation
which produces the distribution of photons in the tissue. The results are stored for the
absorption of all light absorbing molecules, and in addition separately for the two
chromophores / fluorophores. For the simulation of the fluorescence detection, this
datais used to determine the location and number of photons that need to be launched.
The initial launch of a photon from a fluorophore is performed using an isotropic
scattering function. Thereafter the same algorithm as that for the initial photons is used,
with the absorption from the two fluorophores being stored in a separate matrix as to

allow the determination of the distribution of the fluorescence signals.

The final output of the calculation thus consists of five matrices containing total
absorption of the initial irradiation, absorption for the first chromophore / fluorophore,
absorption for the second chromophore / fluorophore, absorption of the fluorescence

from the first fluorophore by any and all suitable chromophores, and absorption of the
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fluorescence from the first fluorophore by any and all suitable chromophores.
Additionally, the distribution of backscattered light and emitted fluorescence from both
fluorophores measured at the skin surface is printed in a separate file. The total
absorption matrix is used in the calculation of the heat diffusion, which is discussed

below.

2.3.3 Limitations of the photon distribution calculations
The TODDY package has attractive features for the research conducted in this thesis.

The results can be validated using skin surface temperature measurements and

surface back-scatter measurements (41),

- The diffusion calculations are in accordance with the analytical solution by Morse
and Feshbach (45,46)

- It is capable of modelling photothermal treatments for vascular conditions and
hair removal

- It can study both mono-chromatic and polychromatic light sources

- It can model mono-chromatic and polychromatic fluorescence

- It can calculate heat diffusion and biological effects

- allows for the application of individual molecules using concentrations and
molar extinction coefficients

- It allows for different anisotropy values for the light source and the tissue

- It can simulate photodynamic therapy using embedded light sources (40)

- And thanks to parallelisation is able to utilize the full computing capability of the

available workstation (46).

There are some limitations though. The optical properties of the skin are assumed to be
constant, which e.g. in photodynamic therapy is an unrealistic assumption because of
photobleaching (47). | note that previous simulations of photodynamic therapy did not
account for that, suggesting that they underestimate the efficacy of PDT (48,49). The
target area consists of a single continuous rectangle located in the dermis. Therefore |
cannot study the effect of laser therapy on a collection of individual capillaries and other
blood vessels (50), or study the detection of actinic keratosis and other squamous cell
carcinomas located in the epidermis. Nor can | accurately represent the variation in

blood oxygenation in normal skin, as shown by Schwarz et al. (51). By representing the
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skin as a collection of layers, the effect of the rete ridges is understated. The 2D
presentation puts further limits on the complexity of the skin that can be studied: A
complete model of the skin requires the representation of hair follicles, sebaceous

glands, eccrine glands and lymphatic tissues to mention just a few.

Finally, the Monte Carlo method is potentially wasteful in its search for convergence.
That is, the limit factor for complete convergence, that is convergence in all areas within
the tissue, are those points in the tissue that have the smallest positive probability of
absorbing a photon, i.e. where local convergence is hardest to achieve. Without
additional measures, a calculation can reach a point where most photons added to the
simulation will not result in a change in local convergence of the area in which they are
deposited. E.g. the absorption near the surface of the skin is several magnitudes larger
than at the edge of the lower dermis. So, for each 1000 photons added, say 1 or 2 might
improve the accuracy of the calculation in terms of complete convergence. This is of
particular relevance to the fluorescence study, as either poor local convergence at the
deeper areas of the tissue during the irradiation phase of the simulation, or an
insufficient number of photons being fired from those deeper, less irradiated areas,
could result unacceptable statistical uncertainty in the fluorescence transport

calculation.

2.4  Thermal diffusion and heat driven biological effects
In the study of the photothermal treatment of psoriasis the energy introduced by the

laser or IPL results is predominantly by the blood vessels as well as the melanin in the
epidermis and converted into heat. Thus, the blood vessels, melanin, and other
chromophores in the skin act as a local heat source. This heat subsequently is diffused
into the rest of the tissue and the skin surface. The temporary increase in heat can drive
various biological effects, such as vasoconstriction, the induction of heat shock proteins,
or create thermal injury. These effects are modelled using the Arrhenius damage
integral, which requires the temperature and duration of heating as input variables. The
TODDY package uses the Alternate Direction Implicit algorithm for a Finite Difference
Mesh to solve the heat equations and the Arrhenius damage integral to determine the

size of the biological effects.
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2.4.1 Heat diffusion in biological tissue
The selective absorption of light by structures in the skin can result in considerable

heating. Per volume of tissue, one can calculate the increase in temperature per Joule
that is absorbed from the laser. This depends on the specific heat of the tissue, ¢ (J.kg’

1 K1) and the density of the tissue p (kg.m3).

From the second law of thermodynamics follows that the increase in temperature of the
tissue, or heat, will tend to diffuse to other parts of the tissue that are cooler. Since
biological and physical effects in laser therapy depend on a sufficient and prolonged
increase in temperature, heat diffusion needs to be taken into account. Note though
that an increase in temperature is not the exclusive outcome of heating of tissue. In
addition to the sensible energy storage, there also is the potential for an increase in
latent energy, e.g. through phase change. In my research, | explicitly avoid phase change,

and therefore will limit the discussion to sensible energy storage.

The most basic representation of heat diffusion in human tissue follows the work of

Pennes (52).

Radiation Tissue metabolis|

ArOJL POOI] [eLUBLY

0|} POO|T Je|NUSA,

Convection

Absorption
of laser
radiation

uonanpuod

Figure 14: Bioheat in laser therapy.

Figure 14 presents a simple model of bioheat in laser therapy. The black arrows present

heat being removed from the tissue, and the white arrows represent heat being
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introduced into the tissue. Heat sources are the metabolism from the cells in the tissue,
blood flow in the arteries, and the tissue absorbing the energy from the laser. This heat
is dissipated through conduction into adjacent tissue, removed by the blood flow in the
venules, radiative heat transfer, and convection of air or water on the skin (potentially

including a phase change).

The transfer of heat depends on the gradient of heat: The larger the difference in
temperature, then, other things equal, the stronger the diffusion is. Diffusion can take

place in three forms:

First, the increase in temperature can cause an electronic excitation of the molecule.
The resulting relaxation to the ground state produces radiation in the infrared spectrum,
removing energy from the system, i.e. cooling the tissue. From the Stefan-Boltzmann
law it follows that for the modest heating in tissue, this effect is very small in the context

of laser therapy for skin conditions.

Second, the decrease in temperature can occur by a displacement of a fluid or vapour,
i.e. convection. If the convection occurs under pressure, it is called forced convection,
otherwise it is called free convection. The latter occurs when the heating results in a
decrease in density of the fluid. Then under influence of the gravitational field, the
heated mass is displaced, resulting in an increase in cooling. In the current study, the

heat at the tissue surface is removed through free convection.

Third, the energy can be transferred from one area of a medium to another due to the
increase in collisions between molecules. The molecules in the warmer tissue have a
higher vibrational state and transfer this energy to molecules with which they collide. If
the adjacent molecules have lower vibrational energy, the energy is transferred. Thus,
the heat is conducted to cooler regions of the tissue. It is this time-varying diffusion
process that occurs within the tissue during the photothermal studies presented in this

book.

Following laser irradiation, the heat is diffused within the tissue through conduction.
This process can be described using the thermal diffusion equation as derived from

Fourier’s law of conduction.
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Equation 8: Thermal diffusion equation (53). During laser irradiation additional heat can be added using a source term
Q, which is not shown in the current equation.

For two-dimensional Cartesian coordinate systems such as the one in the TODDY
package, it can be written as

pcdT _ 9°T N 0%T
k ot 0x%2  0y?

Equation 9: Thermal diffusion equation in a 2-dimensional Cartesian mesh.

Here p is the density of the tissue in kg.m3, c is the specific heat of the tissue in J.kg1.K"
! and k is the thermal conductivity of the tissue in W.m1.K'. Heat is conducted
perpendicular to the heat gradient. The larger the difference in temperature, the
stronger the diffusion of heat. Tissue that has a large heat capacity absorbs more energy
per degree increase in temperature than tissue with low heat capacity. Material with a

small thermal conductivity, such as keratin in sheep wool, transfers less heat than

material with a high thermal conductivity such as water.

In biological tissue, such as skin, it is assumed that, except for the blood in the arteries
and venules, there is no change in the location of the tissue. This is different at the skin
surface. Air, water and carbon gels undergo more than just conduction, there is also a
reallocation of mass. This can occur as a result of the heating itself, or as a result of an
external pressure that is being applied onto the liquid or vapour. If there is no external
force it is said that the convection is free. As the temperature of the liquid or vapour
increases, its density decreases. Under the influence of the gravitational field, the
heated liquid or vapour is relocated to an area in which the density of the surrounding
vapour or liquid is equal to that of the heated mass. At the original site, the heated liquid
or vapour is replaced by cooler liquid or vapour, which has a higher density. This affects
the temperature gradient at the boundary. Under forced convection the liquid or vapour

is forced over the surface, creating a steady supply of the cooling agent.

The heat removed trough convection is given by a convective Boundary Condition:
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Q = hA(Ts — Ty)
Equation 10: Convective boundary equation

Here Q is the flow of heat in W, h is the heat transfer coefficient W.m2.K1, A is the area
of the boundary m?, T, is the substrate surface temperature in K and T, is the bulk fluid

temperature in K.

2.4.2 Computational model for heat diffusion in tissue
In laser therapy, the heated tissue acts as a heat source: the absorbed energy is

converted into heat and from there diffuses to the rest of tissue. Not all heat sources
and forms of diffusion described in Pennes’ bioheat equation are studied in the model
applied in this research. First, since at 5 ms the duration of a laser pulse is short
compared to the thermal regulation by the arteries and venules, the effect of blood flow
is ignored. Second, since the increase in heat studied in the subsequent chapters does
not result in any area of the tissue reaching a temperature of more than 100 °C, radiative

heat transfer is ignored because the size of that effect too is minimal.

The thermal diffusion equation can be computationally solved using the finite difference
method. In this method, a rectangular mesh is superimposed on the domain, with the
mesh spacing chosen to give good resolution of each layer’'s mean free path. The
temperature at time t is calculated for each node (x,y). To achieve this, the partial
differentials in the equation for thermal diffusion (equation 9) are replaced by the
forward, backward and central differences of a Taylor series expansion. This gives us a

set of algebraic equations that, given the initial and boundary conditions, can be solved.

0T Tr,—2.TF +TFy,

EP%) 2 + o(hz)
aZT T;l_h - ZT; + ;'_'_h 2
3y = PP + o(h?)
oT Thtt—Tn
=L Y4 o(At)

a At
Equation 11: Numerical approximation of the first and second derivative of the temperature terms
The set of difference equations can be solved explicitly, implicitly, or through a
combination of both. The explicit algorithm defines the temperature at node N,Ej,l asa

function of the temperature of the adjacent nodes and the thermal diffusion:
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The problem with the direct method is that there are restrictions on At. In two

. . . L h? . .
dimensions, it must be within 0 < At < v A fine mesh thus requires a small At,

otherwise the algorithm becomes unstable. This increases the required number of

computations for a given problem.

A way to avoid the potential instability is by using the simple implicit method. It uses
the backward difference approximation to discretise the temporal derivative of the
temperature. In the implicit method the temperature at node N,Ej,l is implicitly
calculated by defining the known value Txt,y in terms of the unknown values

t+1 t+1 t+1 t+1 t+1.
Tx—h,y’ Tx+h,y' Tx,y—hJ Tx,y+hJ Tx,y :

h2Qt+1
k

R? e _ e+l t+1 t+1 t+1 h? \ met1
“abt Tey =Tetny + Tatny * Tey—n + Tayen — 4+ alt Tey +

The implicit functions then are solved simultaneously, making the simple implicit

method an unconditionally stable algorithm.

In TODDY the method used to solve the difference equations is the Alternate Direction
Implicit (ADI) method. The ADI is a combination of the explicit method and the implicit
method for solving the set of finite difference equations used to represent the thermal
diffusion. The advantage of the ADI over the explicit and implicit method is that it is
unconditionally stable, which the explicit method is not, and that it is computationally
efficient, which the implicit method is not. What is particular about the ADI is that the
algorithm switches between the explicit and implicit methods in-between time steps. It

may start with using the explicit method for the nodes in the x axis and using the implicit
method for the y axis for a time step %At, and then applies the implicit method for the

nodes on the x axis and the explicit method for the nodes on the y axis for the second
half of the time step. Its computational efficiency comes from the ability to formulate
the problem in the matrix form A.X=Y, where X and Y are vectors and A is a tridiagonal

matrix. Formulated this way, the problem can be solved using matrix inversion, which
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reduces the required computational resources, while thanks to the use of the implicit

method retaining the unconditional stability.

2.5 Biological effects of laser therapy
Photothermal laser therapy is aimed at inducing a certain effect in the tissue by inducing

a specific and prolonged heating of some part of the tissue. In the research presented
below, heat shock protein induction, vasoconstriction, and hyper-thermic tissue damage
are used as outcome variables for laser therapy. There is a multitude of effects that
photothermal treatments can induce in tissue (54). These can be direct, i.e. the effect is
visible directly following the application of the laser such as ablation or the formation of
vacuoles, and can be indirect, resulting in clinically observable changes after days or

weeks such as inflammation.

Some of the effects from laser therapy can be described using first order kinetics. The
effects studied in this work belong to that group. Biological effects from photothermal
treatments are assumed to be irreversible. Thomsen and Pearce stress that the kind of
reactions that are described by the first order rate processes are not phase change:
Energy is consumed both by inducing the change and, if possible, in undoing the change
(54). The classical work on the effects of hyperthermia on skin is the result of research
conducted in the second world war and published in a series of papers. Two authors
who made significant contributions to the project were Henriques and Moritz (55-57).
They defined hyper thermic tissue damage as the result of a combination of heat and

time, and expressed thermal damage using a simple first order expression () =

-Eq
fOTAeRT(f)dt. Here Omega is the damage measure, A is the frequency factor (s?), T is

total heating time (s), E4 is an activation energy barrier required for a change in the
configuration of the molecule (JM™), R is the universal gas constant 8.3143 J.M1.K* and

T is the temperature (K).

This measure can be reformulated into Arrhenius’ equation for the survival of cell

cultures. The Arrhenius integral signified the fraction of cells that are in the native,

undamaged, state at a time 7, Q(7) = In %. This approach can be applied to quantify

the effects of heat on tissue, assuming the appropriate frequency factor and activation
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energy are known. In that case, the damage integral can be expressed as Q(7) =

Noo = J, AeFT(dL.

Equation 12: Arrhenius damage integral

A few things can be derived from the damage equation. First, for a fixed temperature,
thermal damage is linear with respect to time, and for a fixed duration of heating,
damage is exponential with regard to temperature. Henriques and Moritz already noted
that for temperatures near 55 C°, an increase in temperature of 1° would result in a
doubling of damage. Second, using the damage equation, one can establish the

minimum temperature required to start the reaction regardless of the duration of

heating, Teritcar = iA. Studying laser pulses which are unable to achieve at least

R In

heating to the critical level do not have to be studied, since the desired effect cannot be

achieved.

Calculating one or more first order kinetics is not difficult to incorporate into the model
discussed above, as long as the time steps in the heat diffusion calculation are
sufficiently small. That is, since damage is exponential to temperature, calculating
damage from a linear combination of temperatures might under or overestimate the
actual damage. In the Toddy software used in this study, the value of the Arrhenius

damage integral is calculated and printed for each cell in the matrix.
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2.6 Application of the software
When using the software, the first step is to formulate the problem for the radiative

transport stage (Figure 15).
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Figure 15: Menu for the formulation of the radiative transport problem

Here one defines the number of bundles of photons to be launched, the dimensions of
the layers, the anisotropy factor, the concentration of melanin, the concentration and
molecular weight of one chromophore and two fluorophores, a multiplication factor for
the scattering function, the used wavelength or file for the broad-band light source, as

well as the incident angle and the anisotropy factor.

Before the execution of the calculations, the user can specify a value or file for the mono-

spectral or broad-band fluorescence.

After the Monte Carlo simulation is completed, the variables for the thermal and

biological effect calculations can be specified.
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Figure 16: Thermal calculation variables

As is shown in figure 16, the user can enter the thermal conductivity of the different
layers, as well as the heat capacity and the density. The program allows for the
specification of pulse train profiles, including a rise time, hold time and fall time. Up to
three pulses can be individually modelled, a larger number of micro-pulses is a sequence
of identical micro-pulses. Temperature of tissue and ambient temperature, as well as
the heat transfer coefficient are required, as is the size of the time step in the finite
difference method calculation using the ADI and the total time. The software package is
capable of the simulation of PDT treatments; if these calculations are to be performed

this option needs to be selected separately.

The output of the calculations is a table describing the percentage of backscatter,
fluorescence from the first fluorophore at the tissue surface, and fluorescence from the
second fluorophore at the tissue surface. In addition, five matrices are saved. These

describe:

1: The distribution of photon bundles emitted by the light-source and subsequently

absorbed by any chromophore or fluorophore;
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: Thedistribution of photon bundles emitted by the light-source and subsequently

absorbed by the first fluorophore;

: The distribution of photon bundles emitted by the light-source and subsequently

absorbed by the second chromophore;

: The distribution of photon bundles emitted by the first fluorophore and

subsequently absorbed by any chromophore or fluorophore;

: The distribution of photon bundles emitted by the first fluorophore and

subsequently absorbed by any chromophore or fluorophore.
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Figure 17: Data logger dialogue

Using the menu shown in figure 17, the user can define 12 points at which the change
in temperature over time can be logged and printed in a separate file. Skin surface and
the area with the largest amount of heat are always recorded, and 10 other locations

can be specified.
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Figure 18: PDT and biological effects

In situations in which PDT is modelled, the user is required to specify the constants for
the rate equations in PDT. The frequency factor and activation energy for the studied
biological measure can be specified for the target area and for the dermis and epidermis.

This is done in the menu shown in figure 18.

The results of the calculation are printed in a table containing the temperature of the
tissue at the chosen time-steps and chosen locations in the tissue. The cumulative
biological effect is printed in a table, giving the value of the Arrhenius damage integral

for each point in the tissue.

The files produced in the calculations were loaded into Libreoffice Calc and Microsoft
Excel for further calculations such as the contrast in measured fluorescence, absorption

of photons in the tissue, and the distribution of the heat and damage in the tissue.
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3. Fluorescence detection of keratinocyte skin cancers: Effects
of tissue variance on reported contrast in fluorescence.

3.1  Introduction
Keratinocyte skin cancer (KSC), also known as non-melanoma skin cancer (58,59) is a
malignancy arising from the keratinocytes of the skin. KSCs are classified according to
the cells from which they originate, such as basal cell carcinoma (BCC) and squamous
carcinoma (SCC). KSC is the most common form of skin cancer and its incidence is rising
(13,14,60-66). Although mortality and metastasis are less common compared to
malignant melanoma, there is a risk of metastasis in SCC and BCC. Moreover if untreated
BCC can cause severe disfigurement, or disability when it invades organs such as the

eyes or the brain (67).

Current treatments consist of surgical excision, laser therapy, pharmacological therapy
using 5-fluoruracil or imiquimod, brachytherapy, cryotherapy, or photodynamic therapy
(PDT). These modalities differ in terms of one-year efficacy and the ability to prevent
new lesions in the area surrounding the treated KSC. Ablative laser therapy and
fractionated PDT for example result in high clearance rates compared to
pharmacological interventions. Additionally the number of new lesions occurring within
the area treated with ablative laser therapy was less than in a control area treated with

5-fluoruracil (4,26,68).

The main cause of KSC in the general population is UV-induced changes in the genetic
code of keratinocyte cells. Certain genes that are tumour promoting, the so-called
oncogenes, are activated, whereas genes that are responsible, amongst others, for
limiting cell proliferation or inducing cell death, the tumour suppressor genes, are
deactivated. Since the influence of UV radiation generally affects larger areas of the skin,
it his hardly surprising that KSC is far from a once in a lifetime event. On the contrary,
patients who have had at least two BCCs, assuming they do not suffer fatal events, are
guaranteed to witness the development of consecutive BCCs (69). KSC is starting to
become regarded as a disease that affects larger areas of the skin, i.e. the field, and that

treatments should be aimed at the field rather than the occurring lesions. (70-78).

I am inclined to state that currently there are two important barriers to the formulation

of an effective and efficient treatment strategy to cope with the skin cancer epidemic.
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The first concerns the efficacy treatment modalities have on the field. Some
generalizations can be drawn: The effect of surgery is limited to the area that is being
treated. Likewise, cryotherapy cannot exert an effect on the surrounding tissue.
Modalities that can be applied to a larger area either have a limited effect on the field,
e.g. 5-fluoruracil (4), or have not been studied in sufficient detail regarding the
emergence of new lesions in the treated field, such as is the case with PDT. One modality
that has shown to result in a significant decrease in the number of new lesions, Er:YAG
ablative laser therapy, is associated with a less favourable risk profile and side effects
(3,26). Furthermore, if a lesion has progressed beyond a certain point, quite a few
therapeutic options are withdrawn from the menu. At that point surgical excision, either

using Mohs’ micrographic surgery or not, is the only alternative.

The second limitation concerns the demarcation of the area that needs to be treated.
Field treatments are no different than other treatment modalities in their propensity to
cause discomfort and adverse events. As such, unnecessary treatment ought to be
avoided. Yet if one underestimates the field required for treatment, the whole
endeavour loses some of its value compared to lesion based treatment strategies. The
field treatment approach versus the lesion removal approach fits the more general

prevention versus wait and see distinction in medicine.

Not all systems of reimbursement or local traditions among dermatologists could allow
a physician to follow a strategy based on field treatment, requiring him or her instead
to treat each lesion as it emerges. In those scenarios both the total costs of treatment
for KSC as well as the health of the population might benefit from a method for the early
detection of skin cancers. This is due to the fact that the larger a lesion is, the higher the
total costs of treatment, the higher the probability of adverse events and complications,

and the higher the change of an incomplete removal of the tumour become (79-82).

| argue that both the field treatment approach and the lesion based strategy would
benefit from the use of fluorescence detection (FD) methods for KSC. FD is based on the
idea that KSC are susceptible to the preferential accumulation of photosensitisers. As
noted in the previous chapter, when a photon is absorbed by a molecule, and results in

an electronically exited state, the return of the molecule to the ground state might
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involve the release of visible light. So, by increasing the likelihood of a photochemical

reaction in the tumour, one also increases the likelihood of fluorescence.

3.2  Fluorescence detection of keratinocyte skin cancers
Fluorescence detection, and its parent, photodynamic therapy, are far from new. The

photodynamic effect describes the situation in which an effect on an organism is the
resultant of the application of a photosensitizing compound in combination with
irradiation by a light source which emits light that is capable of being absorbed by the
photosensitiser. Oscar Raab was the first to discover this effect (83). During his studies
in Miinchen on the effect of acridine orange on paramecium, he noted that some of the
organisms had died whereas others had not. More precise, those Petri dishes that where
located in the vicinity of a window had perished, whereas those that resided in more
dark areas of the laboratory had survived. Neither acridine orange nor sunlight is
harmful to paramecium, so it had to be the combination of the two that evoked the
(detrimental) effect. The relationship with fluorescence was immediately appreciated,
and in 1904 Raab’s supervisor, Von Tappeiner, equated fluorescent compounds with

photodynamic compounds (84).

Fluorescence had been described 50 years earlier, and the introduction of Woods’ lamp
allowed for the application of fluorescence in the medical clinic. Stiibel reported on the
use of fluorescence for diagnostic purposes (85). The research on the application of
photodynamic therapy resulted in the discovery that the application of
hematoporphyrin, a photosensitiser, resulted in a preferential uptake in malignant
tissue (86). While conducting research with hematoporphyrin for the treatment of
malignancies, Policard noted the presence of a brick like red fluorescence emerging
from tumours when the sensitised tissue was illuminated with a Woods’ lamp (87). At
the time, Policard ascribed this effect to the presence of an inflammation, and not the
porphyria in the tumour. Auler and Banzer were the first to purposely apply
hematoporphyrin for the localisation of malignant tissue (88). This research was
extended by Figge et al. using an animal model with transplanted tumours (89).
Fluorescence detection and photodynamic diagnosis was initially applied in the
detection of tumours of the bronchi, notably by Profio and Doiron (90). Although few
organs are as accessible as the skin, neither photodynamic therapy or fluorescence

detection received much attention from the dermatologic community. Even though the
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first application of PDT for malignancies of the skin dates back to 1903, when Von
Tappeiner and Jesionek used 5% eosin as a photosensitiser (91), it was only after the
discovery of 5-aminolevulinic acid (5-ALA) as a pro-drug for protoporphyrin IX (PpX), and
its successful application in photodynamic therapy for KSC by Kennedy et al. (92), that
both PDT and fluorescence detection for KSC started to gain interest. In the haem cycle,
5-ALA is a precursor to PplX, and in particular in malignant tissue 5-ALA is a rate limiting
step. After the exogeneous administration of 5-ALA, the conversion of PplIX to haem is
the new rate limiting step due to a lack of ferrochelatase (93—-95). Since in non-malignant
tissue, with its lower metabolism, 5-ALA isn’t as much a rate limiting step, the
application of 5-ALA is biased towards tissue with a high metabolism, such as
malignancies (96). The application of 5-ALA in PDT resulted in a less prolonged duration
of photoxicity and could be applied topically, which greatly improved the safety and
tolerability of photodynamic therapy. Wilson et al. showed that lack of specificity of the
photosensitiser can be a problem (97), which three years earlier had been demonstrated
by Van der Putten and Van Gemert using Kubelka-Munk theory (98). Benefitting from
the interest in photodynamic therapy, fluorescence detection received more interest
and both mono-spectral and multispectral approaches have been pursued (2,99-110).
The studies mentioned above all used either an exogenous photosensitiser, that is an
externally administered photosensitiser not normally present in the organism (e.g.
indocyanine green), or a precursor of an endogenous photosensitiser, that is a
photosensitiser that is normally present in the organism, but the concentration or
location of which is altered by administering a compound that is part of the cycle of the
photosensitiser (e.g. 5-ALA). As in the classical application of the Woods’ lamp, one can
also use auto-fluorophores (e.g. Flavin) to locate and demarcate KSC. This approach was

used by amongst others Na et al., Brancaleon et al., and Leslie (111-113).

Methods utilising fluorescence characteristics of fluorophores in tissue can be
categorised according to three axis (114). First, the nature and type of the
photosensitiser. It can be endogenous, that is naturally present in the tissue, such as
PpIX contained in bacteria such as P.acnes, or the auto-fluorophores in the skin.
Alternatively, it can be an exogeneous photosensitiser which is not naturally present in
the tissue but must be introduced externally. Examples are mTOR or hematoporphyrin

derivative. Or one can apply a precursor of a naturally occurring photosensitiser such as
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5-ALA. An important property of an efficient photosensitiser is that it is selective for the
tumour, e.g. because a preferential uptake. This is the case for 5-ALA. Although not a
photosensitiser itself, it is synthesised inside mammalian cells to form PplX, which is a
photosensitiser. Both 5-ALA and PplX are part of the haem cycle in mammalian cells. 5-
ALA is, eventually, synthesised into PplX, which in turn forms haem, which regulates the
synthesis of 5-ALA, thus forming a cycle. By introducing additional 5-ALA, the feedback
form haem is rendered ineffective. This results in an increase in PplX. At that point, the
synthesis of PpIX into haem by ferrochelatase becomes the rate limiting step. The rate
of synthesis of 5-ALA into PplIX is higher in more proliferative tissue than in normal
tissue. As a consequence, the concentration of PplX in the malignant or otherwise
hyperproliferative tissue will for some time be much higher than in the surrounding
healthy tissue. Hence the administration of 5-ALA results in a selective
photosensitization of KSC. It is this selectivity that allows us to image the tumour using

FD or treat it using PDT.

The second axis concerns the instrument with which the fluorescence is measured. An
analogue measure, such as direct observation by the eye, a point measurement using a
fiberglass coupled to an optometer, or a chip such as CMOS or CCD. These differ in
accuracy, quantifiability, and field of view. Multispectral imaging is not available when
one observes with the naked eye, but can be achieved with point measurements or
electronic sensors. Similarly, fluorescence lifetime measurement and imaging is only

possible with suitable sensors.

The third axis concerns the light source. As noted above the first investigations used a

Woods’ lamp, but lasers, flash lamps, and LED’s can be applied.

The exact configuration influences the practicability, cost and accuracy: Using a Woods’
lamp in clinical practice to evaluate infections is cheap and quick, but the measurements
themselves cannot be stored and if an endogenous fluorophore is lacking, observing the
tissue is not possible. The use of hematoporphyrin requires the admission of the patient
due to prolonged phototoxicity, and devices capable of fluorescence lifetime imaging
and hyperspectral imaging require substantial investment of capital. For a complete

discussion of all the different potential applications and techniques for fluorescence
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detection | refer the reader to the reviews by Richards-Kortum and Sevick-Muraca, as

well as that by Wagnieres et al. (114,115).

The feasibility of fluorescence detection in clinical practice was further enhanced with
the development of cheaper and more accurate photo sensors. Although nowadays
most smartphones are equipped with two small and capable CCD chips, in the 1990’s
most used their mobile phone to call and perhaps send the occasional text message.
Abels et al. studied the in vivo kinetics of 5-ALA induced PplX by measuring fluorescence
(116). Unfortunately, the study was conducted in a transplant model using a Syrian
hamster, an approach which was shown by Van der Veen to be less suitable for the

study of PDT in humans (117).

Together with my colleagues | published about a particular FD system before (2,109),
and the research presented below is inspired by my experience acquired during the
execution of that clinical research. The fluorescence detection system, the DyaDerm
Expert, is developed to measure PplX fluorescence following the application of
liposomal encapsulated 5-ALA. Liposomes are very small spheres, in this case having a
diameter of 50 nm, with a double layer of phospholipids. Figures 19 and 20 show a
schematic representation of the cross-section of a liposome. In figure 19 the outer layer
is formed by pairs of phospholipids. The lipophilic tails are directed towards each other
and thus form a compartment in which lipophilic substances can be dissolved and
transported. The head are directed both towards the exterior and the interior of the
sphere. Water trapped inside the sphere serves as a medium for water soluble

compounds.
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Figure 19: 3D representation of a bi-layer phospholipid liposome.

Figure 20: Cross section of a bi-layer phospholipid liposome. Note the lipid ring suitable for the storage of lipophilic
compounds, and the aqueous core capable of storing hydrophilic compounds.

Through liposomal encapsulation, the selectivity of the applied 5-ALA is enhanced.
Liposomes are more sensitive to disturbances in the epidermal barrier function, as is the
case in KSC as well as in inflammations (118). This can be seen in figures 21 and 22. They
show the results of a fluorescence detection measurement using the combined method
discussed below. The 16% methyl-aminolevulinic acid in créme applied to the left side

of the scalp. Here there is a less specific and prolonged fluorescence, indicated by the
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green and yellow coloured areas. On the right side a liposomal solution containing 0.5%
aminolevulinic acid was applied. Due to the strong intensity of the fluorescence from

the MAL a dark cloth had to be used to make the fluorescence from the liposomal

solution visible.

Min: 1 Max: 1200

Figure 21: Combined method fluorescence image of 16% methyl-aminolaevulinic acid (MAL) (left) and 0.05%
liposomal encapsulated 5-ALA (right) 3 hours after application to the scalp.

Note the none-specific fluorescence invoked by the MAL.

Min: 1 Max: 209

Figure 22: Same as in figure 21, with the MAL side covered.
The liposomal encapsulated 5-ALA is applied during three hours. The liposomes are
contained in a spray, which is applied every 5 minutes. As a consequence, the

investigated skin cannot be covered during the application, and the patient is required
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to stay in the clinical environment. After application, any residual spray is removed using
water and a mild detergent. Fluorescence measurements are taking using 409 nm LED’s
as a light source. These LEDs produce pulsed light with a frequency of 1 Hertz and a pulse
length of 100 microseconds. Fluorescence is measured using a CCD camera. The auto
fluorescence and PplX fluorescence signals are separated by using the RGB channels of
the chip. Green is used for auto fluorescence and Red is used for PpIX fluorescence. The
device is able to present the PplX fluorescence image, auto fluorescence image, and a
combined image in which the PplIX fluorescence is normalized using the auto
fluorescence. The three methods are shown in figure 23. The left panel shows PplX
fluorescence, the middle panel the auto fluorescence and the right panel the combined

fluorescence measure.

PplX fluorescence intensity

Combined measure = , ,
Auto — fluorescence intensity

For healthy skin, the range of combined measure fluorescence varies between 0.6 and
0.8. A location is deemed of interest if the amount of fluorescence exceeds 1, and 1.5 is
regarded as being strongly suggestive of the presence of tissue with an increased

metabolism.

PplIX fluorescence of KSC Auto fluorescence of KSC ~ Combined measure

fluorescence of KSC

Figure 23: PplX fluorescence, auto fluorescence, and combined fluorescence of KSC using the DyaDerm Expert system
The evaluation of areas with a reported increase in fluorescence is performed manually.
Not all lesions that show an increase of fluorescence are malignant (2). Sebaceous
hyperplasia for example, a marker for cumulative UV exposure, results in an increase in
PplIX fluorescence and a high combined measure fluorescence. The lesions show a high

degree of symmetry, and no decrease in auto fluorescence, which enables an
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experienced operator to appreciate their benign nature. Machine learning could be
applied to automate the evaluation, but currently no such system is available on the

market.

In the clinical study, it was found that the modern, auto fluorescence corrected PpIX
fluorescence detection method, was superior to the classical PpIX fluorescence
detection method. Yet even the combined method failed to detect all lesions. When
applying these techniques one of the first questions to arise is whether lesion size is a
limitation. Early detection implies the desire to detect lesions as soon as possible. Yet
each lesion starts with just a very small number of cells, which eventually through the
increase in cell division and the absence of tumour supressing mechanisms grows

sufficiently to be observed by the naked eye.

PpIX-fluorescence Auto fluorescence Combined  fluorescence

measure

Figure 24: Fluorescence detection of various actinic keratosis.
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Colour image of sBCC PplIX fluorescence

Auto fluorescence Combined fluorescence

Figure 25: Fluorescence detection of sBCC.

The fluorescence detection images presented in figures 24 and 25 show how a KSC is
presented to the user. Note that the PpIX fluorescence does not clearly show the lesion.
There is some increase in blood concentration visible, but this might not completely
explain the decrease in auto fluorescence. The combined method not only clearly
demarcates the complete target, but is able to identify hotspots within the malignant

tissue.

Recent work on the fluorescence detection of metastatic colorectal cancer in liver tissue
applied a similar approach (119). An animal model of metastatic colorectal in liver was
injected with indocyanine green and fluorescein. Subsequently, the researchers
illuminated the tissue and imaged both the fluorescence from fluorescein and from
indocyanine green. They noted that malignant tissue showed a lower ratio of fluorescein

fluorescence over indocyanine green fluorescence compared to healthy tissue.
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Clinicians working with the combined fluorescence detection system noted that it
performs less when the skin of the patient contains more pigment, when the patient has
a suppressed functioning of the epidermal barrier function which increases the uptake
of 5-ALA in the healthy skin (shown in figure 26), and when the amount of 5-ALA applied

to the investigated area was lower than expected.

PplIX-fluorescence Auto fluorescence Combined  fluorescence

measure

Figure 26: Non-specific PpIX-fluorescence caused by the use of an exfoliating topical cream, which compromises the
epidermal barrier function.

KSC, in particular squamous cell carcinoma, can have a very aggressive character. In very
rare cases the lesions occur within no more than two weeks and after histo-pathological
analysis these lesions tend to be located further from the skin surface than other KSC.
Both prevalence and the risk of metastasis is generally underestimated in squamous cell
carcinomas (17). In personal communications, clinicians noted that these lesions had not
been detected using fluorescence detection, even when such an examination had been
performed just prior to the clinical presentation of the invasive squamous cell
carcinoma. This suggests that target depth is a significant factor for the accuracy of
fluorescence detection systems. Thus, even though fluorescence detection systems
have been reported to have quite high sensitivity and specificity, these techniques too

have their limitations.

Therefore here, using computational methods, | investigate the effect of some of the
variations encountered in clinical practice on the accuracy of three types of fluorescence
detection. The advantage of the computational approach lies in its ability to strictly
prescribe the tissue properties, allowing for stepwise increase or decrease of the

relevant variables, i.e. a parametric sweep. The study is divided in three sections.
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| consider the effect of the most important chromophores in the skin, melanin and
haemoglobin, as well as the effect of an increase in scattering on the accuracy of the

three FD methods.

| adjust the tumour dimensions and location and establish the relative performance of

the three methods.

| vary the concentration of the photosensitiser in the target and tissue and investigate

how this affects the three methods.

My study is not the first one to study fluorescence detection, nor the first to apply
computational methods for this purpose. Saarnak has studied the effect of blood
concentration in tissue, depth and thickness of the target, auto-fluorophore
concentration, fluorophore concentration for situations comparable to the one depicted
here (120), and as far back as 1984 Van der Putten and Van Gemert studied the effect
of varying concentrations of photosensitiser in the target and the surrounding tissue,
albeit using Kabulka-Munk theory instead of the Monte Carlo method employed here
(98). Welch et al. studied the propagation of fluorescent light using the Monte Carlo
method (121). Amongst others, they noted that (optical) depth of the target has a
significant effect on the measured fluorescence, as more and more of the fluorescence
signal originates from non-targeted tissue, and more and more of the fluorescence
emitted by the target travels to other directions than the surface. Drezek et al. described
lower auto fluorescence in neoplastic tissue of the cervix (122). Valentine et al. studied
PDT and photo-bleaching, i.e. the decrease in PpIX fluorescence over time during the
PDT treatment (48,123). Liu similarly studied dosimetry in PDT using fluorescence

measurements (124,125).

3.3  Materials and methods
This study investigates the effect of variations in the skin on the contrast in fluorescence

reported by three types of fluorescence detection.

The first method is based on 5-ALA induced PplX fluorescence following irradiation with
409 nm light. The topical application of 5-ALA results in a temporary preferential build-
up of PpIX in the tumour. Irradiating cells containing PplX results in the creation of
reaction oxygen species, an effect utilized in photodynamic therapy (PDT). If the excited

PpIX molecule does not interact with another molecule, it reverts to the ground state
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and the remaining energy is converted into light. | am only concerned about the creation
of this fluorescence and its measurement. The duration of illumination in fluorescence
detection is very short compared to PDT protocols, allowing us to ignore effects of
photobleaching, i.e. the decrease in PpIX concentration due to the PDT. So, PpIX
fluorescence is based on the idea that the fluorescence signal of malignant tissue can be
increased versus that of healthy tissue by applying appropriate amounts of 5-ALA. | say
appropriate because saturating the skin with 5-ALA will result in an increase in PpIX in
healthy tissue as well, a situation | address in my calculations. The investigations by Smits
and Kleinpenning are an example of this method (102-106). The second method is based
on the measurement of fluorescence from auto-fluorophores, or more specific, the lack
thereof. Na, Stender and Wulf, as well as Brancaleon et al. and Lycette and Leslie (109-
111) have reported that KSC show relative low intensity of auto fluorescence compared
to healthy tissue. | use Flavin Adenine Dinucleotide as a model for this source of
fluorescence. PplX takes no part in this type of fluorescence detection. The third method
is more of a post-measurement algorithm, using a auto fluorescence signal to improve

the accuracy of the PplX fluorescence signal (2,97-99,107).

| apply the Monte Carlo method to solve the radiative transfer equation in a simulation
of the light-tissue interaction. The tissue is represented using the well-known layered
approach (31). The model consists of three areas with their individual optical properties.
Those are the epidermis, the dermis and the target. Neither epidermis nor dermis are
separated according to their distinct parts, such as the stratum corneum, stratum
lucidum, stratum granulosum, stratum squamous, or stratum basale in the case of the
epidermis. Furthermore, the shape of the target area is restricted to rectangular

geometries.

These three methods are used to detect a 5000x400 um target area located 100 um
from the skin surface. The skin is represented as a combination of layers. The tissue as
a whole has a width of 25000 um and a height of 3600 um. The first layer is 25000 um
wide and 70 um in height. It represents the epidermis and contains melanin, FAD, PpIX
and other non-specified chromophores such as water. The second layer is 3530 um in
height and 25000 um wide and represents the dermis. It contains PplX, FAD,
haemoglobin and other non-specified chromophores such as water. The target area is

contained within the dermis and contains PplX, FAD, haemoglobin and other non-
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specified chromophores such as water. Pigment was set to represent fair skin (126).
Haemoglobin concentration in skin was set to 543 micrograms per litre in healthy skin
and 1500 micrograms per litre in the target area (127). PplIX concentration was set to
1.3 microgram per litre (127). Blood oxygenation was set to 90%. The data provided by
Scott Prahl (20) was used for the molar extinction coefficients of haemoglobin and is
shown in figure 27 and 28. | used the absorption and fluorescence profiles of Flavin
Adenine Dinucleotide for the flavin calculations. Only part of the curve is shown. Flavin
for example has much higher attenuation in the ultra-violet spectrum. In the studied
fluorescence detection procedure, UV light is neither emitted or absorb, and therefor
that part of the spectrum has been omitted. For the visible part of the electromagnetic
spectrum, the MEC is generally higher for PpIX than for Flavin, except for a short range
between approximately 440 nm and 485. With regard to the light source | note that the
MEC for PplIX is at its peak for the presented range and significantly exceeds that of

Flavin.

Molar Exctinction coefficients of FAD and PpIX
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== Molar Exctinction Coefficient of Flavin adenine dinucleotide Molar Exctinction Coefficient of PpIX dimethylester in chlorophorm
Figure 27: Molar extinction coefficient of FAD and PpiX.

Source for FAD: (128). Source for PpIX (129). | note that the data for PplX is for a dimethyl

ester of PpIX in chloroform, which differs from PplIX in water.
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Figure 28: Distribution of emitted fluorescence by FAD (130) and PpXI: (129)
Out of considerations of efficiency | chose not use the actual quantum yields for FAD
(128) and PplX (110). The quantum yield is the fraction of absorbed photons that is

emitted as fluorescence and indicates the efficiency of the fluorescence process.

number of photons emitted as fluorescence or phosphorescence

number of photons absorbed by the fluorophore

Instead | used the ratio of quantum vyields to 1:2.3 for PpIX and FAD respectively. The
actual quantum yields are two orders of magnitude lower. By using larger numbers for
guantum vyields | was able to achieve convergence for the fluorescence simulations at
lower number of initial photons than had otherwise been required. Due to the demands
in computing power, | also used a single wavelength for FAD and PplX rather than the
distributions shown in figure 27. FAD fluorescence was represented by 550 nm and PplIX

fluorescence by 636 nm.

Since in my experiments FAD serves as a proxy for auto fluorescence in general, |
determined the concentration of FAD by calculating the fluorescence ratio between PpIX
and auto-fluorophores, and setting the concentration such that the resultant PpIX over

FAD ratio was near 0.75.
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Using the previously described Monte-Carlo simulation method, light is modelled to be
emitted by a slightly divergent light source, represented by a anisotropy factor for the
Henyey-Greenstein phase function of 0.9. The light has a wavelength of 409nm and
enters the skin from air. Light absorbed by PpIX or FAD was registered separately and
used for the fluorescence calculations. Beam width was set to 20000 pm, so that the
transition from illuminated skin to non-illuminated skin was registered in the

simulations.

The model diverges from reality in respect to the homogeneity of the epidermis in
normal skin and malignant skin. The latter is thicker than normal skin (127).
Furthermore, the target tissue was always contained in the dermis. The epidermis was
assumed to be completely healthy. Again, this is not in accordance with the nature of
KSC, which generally start in the epidermis. As such, the model can be regarded as

representing a variation of the nodular basal cell carcinoma.

In my model, | take the invasive basal cell carcinoma (iBCC) as the basic case. In order to
prevent a border solution for one variable to dominate the others, | apply a most modest
case. None of the variables in the standard case approaches the boundaries of the values
for these variables in the real world. The epidermal thickness e.g. is 70 um. Epidermis in
cancerous tissues can be 30 um or even 1000 um. Likewise, | use a 1.5% blood volume
content for the target tissue and 0.5% blood volume for the normal skin. Melanin
content of the epidermis is a bit low with 1.3%, but since these cancers occur
predominantly in fair skinned individuals this is not an extreme departure from reality.
The iBCCis of average size, with a width of 5 mm and a depth of 0.4mm. It is located just
beneath the epidermis. PplX content in the skin is 1.3 mg/l, which is an average value

according to Middelburg (127).

The reason why | choose these default settings is that | want to be sure that | get some
insights from experiments. Should | choose a value which | know to significantly
influence the accuracy of the fluorescence detection, this choice would dominate the
variables in which | am actually interested: Setting the epidermal thickness to 1000 um

is likely to interfere with the study on the effect of target width for example.

| defined two areas of interest in order to evaluate the contrast registered by the
different techniques. The first is the area directly over the target, the second is an area
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located at the edge of the beam serving as a control tissue. The control tissue
measurement was taken over an area of 2500 um to prevent contamination of the
measurements in the control area by scattered light emitted from the target area. The
three fluorescence detection techniques are evaluated by their ability to detect the
presence of target based on the difference in fluorescence registered above the target
area and registered above the control area. The PplX fluorescence detection technique
and the combined measure fluorescence technique are ranked per the ratio of the
registered fluorescence emitted from the two areas. In the case of the auto fluorescence
detection technique | report the contrast in negative terms, because the auto
fluorescence signal emitted above the target will be lower than that above the control
tissue. This change in representation makes it easier for the reader to interpret and

compare the results.

The computational experiments can be grouped according to the nature of the
variations studied. The first group concerns the influence of chromophores and
scattering coefficients on the contrast reported by the three fluorescence detection
techniques. The second group of calculations concerns variations in the dimensions and
location of the target tissue. Finally, the third group involves variations in the

concentration of PplX.

3.4 Results

3.4.1 Section I: Scattering and absorbing compounds of the skin
The following section presents the results from the computational experiments on

variations in scattering and absorption in the skin. A discussion of the results is contained

in section 3.5.2.

The effect of scattering on the accuracy of FD
From previous research it is known that keratinocyte skin cancers differ markedly from

normal skin (127). Especially the epidermis is larger in comparison to unaffected skin.
The difference though is not such that there is a non-overlapping distribution. | do not
look at the effects of an increase in the thickness of the epidermis directly. The reason
is that by increasing epidermal thickness, I'd be changing two variables simultaneously.
First, the epidermis holds melanin, so increasing epidermal thickness would also
increase melanin, a variation | discuss below. Second, increasing the epidermis would

also relocate the target to an area more distant to the surface of the skin. This too is a
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variation | investigate below. Instead | chose to investigate the effect of an increase or
decrease of scattering within the skin on the accuracy of the fluorescence detection
techniques. Accuracy here is represented as a change in the reported contrast between
the fluorescence detected above the control tissue and the fluorescence detected above

target tissue.

| used a specially developed version of the Toddy software in which the scattering
coefficients can be adjusted using adjusting a constant with which the actual scattering
coefficient is multiplied. The value of this coefficient was varied from 0.5 up to 2.1 in
steps of 0.4. This range is well in excess of the variation in scattering as reported by e.g.
Salomatina et al. (21). Actual variation in scattering would be closer to 0.75 to 1.25 times
the average value for the scattering coefficient. Nonetheless the broader range is used
to acquire a better understanding of the effect of changes in the scattering coefficient,

even if some of the results will be clinically less relevant.

The scattering coefficients of all three types of tissue, epidermis, target tissue, dermis,
were varied simultaneously. Figure 29 shows the effect of a change in the scattering
coefficient on the accuracy of the three investigated methods. The reported contrast in
fluorescence between the healthy, uninvolved skin and the tumour is shown on the
vertical axis. The correction factor used in the calculations is shown on the horizontal
axis. The combined fluorescence detection method reported higher levels of contrast
than the auto-fluorescence detection method and the PpIX fluorescence detection
method. Changing the scattering coefficient had little effect on the reported contrast.
As scattering increased, and the penetration of the light into the tissue decreased, the
contrast reported by the auto-fluorescence detection method decreased. Both an
increase and a decrease in scattering negatively impacted the combined fluorescence
detection method. The PplX fluorescence detection method performed better when

scattering increased.
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The effect of a change in the scattering coefficient of the tissue on the accuracy
of the fluorescence detection techniques
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Figure 29: The effect of a change in the scattering coefficient using a correction factor on the accuracy of the studied
fluorescence detection techniques.

The effect of a change in scattering was limited, but clearly did influence the three
techniques to some degree. | note that each technique was affected in different way.
The auto fluorescence method performed better with less scattering. This is probably
due to more light being absorbed deeper into the dermis and thus creating a more
intense background signal from which the interfering effect of the increase in
chromophore in the target tissue can be observed. The PplX fluorescence detection
method on the other hand performs better as scattering increases. It is a well-known
result from the literature on light tissue interactions in photothermal treatments that
scattering increases the energy available at the more superficial areas of the tissue
(129). This would increase the number of photons available to excite a PpIX molecule in
the target area, and thus increase the amount of fluorescence. Because the combined
method depends on both the PpIX fluorescence detection method and the auto
fluorescence detection method, it is negatively affected by either an increase or
decrease in scattering. Nonetheless the combined fluorescence method dominated the
PpIX fluorescence detection technique and the auto fluorescence detection technique

in terms of reported contrast.
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The results show that scattering influences the accuracy of the three fluorescence
detection techniques, but in my model it does not result in a failure to detect the target
tissue. It does though influence the accuracy of the delineation in the auto fluorescence

detection method.

The effect of melanin concentration on the accuracy of FD
One of the prime causes of skin cancer is UV radiation induced DNA damage. The human

body protects itself from the harmful effect of sole or UV radiation by producing melanin
in the skin. The problem is that UV exposure is necessary for the production of vitamin
D. So, depending on the season and the geographic location there is an optimal
concentration of pigment in the skin. This optimal concentration balances the benefits
from solar UV radiation, i.e. vitamin D production, against the harm incurred from the
exposure in terms of skin cancer risk. Melanin though does not just absorb UV light, but
also absorbs light from the visible spectrum, most notably blue light and to a lesser
degree green light and yellow light. This is evident from the colour of tanned skin: it is

brown.

This poses a potential problem for fluorescence detection, since the illumination is
performed using blue light. Furthermore, the auto fluorescence method and the
combined fluorescence method depend on green light emitted from the skin by the

autofluorophores.

Therefore, | investigated the effect of an increase or decrease in the concentration of
melanin in the epidermis on the accuracy of the three fluorescence detection methods.
Melanin concentration was increased in steps of 1%, starting at 0% and continuing up
to 10% pigment in the skin. This corresponds to Fitzpatrick skin type | up to and including
[ll (41). The change in melanin concentration results in a corresponding change in the

absorption coefficient for the epidermis. The results are presented in Figure 30.
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Effect of epidermal melanin content on contrast ratio of fluorescence detection
methods
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Figure 30: Effect of melanin concentration in epidermis on accuracy of fluorescence detection methods.

As expected, an increase in melanin has a detrimental effect on the accuracy of
fluorescence detection, irrespective of the method applied. The trend suggests that
there is a concentration of melanin in the epidermis at which all three methods are
unable to detect the target area. One rather surprising observation is that for a very
small and perhaps clinically irrelevant range the PplIX fluorescence detection method
actually benefits from an increase in pigmentation. An explanation for this observation
is that at these extremely low levels of pigmentation a larger share of PpIX fluorescence
originates from below the tumour. The increase in background noise makes it harder to

distinguish the signal from the PpIX in the tumour.

The effect of blood content in tumour on the accuracy of FD
Keratinocyte skin cancer is more generally known as “red skin cancer”, in contrast to the

malignant melanoma which is called the black skin cancer. This difference in colour is
generally due to the increase in vascularisation in combination with the absence of an
increase in pigment, although some forms of keratinocyte skin cancers do present
themselves with an increase in pigmentation such as the pigmented basal cell
carcinoma. The increase in vascularisation is a necessary condition for the presence of a
keratinocyte skin cancer, as otherwise the increased metabolism and proliferation could

not be sustained due to lack of nutrients and oxygen. Moreover, more aggressive KSC's

Page 67



are associated with higher blood volume content (130,131). This is why the target area
is represented as having a threefold higher haemoglobin content than the surrounding

tissue.

Blood is a potent absorber of the light used in the illumination of the target. Although
not as intense, the auto fluorescence signal is absorbed as well. Therefore, in the
experiment | study the effect of an increase in blood concentration on the accuracy of

the fluorescence detection methods.

Effect of blood concentration in target on contrast ratio of fluorescence detection methods
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Figure 31: Change in contrast between fluorescence over target and fluorescence over control.

For PpIX and Combined: higher is better. For FAD: Lower is better.

Figure 31 presents the effect of an increase in the blood volume on the contrast reported
by the three methods of fluorescence detection. The vertical axis indicates the contrast
in fluorescence between the normal skin and the target skin. l.e. a value of 2 indicates
that the fluorescence measured above the target is twice that measured over the
healthy skin. In those situations, we can identify the location of the tumour, or better
said classify that area as an area of interest. The blue curve shows that PpIX fluorescence
is negative impacted by an increase in blood volume since the reported contrast

decreases with an increase in blood volume.
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The results presented above show that an increase in blood concentration affects each
of the three fluorescence detection techniques differently. The PpIX fluorescence
detection technique is negatively affected by the increase in blood concentration. The
fraction of energy absorbed by PpIX molecules in the target decreases, resulting in less
contrast between the fluorescence emitted by the target, or observable in the skin over
the target area, compared to the fluorescence observed over the control skin. The auto
fluorescence based technique benefits from the additional absorption of the
background auto fluorescence signal by the target area. Both the PplIX based technique
and the auto fluorescence based technique show a non-linear relationship between
blood concentration and reported contrast. In the combined method, negative impact
of blood concentration in target on the PplIX fluorescence detection method is
somewhat compensated by the increase in accuracy of the auto fluorescence based
method. So even though the increase in blood concentration does negatively impact the
accuracy of the combined fluorescence detection technique, the relationship becomes
linear. The combined method again is more accurate than the other two fluorescence

detection techniques studied.

The tested values exceed what can be expected in practice. For BCCs, the increase in
microvessel width, area fraction and length density of the blood vessels is respectively
a factor 2.4, 4.9 and 5.9 compared to the normal skin. So, a physician would not expect
to be confronted with a tumour with an increase in blood volume of a factor 15.
Similarly, a tumour with a blood concentration indistinguishable from the normal skin is
quite unlikely (we cannot ignore the situation in which a tumour is at the very initial
stages of development). Nonetheless these extreme cases shed some additional light on
the effect of the increase of blood concentration on the performance of the

fluorescence detection methods.

3.4.2 Section |l: Target dimensions
When diagnosing a keratinocyte skin cancer, and in particular a basal cell carcinoma, the

dimensions of the target of particular interest because therapeutic interventions differ
in efficacy with regard to deeper located malignant tissue. Low fluence photodynamic
therapy, i.e. photodynamic therapy using 37.5 J/cm?, for example is less effective in

nodular basal cell carcinomas and larger superficial basal cell carcinomas (132,133). The
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following section will discuss the effect of target width, target thickness and target depth
on the contrast reported by the three fluorescence detection techniques. The discussion

of the results is relegated to section 3.5.3.

The effect of tumour width on the accuracy of FD
Target width was increased from 500 um to 4000 um in 500 um steps.

Effect of target width on accuracy of fluorescence detection methods
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Figure 32: Effect of target width on contrast reported by fluorescence detection techniques.

The results of the experiment on the effect of target width show that all three methods
are similarly affected. Figure 32 is a graphical representation of the effect of an increase
in target width on the contrast reported by the three fluorescence detection methods.
Very small targets are hard to distinguish from the surrounding skin, since the ratio is
close to one. The amount of fluorescence measured at the centreline of the target
decreases as the target with decreases. This is due to some of the fluorescence signal
emitted by the target area being scattered away from the centre line. This result is
comparable to the observation in computational analysis of optical-thermal treatments
for e.g. port wine stains that a small diameter laser results in less propagation of the
energy into the tissue (11). A small target emitting fluorescence is like a small diameter
laser beam. Once the target is sufficiently large, the reported contrast remains constant
for the PpIX fluorescence detection method and slightly increases for the auto

fluorescence and combined methods.
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The effect of tumour thickness on the accuracy of FD
In this experiment, | transform the superficial like KSC into a nodular KSC. The tumour

thickness is varied between 10 um and 500 um.

Effect of target thickness on contrast reported by fluorescence detection
methods
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Figure 33: Effect of target thickness (in um) on contrast between fluorescence from control skin and skin over the
target area.

The story figure 33 tells us is not to dissimilar to what we have seen in figure 32: For very
small / thin targets, the methods report no or very small levels of contrast. As a
consequence, those targets are likely to be missed, regardless of the applied method. At
the boundary, the amount of fluorescence emitted by the target is so low that it is
indistinguishable from the normal skin. The amount of PpIX fluorescence emitted or the
amount of auto fluorescence absorbed increases as the target increases in size. The
relationship between reported contrast and target thickness is comparable for all three
methods. As the volume of the target increases, so thus the reported contrast. But with
each marginal increase in volume, there is an incrementally decreasing increase in the
reported contrast. This is seen by the “tapering off” of the function. At some point the
PplX curve runs horizontally: Any further increase in thickness of the target will not result
in an increase in the reported contrast. | note that the saturation point is reached in

smaller sized target for PpIX fluorescence than for auto fluorescence.
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| conclude that fluorescence detection systems are not particularly affected by the
subtype of BCCs. Both nodular and superficial variants of BCC can be easily detected,
assuming they have grown sufficiently to contain a sufficient concentration of PpIX and
chromophores, and assuming that the precursor has been able to completely saturate
the target tissue. The results of De Haas et al. (134) though suggests that this is not

necessarily the case in all tumours.

Experiment 6: The effect of tumour depth on the accuracy of FD
In the final experiment of this section | look at the effect of target depth on the accuracy

of the three fluorescence detection techniques. The relevance of this experiment lies in
the fact that aggressive tumours tend to originate from deeper areas of the skin, in
particular with solid organ transplant recipients (135). The more sensitive a technique is
to deeper located targets, the more valuable it is in skin cancer screening for this patient
population. Organ transplant recipients run a significant higher risk of developing a fatal
form of keratinocyte skin cancer, especially if they are treated with a calcineurin

inhibitor (136).

Effect of target depth on the contrast of the fluorescence detection methods

3,00

2,50

1,50

Contrast between target area and control area

121 170 220 270 320 370 420 470 520 570 620

Target depth (micron below surface)

e PpIX Autofluorescence Combined

Figure 34: Effect of target depth on contrast reported by fluorescence detection techniques.

The results shown in figure 34 clearly show that all three methods are significantly
influenced by the depth at which the target is located. Very superficial targets are

associated with higher levels of contrast, in particular for the combined method. Targets
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located at very deep areas of the dermis are not susceptible to fluorescence detection.
Furthermore, the relationship between observed contrast and target depth is quadratic.
The obvious explanation for this is absorption of the 409 nm light used to illuminate the
skin. This indicates that fluorescence detection systems will not be able to detect at least
some of the more aggressive tumours, insofar these develop from within the deeper
layers of the skin. This, though, is of relative little practical concern, because the pace at
which such lesions develop is so high that they would completely develop well within

the timeframe between to check-ups.

3.4.3 Section Ill: Fluorophore distribution
The final section of my investigations into the field of fluorescence detection is

concerned with the effect of the distribution of the photosensitiser. Section 3.5.4

contains the discussion of the presented results.

The effect of photosensitiser in target on the accuracy of FD
In this experiment, | increase the concentration of PplX in the target while keeping the

concentration in the surrounding tissue constant.

Effect of PpIX concentrationin target on contrast of fluorescence detection
methods

7,00
6,00

5,00

3,00

Contrast target and control

2,00

1,00
10 17 24 31 38 45 52 59 66 73 80 87

Concentration of PplXin target (ml/L)

e Pp[X e Autofluorescence Autofluorescence

Figure 35: Effect of increase in PplX in target on contrast between target and control reported by the fluorescence
detection techniques.

Page 73



Note that as PplX concentration increases, there is less absorption in the deeper regions
of the target. Figure 35 illustrates this by the decreasing marginal contrast with a
marginal increase in PpIX concentration in the target. Both the combined method and
the PpIX method start to taper off and in the case of PpIX run horizontally at the
maximum value studied. This is caused by more absorption of the photons at the

superficial areas of the target tissue.

The results show that all three methods benefit from an increase in the selectivity of the
photosensitiser. As can be expected, the improvement in the reported contrast is most
notable in the PplIX fluorescence detection method and the combined fluorescence
detection method. The experiments did suffer from a relative low number of

calculations used, but there was a sufficient number to achieve convergence.

At higher concentrations of PplX in the target, light penetration in the target is limited.
Should one seek to determine the thickness of a tumour using fluorescence, it would be
wise to apply a moderate amount of photosensitiser or prodrug. Ackerman has
previously discussed this “inner cell effect” in the context of fluorescence detection of
KSCs (110), and it is in essence equal to the plea by Dougherty and Potter (137). An
increase in the light attenuation of a photosensitiser is not necessarily a good thing, as
it has a detrimental effect on the penetration of light (and thus the photodynamic effect)
into the tumour. One can consider this as an example of having too much of a good
thing: Selectivity of the photosensitiser is preferred, but at some point those molecules
closest to the light source absorb so much light that too little energy remains for the
deeper located molecules to induce a sufficiently large PDT effect or fluorescence. The
next experiment touches on the related problem of having a non-selective highly
absorbing photosensitiser in the surrounding tissue, a question previously investigated

by Wilson et al. (97).
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The effect of photosensitiser in tissue on the accuracy of FD

Effect of PpIX concentrationin dermis on contrast of fluorescence detection
methods

3,75

3,25

2,75

2,25

control area

Contrast of fluorescence over target area and

0,4 09 13 1,7 2,2 2,6 3,0 3,5 39 43 4.8 5.2

PplIX concentrationin dermis (mg/L)

e PpIX Autofluorescence Combined

Figure 36: Effect of increase in PplX concentration in surrounding tissue on contrast reported by fluorescence
detection methods

The results of the experiments, as shown in Figure 36, confirm the findings by Wilson,
Patterson and Burns (97) for tissue in which scattering dominates absorption. The initial
reported levels of contrast drop quickly as the selectivity of the photosensitiser is lost.
There is a steep decrease in the reported contrast, and at some point the target tissue
cannot be distinguished from the surrounding tissue. PpIX fluorescence detection and
the combined method are quite sensitive to a lack of specificity of the photosensitiser.
This scenario actually is the only one in which for a considerable range auto fluorescence
dominates the two other methods. The range of PpIX concentration in the surrounding
tissue did not exceed that in the target area. Nonetheless the contrast reported by the
PpIX fluorescence detection method was negative, i.e. there was more fluorescence
emitted by the healthy tissue than was emitted by the malignant tissue. Figure 21 shows

the clinical presentation of the phenomenon.
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3.5 Discussion
3.5.1 General considerations

3.5.1.1 Advantage of computational analysis using parametric sweep
| analysed the reported contrast by three methods of fluorescence detection in eight

different scenarios, each of which aimed at determining the effect of a change in one
parameter on the reported contrast. My investigations are motivated by clinical
experience. During conversations with experienced clinicians who use the fluorescence
detection method to locate areas which are susceptible of having a keratinocyte skin
cancer, became apparent that certain physiological properties of some keratinocyte skin
cancers resulted in a markedly different image than other keratinocyte skin cancers. In
addition, fluorescence detection was difficult or near impossible in patients who either
had applied keratolytic agents or had a relatively high concentration of melanin. In order
to overcome the difficulties that result from these influencing factors, the participating
clinicians used the information of all three methods of fluorescence detection supported
by the investigated system. The outcome of the deliberations was that there was a
clinical need to understand how certain physiological characteristics affect the reported

contrast of the three fluorescence detection techniques.

The classical method for conducting scientific research in clinical practice, the
randomised comparative double-blind study, is relatively un-suited for this task. One
cannot engineer his or her patients, so large numbers of patients are required to satisfy
the statistical requirements of a negative outcome. Furthermore, a large amount of
quite sophisticated histopathological analyses would have to be conducted in order to
establish the concentration and distribution of the various fluorophores and
chromophores in the skin. Computational analysis allows for the careful design of
experiments, as well as the determination of the relevant variables both during and after
the illumination. Of course, this level of detail comes at a cost. The quality of the analyses
is as good as the data that is used in the computational model. Unfortunately, there are
significant limitations on the availability of data. Therefore, my investigations are aimed

at establishing relationships rather than absolute values.

3.5.2 Effect of scattering and absorbing compounds
The investigations on the effect of change in scattering and chromophore concentration

on the reported contrast by the three fluorescence detection techniques showed that
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generally the combined fluorescence technique reported a higher contrast than the

other two techniques.

Epidermal scattering
An increase in scattering decreases the penetration of the light. In the Monte Carlo

simulation, an increase in ps results in an increase of the total attenuation coefficient

. 1
Us = Us + Ug and thus a decrease in mean free path length = As a consequence, the
t

density of simulated interactions in the tissue is shifted towards the surface. This implies
two things in my model. First, since the auto fluorescence method basically depends on
the auto fluorescence of the skin acting as a background for the more strongly absorbing
target tissue, as scattering increases this background signal becomes weaker and the
auto fluorescence method becomes less effective. Second, because the PplIX
fluorescence detection method depends on the strength of the fluorescence emitted by
the target tissue, the upward shift in the interactions increases the number of photons
absorbed by PpIX molecules, and therefore results in an increase in the PplIX

fluorescence signal.

The combined method depends on both the PplX fluorescence detection method and
the auto fluorescence detection method. Depending on the strength of the effects of an
increase in scattering on both base fluorescence detection methods, the combined

method either suffers or gains.

Melanin concentration in epidermis
One of the most notable differences of the skin in humans is its colour, which is caused

by a variation in the melanin content of the skin. Following the famed dermatologist
Thomas Fitzpatrick, the skin of the patient is usually said to fall within one of six classes
(138). Recently Town has determined the melanin content of the skin for each of these

skin types (41).

Melanin influences the fluorescence detection through an increase in the absorption of
light, in particular with regard to the shorter wavelengths such as blue and UV sources
(139). Thus, the epidermal melanin shields the target area from the light source and
blocks the fluorescent light from leaving the skin. In my experiment this effect is more

pronounced for the incoming signal than the return (fluorescent) signals due to the
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shape of the function describing the values for the molar extinction coefficient over

wavelength.

Absorption coefficient of melanin in human skin
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Figure 37: Absorption coefficient of melanin in human skin, (19).

My results show that the fluorescence detection methods are quite sensitive to

epidermal pigmentation. Two aspects of my results are noteworthy.

First, the auto fluorescence method is more sensitive to increases in pigmentation than
the PplIX mono-spectral method. This observation can be understood by looking at the
absorption spectrum of melanin and the differences in the light emitted in the auto
fluorescence method and the PplX fluorescence method (figure 37). The absorption
curve of melanin is decreasing with wavelength. The shortest wavelengths used in my
experiments is 409 nm, emitted by the light source. The light emitted by the auto-
fluorophores has been modelled having a wavelength of 530 nm. PpIX emitted
fluorescence has a comparably long wavelength at 636 nm. This is one part that explains
why the auto fluorescence method is relatively more sensitive to the increase in
pigmentation: A larger proportion of its signal is being absorbed on its way towards the
surface of the skin in comparison to the PplX fluorescence. The second aspect is similar
to what | observed in the scattering experiments: The auto fluorescence depends on the

fluorescence signal emitted from the deeper layers of the tissue. An increase in
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pigmentation implies that less energy is available in those deeper regions to produce

the auto fluorescence.

Blood concentration in target
The results of my experiments show that the accuracy of the PplX based detection

methods decrease with increasing blood concentration in the target. Likewise, the
accuracy of the auto fluorescence based method increases with blood concentration.
Given the fact that the spectral range of the source as well as the fluorescence signals
are well within the absorption spectrum of haemoglobin and oxyhaemoglobin, this can
hardly be seen as surprising. | did note that the way the various techniques are

influenced by the blood concentration differs markedly.

The contrast of the PplIX fluorescence detection decreases exponentially with an
increase in blood concentration. Similarly, the accuracy of the auto fluorescence
detection method increases in a concave manner. This can be explained by the
absorption of all three involved types of light by the blood. The PpIX suffers from the
additional absorption since less fluorescence is produced in the target and less
fluorescence reaches the surface of the skin. Conversely the auto fluorescence method
gains from the additional absorption in the target, as its fundamental method of action
is based on the relative low intensity of the auto fluorescence signal over the target.
Both absorption by the fluorophores and the emission of the fluorescence from the skin

are negatively affected.

The combined method was negatively impacted by the increase in blood, but not nearly
as dramatically as the PpIX mono-spectral method. The relationship between contrast
measured with the combined method and the increase in blood concentration in the
target could be described by a linear function. This method was effective for all tested
values for blood concentration. | also checked for a corner solution, in which blood
concentration was chosen to be equal to that of a blood vessel. Even then the combined
method would have met the threshold of a contrast of at least 1.25. | decided not to
present this result, as those concentrations are (even more) biologically impossible and

thus are of limited interest to my investigation.

Gambichler et al. found that the use of the combined fluorescence detection method

underestimated the area of keratinocyte skin cancers if a threshold of 1.4 was used
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(140). This result has likely been influenced by the concentration of blood in the tumour.
It has been reported in the literature that keratinocyte skin cancers are associated with
lower levels of auto fluorescence (111,112). Rather than being an effect of lower
concentrations of auto-fluorophores, these clinical results might be better explained by
the increase in blood concentration in tumours. It is this increase in vascularization that
gives the keratinocyte skin cancers their characteristic red colour, leading to the moniker

“red skin cancer” (130,131).

The increase in blood concentration limited the penetration of photons into the deeper
parts of the tumour. Highly vascularised tumours will only present fluorescence from
their more superficial parts. This would imply that for such tumours, increasing the
thickness of the tumour would not alter the fluorescence. As we will see below, in
general longer tumours present more fluorescence, but this will only be true for

moderately vascularised tumours.
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Colour image PpIX fluorescence

Auto fluorescence Combined method

Figure 38: Example of difference in outcome of fluorescence detection methods in a highly vascular lesion.

As can be seen from the images in figure 38 above, my results fit well with the clinical
experience. The lesion, a superficial squamous cell carcinoma / Morbus Bowen, shows
less PplX fluorescence than the surrounding skin as well as less auto fluorescence than
the surrounding skin. But when analysed using the combined method, it is clearly

demarcated from the healthy tissue.

The distribution of the fluorescence signal of the tissue surface of the PplIX fluorescence
shows that at higher levels of blood concentration in target scattering at the edge of the
target results in an increase of fluorescence at the border. In highly vascularised targets
one would expect to observe a halo kind of phenomenon, with the area of higher
fluorescence forming a kind of ring around the target area. In their analysis of the data
acquired in the study by Arits et al. (132), Roozeboom et al. noted that low fluence

photodynamic therapy was less effective in superficial basal cell carcinomas that had an
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area exceeding 60 mm? (133). As noted before, more aggressive basal cell carcinomas
are associated with more vascularisation. The combination of low levels of fluence and
a high degree of vascularisation thus can explain the result noted by Roozeboom et al.
(133). | have raised additional concerns against the two mentioned studies in (141).
Recently some of the authors confirmed in a retrospective study that indeed
fractionated PDT, which applies a three-fold higher light dose than the low fluence

protocol, achieves much higher cure rates (68).

3.5.3 Dimensions of target area
The dimensions of the target are of interest since the main purpose of fluorescence

detection system is the localisation of tumours that are difficult to observe with the
naked eye, potentially aided by palpation. Large tumours tend to stand out due to the
reddish appearance of the lesions, not seldom accompanied by scaling or crusting. Small
tumours lack such prominent features, which in combination with that asymptomatic
nature, explains why they are difficult to detect at their earliest stages. The results of
the experiments show that the three different methods differ in their sensitivity to an
increase in target tissue, with the combined method clearly dominating the primary

methods of fluorescence detection.

Target width
The results of the target width calculations show that all three methods experience a

decrease in accuracy when the tumour becomes very small. Once the target is
sufficiently large, there is not much change in the relative performance of the three
methods. This is due to some of the light being scattered in a not-perfectly forward
direction. The light fans out to the sides, causing the observer to detect a mixture of the
fluorescence signal from the target and the directly adjacent tissue. In larger targets, the
boundaries are sufficiently separated to allow a signal to form that contains mainly
fluorescence from the target tissue. As the target decreases in size, this region of the
“true” fluorescence from the target signal disappears, resulting in a limited ability of the

fluorescence detection systems to locate the target.

| did not note an effect in very wide KSC. This suggests that the decrease in efficacy of
PDT when treating larger sBCC reported by Roozeboom et al. is not actually due to the

width of the target, but due to changes that are more prominent in the centre of the
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lesion, such as thickness or vascularisation, both of which do negatively influence the

reported contrast (133).

Target thickness
The results of the experiments on the effect of target thickness of the accuracy show

that there is a large effect for very small targets. Again, the relative size of the signal
emitted by the target versus the background noise emitted by the healthy tissue is
causing a more mixed signal, limiting the ability to detect the target. As the target
increases in size, the strength of the signal emitted by the target increases and the
contrast is readily observed. At some point though, adding more fluorescent or
absorbing tissue does not improve the contrast. This happens in the case of PpIX. When
the incident light is unable to reach the added PplIX molecules, a phenomenon
comparable to the inner cell effect as described by Ackerman can be observed (110). In
the case of the auto fluorescence this point is reached when the complete auto
fluorescence signal emerging from below the target area has been absorbed within the
target area. Adding more chromophores cannot result in an improvement in shading. In
this respect, | note that although PplX is more sensitive to an increase in the target
tissue, it also reaches the saturation point sooner than the auto fluorescence detection

does.

Moreover, for larger targets, the sensitivity of a change in the detected contrast to the
increase in target tissue is rather small, suggesting that this technique might be poorly
suited to determine the thickness of a tumour. That is unfortunate, because that
information is very useful to clinicians. Superficial targets can be treated with non-
invasive or minimally invasive treatment methods, such as PDT, ablative laser therapy,
cryotherapy or topical chemotherapy. More invasive tumours, such as the nodular BCC,
on the other hand are best treated using surgical excision. So being able to determine if
a tumour belongs to the superficial class or the nodular class without having to perform
a biopsy would improve the quality of care for the patient. Fortunately, there diagnosis
can be performed using other optical techniques such as dermatoscopy. It does confirm
the position of the existing fluorescence detection system as a method to detect areas
of interest, and not as a method for determining a diagnosis. Perhaps the results could
be improved upon by conducting a second measurement using a light source with a

longer or shorter wavelength. As shown in figure 40, the molar extinction coefficient for
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oxygenated blood is quite high at 409. Since the absorption coefficients for PplX, FAD,
and haemoglobin are lower for longer or shorter wavelengths, the depth at which the
light would be absorbed is slightly shifted downwards. In particular 365 nm UVA seems
an interesting candidate, as it is part of the spectrum emitted by Woods’ lamp, a device
regarded as being part of the default equipment used in dermatological practice and, as
seen in figure 40, has a more favourable ratio of PplX absorption compared to
haemoglobin absorption. It is possible that the saturation point for 365 nm FD is reached
in larger targets. Comparing the 365 nm FD combined measure and the 409 nm FD
combined measure would then be indicative of the type of the target and could even be

used to non-invasively map out the target.

Molar Exctinction coefficients of FAD, PpIX and 90% oxygenated Hb
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Figure 39: Molar extinction coefficients of FAD, PpIX and 90% oxygenated Hb for 300 nm to 650 nm.

Note that the applied light source emits at the peak of the absorption curves, whereas

365 nm results in a significant decrease in absorption by PpIX and Hb.
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Target depth
| studied tumour depth on the accuracy of the fluorescence detection methods. My

results show that all three methods are vulnerable to an increase in tumour depth, or
conversely perform better when tumour is close to the surface. As a consequence, these
methods of fluorescence detection cannot be relied upon to distinguish superficial and
invasive tumours. Similarly, they cannot be completely relied upon to inspect a previous
excision for remaining cancerous tissue. At least, we need to understand that the

sensitivity is lower than in the untreated lesion.

One rather unorthodox way to interpret these results is to look at the effect of
keratolytic agents on the accuracy of fluorescence detection. Smits et al. and
Kleinpenning et al. note that there is more fluorescence when the epidermis is thinner
(105-108). They focus on the effect this has on the pharmacological aspect of the
method, that is a preferential accumulation of 5-ALA and thus PpIX in areas with a
weaker epidermal barrier function. This will indeed affect the concentration of PplIX and
thus result in a disturbance of the accuracy of the PplIX dependent fluorescence
detection methods, such as the mono-spectral method and the combined method. But
a thinner epidermis also implies less distance between the target and the surface. | have
shown that this can have a dramatic effect, in particular for superficial targets. The
gradient of the contrast curve at the lower boundary of the target depth is quite steep.
| used a rather thick epidermis of 120 um. In a separate calculation, not shown in the
figures, | determined the contrast for an epidermis of 1 um and total distance to the
target of 31 um. The contrast for the PpIX mono-spectral method at that extreme
scenario is 1.84, while the ratio for the auto fluorescence method is 1.72. The careful
reader can already guess what this implies for the combined method: A contrast ratio of
3.18. 1 do not favour that approach, as the epidermis influences the method in four ways:
It increases the concentration of PpIX in the target and the surrounding skin, it removes
melanin which is a relatively highly absorbing agent, it removes a layer which tends to
have a bit higher scattering coefficient, and it decreases the distance to the target. These
effects cannot be separated. Still this effect has been noted in clinical practice and is
represented in figure 26 above. E.g. in a patient which failed to report the use of a

keratolytic agent such as retinoid acid or salicylic acid.
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Tyrell et al. used photobleaching, i.e. the decrease in PplIX fluorescence during MAL-PDT,
as a measure for clinical efficacy and noted that illumination should continue well after
complete photobleaching was achieved (47,142). Valentine et al. reported that the
penetration of PDT in the treatment of superficial BCC was dependent on the level of
fluence applied (123). The results achieved with PDT for superficial BCCs could be
dramatically increased when switching from the low-fluence protocol using 37.5J/cm”2
to a dose of 75 — 150 J/cm”2. The fractioned approach as described by Van der Veen
and De Haas (117,143), which uses 100 J/cm”2 instead of the 37.5 J/cm”2 used in the
low fluence protocol, has indeed proven to be very effective in the treatment of the KSC,
showing much higher cure rates than reported by the low fluence variant (68,132). The
results of the geometry section fit the observation by Tyrrell et al.: The number of PpIX
molecules in the tissue decrease as some are lost during the PDT treatment. Even though
the excitation of the PpIX molecule, and the transfer of the energy by the triplet PpIX
molecule to the triplet oxygen molecule does not consume the PpIX molecule, reactions
of the resulting singlet oxygen decrease the available PpIX. The decrease in PplX starts
from the most superficial parts of the enriched tissue. As the treatment progresses,
more and more of the fluorescence will originate from deeper parts of the tissue. The
target depth results show that, therefore, the intensity of the fluorescence signals will

decrease even when there remains a fairly large volume of enriched tissue.

3.5.4 Distribution of fluorophores
The final section of our experiments concerned the distribution of PpIX in target and

surrounding tissue. This relates to the specificity of a photosensitiser. A sensitizer with
a low specificity will illuminate the surrounding tissue as well as the target. This
negatively impacts the fluorescence detection. Conversely, a photosensitiser with a high
sensitivity results in a stronger fluorescence signal from the target. The ideal
photosensitiser thus has both high sensitivity and specificity. Unfortunately, in practice
you usually can’t get one with the other. | isolated the sensitivity and specificity in the

last two experiments.

PpIX concentration in target
The results show that all three methods of fluorescence detection benefit from an

increase in photosensitiser concentration. The PpIX method benefits from the increase

in the PplIX fluorescence signal, the auto fluorescence method benefits from an increase
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in shading, and the combined method is aided by both these effects. The advantage was
more pronounced in the PplX fluorescence detection method and the combined
fluorescence detection method, with the latter dominating the other two methods over

the complete range.

Dougherty and Potter warned against the use of a highly absorbing photosensitiser in
PDT (137). It would limit penetration of the light and thereby limit the efficacy of the
treatment. In FD, this is not of much concern. Unless a multi-excitation variation is
developed, the shading effect is of little concern. It doesn’t matter how much of the
target area participates in the fluorescence signal, as long as the contrast between target
and surrounding tissue is sufficient for detection. In that sense, FD could benefit from a

more light-absorbing sensitizer, assuming the specificity is not changed.

In their study on fluorescence detection of cancerous tissue, Auler and Bantzer noted
that not all tumours resulted in an increase in fluorescence following the administration
of hematoporphyrin (88). A disturbance in the haem cycle thus could affect the uptake

of 5-ALA or the accumulation of PpIX, which would lower the probability of detection.

PpiIX concentration in tissue
Increasing the concentration of PpIX in the surrounding tissue has a pronounced effect

on the PplX and combined methods of fluorescence detection, and a limited effect on
the auto fluorescence detection method. The increase in PplX in the dermis results in a
decrease in the energy absorbed by the target area. Given that the light used to evoke
the fluorescence has a wavelength that is near the peak of the absorption spectrum of
PplX, an increase in PplX in the dermis has a strong effect on the number of photons
available in the target area. Additionally, the fluorescence signals themselves are

absorbed by the added PplX, but this effect is small compared to the first.

Van der Putten and Van Gemert in 1986 described fluorescence detection using
hematoporphyrin derivative. They analysed multiple wavelengths using Kubelka-Munk
theory. Under the assumptions used in those calculations, changing the excitation
wavelength from 400 nm to 500 nm did not result in an increase in depth at which the
tumour could be located using fluorescence measurements. The explanation the
authors offered was that the photosensitiser in the skin over the target absorbed much

of the excitation light, making the shift to 500 nm insignificant. (97)
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The results from our experiment are in agreement with this result insofar that as the
concentration of the photosensitiser in the dermis / skin increased, the fluorescence

detection methods that rely on the PplX fluorescence from the target started to fail.

Our findings support the use of photosensitisers and prodrugs which have a high
specificity and sensitivity for tissue with a higher metabolic rate, such as the liposomal

encapsulated 5-ALA used in our previous research.

3.6  Limitations of current work
The approach used in this work has notable limitations.

The geometry lacks realism. The skin is represented by two layers, ignoring the actual
heterogeneity of the epidermis and the dermis. Auto fluorescence was modelled using
Flavin Adenine Dinucleotide, rather than the actual mix of fluorophores in the skin. The
fluorescence emission was reduced to a single wavelength. Optical parameters where
simplified and not adjusted according to studied wavelength; e.g. the anisotropy factor
of the excitation wavelength was also applied in the simulation for the FAD and PpIX

fluorescence.

| performed partial analysis, and not a full parametric sweep, thus ignoring certain
interactions between the studied variables. | do not believe that the effect of e.g. target
depth and concentration of PpIX in the target would result in a fundamental different
relationship between one of either variable and the performance of the studied
fluorescence detection methods, and therefore regard this limitation of minor

significance.

The target was assumed to be situated exclusively in the dermis, rather than having a
notable component in the epidermis. This creates a bias against the fluorescence

detection systems, as more superficial targets are easier to locate.

Since this study was intended to increase the understanding of the effect certain
biological variations on the accuracy of a real-world fluorescence detection system, | did
not investigate potential improvements of that system. As noted in the discussion, the
system might perform better if a combination of 409 nm and 365 nm light is used in

essentially a combination of fluorescence detection measurements.

Page 88



3.7  Summary and conclusion
Fluorescence detection of KSC can aid in the early detection of lesions. Since early

treatment is associated with higher cure rates and fewer complications, as well as a
higher degree of patient comfort and lower cost per treatment, the application of such
systems might be beneficial in the management of the skin cancer epidemic (82). This is
in particular true for patients who undergo a solid organ transplant: the calcineurin
inhibitors prescribed in order to prevent the rejection of the organ are associated with
a sharp increase in the incidence of fatal squamous cell carcinomas (136). Even though
the fluorescence detection procedure is both intensive in terms of required time
investment of the patient and the physician, the benefits of early detection and

treatment could well outweigh the costs.

Currently, there is one fluorescence detection system in active use in dermatological
clinics. This system is based on the detection of PplIX fluorescence and normalisation of
that signal using fluorescence from auto fluorophores such as flavin. The measurements
thus can be separated in three components: PpIX fluorescence, auto fluorescence, and
the combined measure based on the two raw fluorescence measurements. Clinical
research has shown that the latter outperforms the first in terms of sensitivity and
specificity, particular when a low concentration of liposomal encapsulated 5-ALA is used
as a prodrug. Based on reports by clinicians using these systems, there is a need to

determine the effect of certain variations in the healthy human skin and the tumour.

For that purpose | have used a Monte-Carlo simulation of fluorescence detection of KSC
to perform a parametric study, and determine of certain parameters affect the ability of
the fluorescence detection methods to determine the location of the target based on
the contrast in fluorescence emitted of the target area and the surrounding healthy

tissue.

The studied parameters are divided in three groups. First, | studied parameters that are
given at the outset of the fluorescence detection and pertain to the optical properties
of the target and the skin. These were scattering of light in the skin, the concentration
of haemoglobin in the target, and the concentration of melanin in the epidermis. The
concentration of blood in the target in particular had a significant effect on the accuracy

of the three methods. The contrast reported by the PpIX fluorescence detection method
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decreased as the concentration of blood in the target increased, making the method less
suited for highly vascularized targets. The auto fluorescence detection method in
contradiction benefited from the additional shading caused by the blood in the target.
The combined method did experience a negative effect from the increase in blood
concentration, but the effect was mitigated by beneficial effect on the auto fluorescence
method. Scattering had a limited effect, suggesting that this is of lesser concern in
practice and not something one would want to take into account in inclusion criteria for
fluorescence detection. Epidermal melanin on the other hand could frustrate a
fluorescence detection, hampering all three methods to such a degree that they were

unable to detect the target.

The second group was concerned with variations in the location and shape of the target.
Target width was determined to be of limited importance. Very small targets are hidden
from observation even when using advanced techniques such as the fluorescence
detection system studied here. The combined method outperformed the other two
methods, but its performance in small targets was lacklustre compared to the situations
of relatively more developed targets. The results on target thickness showed that there
is a saturation effect, at which increasing the volume of the target does not result in
more accurate readings, this also suggests that the fluorescence detection system is not
suited to distinguish between nodular and superficial KSC. Perhaps adding a second
excitation light source, such as a 365 nm LED, could elicit more information from the
target. The distance between the target and tissue surface had a significant influence on
the reported contrast. Very superficial targets resulted in quite high fluorescence, and
targets located in deeper regions of the skin could not be detected using either of the
three tested systems. The latter result has some clinical relevance, as in particular
squamous cell carcinoma’s can develop de-novo in the deeper regions of the skin. Most
invasive SCCs though originate from superficial SCCs which can be detected using the

fluorescence detection systems.

The third group looked at the concentration of PplX in the target and in the skin. PpIXin
target resulted in an increase in accuracy of the PplX fluorescence detection method and
the combined fluorescence detection method. Increasing the concentration of PpIX in
the healthy tissue though had a pronounced and negative effect on the fluorescence

detection methods. Even when the concentration of PpIX in the target exceeded that of
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the concentration in the healthy tissue, the contrast reported by the PplX fluorescence

detection method in particular was worryingly low.

Based on the findings in my study, | would classify the parameters according to the type
of effect they have on the fluorescence detection method. Some are to be regarded as
introducing a limit to fluorescence detection in general, such as target width, thickness,
PpIX concentration in tissue, and melanin in epidermis. As long as one stays away from
certain values, all three methods perform sufficiently. For example, unless the target
becomes really small, volume of the target is of limited influence. These form the
limitations of the system, and should be avoided or managed using additional measures,

if needed.

Others parameters affect the performance of the fluorescence detection methods over
a range, such as blood concentration in the target, target depth, or PpIX concentration
in the target. This information is needed for a better understanding and evaluation of
the results. Being aware of the nature of the effect of blood concentration, target depth
or photosensitiser concentration allows one to be more proficient at performing the
investigation. Target depth can be estimated using a dermatoscope; deeper targets will
show more scattering / a fuzzier image. Blood concentration is readily observable
through the colour of the lesion. Concentration of photosensitiser is a bit more difficult
to establish; an operator would have to enquire about the amount of applied prodrug

and the possibility of unintended photobleaching.

Future research can extend the current analysis by applying models that more
realistically represent the geometry of the skin and the target. Multi-wavelength

excitation could be added, as well as the use of broadband fluorescence.
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4. Laser and IPL therapy for psoriasis — Heat Shock versus
Hyperthermia

4.1 Introduction
Although laser therapy in dermatology generally is applied in the context of cosmetic

and plastic surgical interventions, there are some medically curative oriented
applications for the technology. Usually the lasers have not been developed with that
application in mind, but rather are the result of clinicians recognising the potential of
the technology for the treatment of diseases. As a consequence, manufacturers tend
not to invest significant amounts in research aimed at showing the safety and efficacy
of the treatment. | shall not address the various factors which contribute to this
outcome, but rather address an interesting application of laser therapy in the context of
medical dermatology: the treatment of psoriasis. Due to the introduction of a new class
of drugs, the so-called biologicals, the pressure the treatment of this disease exerts on
the provision of public health care insurance has become a significant threat to the
durability of that kind of Social Security. Laser therapy has been shown to be effective
in the treatment of various inflammatory skin conditions, including psoriasis (144). The
efficacy and safety of laser therapy has been shown in a series of somewhat modest
clinical studies, few of which are comparative in nature (145-148). Other studies
measured the actual physical effects of the treatment on the skin (24,149-151) most of
the scientific and clinical potential has remained untouched. In this chapter | present an
explanation for the efficacy of laser therapy which adds to the current paradigm and
study the comparative performance of pulsed dye laser (PDL) systems and an intense
pulsed light (IPL) therapy according to the presented explanation. | start with a short and
limited discussion of psoriasis. Then | discuss a here hitherto neglected stage in the
pathogenesis of psoriasis. This stage is used as an apex for the explanation of the efficacy
and long treatment free duration of remission of laser therapy. This is followed by the
description of the performed calculations and the presentation of the results. Finally, |
discuss how the results fit the proposed theory as well as some relevant publications

from the dermatological scientific literature.
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4.1.1 Clinical presentation, pathogenesis and treatment of psoriasis
Psoriasis is a common skin condition clinically characterized by the emergence of

erythematous-squamous plaques which are either locally present or are more
distributed over the whole body. Figure 40 shows clinical presentations of three types
of psoriasis, although in practice both level of erythema and presence of scaling varies
considerably within subtypes. The most common form, psoriasis vulgaris, affects 80% of
patients. In addition to the excessive scaling, the lesions can cause considerable itching.
As such, psoriasis has a significant impact on the quality of the lives of those affected.
The lesions are usually symmetrically distributed over the body. The scalp, chest, back
and extremities are commonly involved. Lesions may resemble coins, as is the case in
nummular psoriasis, or palm sized lesions in the case of geographic psoriasis. Other
variants include guttate psoriasis, which is generally attributed to a staphylococcus
infection, and pustular psoriasis which, as the name suggests, is characterised by
accompanying pustules (152,153). It was reported in 2016 that 2.8% of the population

in the UK suffers from this chronic skin condition (154).

Nummular psoriasis Geographic psoriasis Pustular psoriasis

Figure 40: Clinical presentation of psoriasis.
Note the presence of scaling in the examples of nummular and geographic psoriasis in

contrast to the example of pustular psoriasis. Reprinted with permission from (155)
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The pharmacological therapies for psoriasis range from topical ointments containing
compounds such as corticosteroids, tar, and calcineurin inhibitors, to systemic therapies
such as retinoids, calcineurin inhibitors, folic acid analogues, fumaric esters, and
interleukin-17 (IL-17), tumour necrosis factor alpha (TNF-a) or other cytokine blocking
“biologics”. These modalities vary in efficacy and safety. Prolonged use of methotrexate
for example results in a significant increase in the risk for cutaneous carcinomas (8).
Calcineurin inhibitors too are a known carcinogenic, possible responsible for the relative
large percentage of organ transplant recipients passing away due to invasive

keratinocyte skin cancers (136).

Another mainstay of the dermatological management of psoriasis involves physical
modalities such as UV radiation therapy. Here the affected skin is frequently irradiated
with UV light, either as mono-therapy or combined with light sensitising drugs such as
psoralens in the case of PUVA or tar in the case of Goeckerman therapy. The treatments

can be performed in the hospital or at home (155).

The history of UV therapy has not been without its misgivings though. Following the
notion in the nineteen hundreds that sunlight and fresh air was good for the physical
well-being of the individual, the emergence of the skin cancer epidemic has taught us
that moderation is required even in good things (60,63,64). In particular prolonged and
intense PUVA therapy has been shown to introduce an increase in the risk for skin

malignancies (156).

Currently the dominant form of light therapy involves narrow-band 311 nm UVB
therapy, which exerts an immunosuppressive effect on the skin in part through the
isomerisation of urocanic acid (28) and apoptosis of T-cells (157,158). In contrast to
other UV sources, narrow-band UVB does not seem to increase the synthetisation of
epidermal TNF-a (159). Narrow-band UV therapy results in lower cumulative doses for
a given therapeutic effect, nonetheless when deciding to apply the technique the
expected benefits need to be weighed against the potential risks (160,161). Currently
there are no studies that show an increase in skin cancer incidence in patients treated
with narrow-band UVB (162,163), but the quality and quantity of studies leaves
something to be desired for (164).
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Both pharmacological and UV based interventions for psoriasis are limited in the sense
that the resulting clearance of lesions generally is short lived. Duration of (treatment
free) remission generally ranges from a few weeks up to a year (5,165). The treatment
of psoriasis can come at a hefty price, in particular with the emergence of a new class of
drugs, the biologicals, which require continuous treatment and cost between € 10.000,-
and € 18.000,- per patient per year (166). In addition, the long term safety of these
interventions is unknown, as is the actual impact of the suppression of the immune
system on the daily life of the patient. The combination of impact on quality of life, the
large incidence, and the potential excessive and continuous costs stresses the need for
effective, safe and affordable treatments which can induce prolonged duration of
treatment free remission. Thus, the optimal treatment for psoriasis is not known at the

moment.

In my opinion intense light emitting devices, such as lasers and flash lamp pulsed
systems, have the potential to be such a treatment. Pulsed Dye Laser therapy and
Excimer Laser therapy have been shown to be effective in the treatment of psoriasis,
achieving a duration of remission that differs significantly from non-radiation based
interventions (5,6,24,144-147,149,151,167-169). The efficacy of lasers operating closer
to the IR spectrum has not been proven, but here an optimisation of the treatment
parameters and the application of fractional system make any generalisations
premature (170). Unfortunately, the reported achievements have not been adopted by
the wider dermatological community or the academic centres (171-173), and thus
remain the exclusive domain of highly skilled and innovative dermatologists. As a result,

there is a paucity of literature on the treatment of psoriasis.

The medical community is in good company, as the clinical physicists also seem not to
have paid much attention to the study of laser therapy for psoriasis. This is surprising,
since the geometry of the psoriasis lesions suggests that it is well suited for laser
therapy: the typical psoriasis vessels are aligned perpendicular to the skin surface, which
allows more of the laser light to be absorbed within the target (174-178). The rete ridges
that are typical for psoriasis on the other hand could cause the tissue light interactions
to show some less straightforward behaviour, as the interface of the epidermis and

dermis will present itself at a much larger angle, increasing the number of reflection
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events within the skin, in addition to the presence of scaly areas which locally would

induce more scattering (179).

4.2  Histological-pathological and immunological properties of psoriatic
lesions
Psoriasis can be characterised as a condition of increased proliferation and lack of

maturation of the sensory nerves, papillary vasculature and keratinocytes of the skin,
with a strong involvement of the immune system. In this section | discuss some changes

that are present in psoriatic lesions compared to healthy skin.
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Figure 41: Changes in the histology of a psoriatic lesion

The size of the epidermis usually ranges from 30 um at the top of the rete ridges to 1000

pum. Reprinted with permission from De Leeuw (181).

One of the most striking features of psoriasis is the downward elongation of the
epidermis. This is observable in the left part of figure 41: the “teeth” sinking into the
dermis are the so-called rete-ridges. As a result of the hyperkeratinisation there is a
tremendous increase in thickness. In areas such as the back and chest the epidermis
normally has a thickness of 70 to 100 um, in psoriasis it ranges from 30 um above the
capillaries up to 1000 um between the capillaries (179). It is this reduction in thickness
above the capillaries that, in part, is responsible for the (incorrectly) (58) named Auspitz
sign. The rate at which the skin renews itself increases to once every eight days. The
hyperproliferation comes at a cost in terms of maturation and as a consequence there

is little adhesion, causing the characteristic scaling.
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Psoriasis lesions usually present as pink or reddish lesions, indicating a change in the
vasculature. Although no new blood vessels are formed, the existing ones are elongated
and have relatively thin vessel walls. There are gaps in the endothelium lining, which is
not common for the arterioles. They somewhat resemble lymphatic vessels, which do
not occur at the dermal plexus. Noteworthy is that these differences are not limited to
the plaques, but are also visible in the clinically normal skin. The blood vessels in
psoriasis are elongated and feature prominent tortuous loops at the top (174-
176,178,180—-182). As we will see below, there is a marked increase in the neuropeptides
that affect the cutaneous vasculature. This results in angiogenesis, which according to
Heidenreich et al. is the main driver of psoriasis (183). Hendriks et al. reported a strong
correlation between blood perfusion in psoriasis lesions and drivers of psoriasis such as

IL-17 (184).

There is a proliferation of dermal nerve fibres, which reach into the epidermis and its
surface. In contradiction to healthy controls, protein product gene 9.5 positive fibres are
present in the epidermis. The Schwann’s cells are poorly differentiated and axons are
protruding through the nerve fibre. The nerves produce neuropeptides such as
calcitonin-gene related peptide (CGRP), substance P (SP), Vascular Endothelial Growth
Factor (VEGF), and vascular intestine protein (VIP) to mention a few. The concentration
of these neuropeptides in markedly increased in psoriatic lesions. The psoriatic skin also
presents an increased number of receptors for these neuropeptides in comparison to
controls. Morphology suggests that proliferation of Schwann Cells (SC) was so rapid that
normal orientation in relation to other SC and epidermis is lost (185-197). An increase
in neuropeptides can upregulate the immune response, e.g. through the activation of T-
lymphocyte helper 17 (Th-17) cells (198). Myelation might also be hindered by a lack of
maturation of Schwann cells, given that myelation is quite slow in skin to start with
(193). An increase in nerve growth factor (NGF) precedes the development of new
psoriatic lesions, which is relevant as NGF results in an increase in the proliferation of
the superficial cutaneous nerves and decrease in maturation. Both the vascular and

nervous hyperplasia precede the hyperplasia of the keratinocytes.
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4.2.1 Immunological changes in psoriatic lesions
Except for the hyper-keratinization, the histological abnormalities mentioned above are

present in lesional and non-lesional skin. Even the sebaceous glands are abnormal (199).
In a psoriatic lesion the changes though are not limited to abnormalities in the cell-cycle
such as the hyper-proliferation and maturation of the keratinocytes, even though this
had been the dominant paradigm for many years (200). The adaptive immune system is
a major driver of psoriasis, in particular an IL-17 producing Th-17. Blocking that stage of
the immune system results in a full clearance of psoriasis in a large percentage of
patients (201-203). This insight explained the prolonged treatment free remission
following PUVA therapy, as it resulted in a marked reduction of T-cells (204), whereas
treatments that require continuous treatment like Ixekizumab, methotrexate, and

cyclosporine merely suppress the T-cell activity and proliferation (152).

For my research the distribution of T-cell subtype is of relevance. The T-helper cells that
are CD4 positive reside in the dermis, whereas the T-effector cells that are CD8 positive
migrate to the epidermis or remain in the dermis depending on the expression of
integrin CD103. The T-helper are involved in the T-lymphocyte signalling process: When
presented with an anti-gen, they produce cytokines and chemokines which invoke a
further response from the immune system. Th-17 and Th-1 cells are activated by the
secretion of IL-12 and IL-23 by the antigen presenting cells (APC) called dermal dendritic
cells for example. This IL-23/IL-17 axis has become a central focus in the pharmacological
treatment of psoriasis. Notable is that IL-17 is not elevated in serum of psoriasis patients;

it is a pure local phenomenon (152).
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4.2.2 Cutaneous sensory neurons in psoriasis
Although the immunological based explanation for the pathogenesis is a significant step

forward in our understanding of this condition, it fails to provide the complete answer.
This becomes obvious when one looks at the complex relationship between the
cutaneous sensory nerves and psoriasis. Psoriasis lesions respond to events that
exclusively involve the cutaneous nerves. Weddel made it clear that he saw a prominent
role for the cutaneous nerves in the pathogenesis (192). Unfortunately for dermatology,
he pursued a career in the research on leprosy, eventually becoming one of the

prominent scientist in the field.

Referring to the claim by Weddel et al. (192) that the nerve supply related to the
development of psoriatic lesions, Dewing (205) shared the observation by one of his
patients suffering from psoriasis that the accidental dissection of nerve during a
procedure to remove the medial meniscus cleared the psoriasis lesion, with the lesion
returning as the nerve regenerated. Dewing wondered if nerve blocks could be a
therapeutic option. Perlman (206) responded in an affirmative manner. He had a similar
experience: A patient had experienced a complete remission of a lesion following a
procedure in which an anaesthetic was applied. After consulting the anaesthesiologist,
it turned out to be novocain crystals dissolved in spinal fluid. Based on this information
Perlman started to intra-lesional applications of the in-dermatology commonly used-
anaesthetic 1% lidocaine. And behold, it resulted in a clearance of lesions. Not with all

patients, but a proof of concept was certainly provided.

These experiences did not evoke much of a response from the dermatologic field for
quite some time. From the mid-eighties until the early 2000 a group forming around
Eugene M. Farber focussed on the role of the neuropeptides in the pathogenesis of
psoriasis. Although he had studied psoriasis for decades (207), it wasn’t until the eighties
that he started to consider the role of neuropeptides (191). His group eventually made
a number of contributions, focussing on the role of NGF and other neuropeptides in
psoriasis (186,208-210) and the role in the emergence of psoriasis (185,211). They
discovered that an increase in NGF precedes the formation of the rete ridges, and
confirmed reported the lack of psoriasis in patients suffering from leprosy, a condition
in which there is a decreased density and function of cutaneous and in that sense the

mirror image of psoriasis. Wahba et al. (212) had noted the absence of psoriasis in lepers
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as well, and wondered if psoriasis would somehow provide protection against leprosy.
Kumar et al. (211) suggested the inverse relationship, i.e. that psoriasis required good
functioning nerves and thus lepers being protected against psoriasis. The induction of a
psoriasis lesion in lepers is not impossible, as has been reported by Wahba, Dorfman

and Sheskin (213).

There are additional case reports that describe the clearing of psoriasis and other
inflammatory conditions of the skin following injury to a nerve or the coexistence of a
condition that (locally) inhibits the functioning of the cutaneous nerves such as polio

(190,214).

This research is further supported by the successful treatment of psoriasis using
compounds that activate the transient receptor potential vanilloid 1 (TRPV1) such as
capsaicin (215,216). Capsaicin is used for the treatment of itch, or pruritus. Its
mechanism of action is depletion of the c-fibre nerves thus inhibiting subsequent
signalling. The application of capsaicin is far from comfortable, the receptor is activated
by temperatures above 42 degrees Celsius and the cream invokes a similar sensation. A
limitation of capsaicin is that the lesions re-emerge once therapy is discontinued, and it
could not achieve complete clearance in all patients. This suggests that some of the
nerves contributing to the psoriatic lesions lack a TRPV1 receptor. The complimentary
situation is the effect of stress on psoriasis, as well as the effect of psychotherapy on
psoriasis severity (217). Animal models too have shown a dose-dependent effect of
denervation of psoriasis severity, as well as the emergence of psoriasis like lesions

following the administration of VEGF (218,219).

A further consideration is the correspondence between the shape of the psoriasis
lesions and the distribution of the cutaneous C-terminal nociceptor units. Schmelz et al.
and Schmidt et al. (187,188,220) mapped the innervation territories of the skin, which,
asis shown in figure 42, are remarkably similar in shape and size compared to nummular

psoriatic lesions.
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lower leg

‘1cm

Figure 42: Shapes and areas of innervation territories of 16 sympathetic efferents in 3 different regions of the leg.

Complex territories innervated by the same parent C axon are connected by lines.

Reprinted with permission from Schmelz et al. (190).

From the discussed literature follows that the abnormality in the cutaneous innervation
typical for the skin of psoriasis patients is not just a bystander, but rather the scaffolding
on which psoriatic lesions are formed. There is a dose dependent effect of nerve
blocking on the severity of psoriatic lesions. Yet, patients in which the neurological
functioning of the skin is perturbed, either due to pathology or due to adverse events in
surgical Interventions, are not regarded to be immunologically compromised. A general
anti-inflammatory effect of nerve blocking has been reported in the literature, although

the quality of that study was insufficient to draw any real conclusions (221,222). The
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peripheral nervous system is able to influence the immunological system of the skin and
the two act as an integrated system (223-230). For example CGRP can induce a Th2 type
response (231). This interaction between the nervous system and the immunological
system could serve as the basis for a logical chain of events which starts with the
activation of the deficient neurological system by an external event and results in a
persistent dysregulation of the local cutaneous immunology in combination with the
angiogenesis and hyper-keratinization. Although it is possible that the chain of causality
starts with the immunology before the participation of the cutaneous neurology and
angiogenesis, this is less plausible as it fails to account for the marked increase of NRG
at the location of the emerging rete ridges as well as the increase in vasculature that
precedes the increase in lymphocytes. The experience with therapies such as
cyclosporine A and biological therapies based on the IL-17 / IL-23 axis does suggest that
the immunology influences both angiogenesis and acanthosis, either through its effect
on the peripheral nervous system or through a direct effect on the keratinocytes and

dermal vasculature.

4.3  The effects of heat shock on immunology and regeneration
The mechanism of action of laser therapy in psoriasis is poorly understood, but it is

unlikely to be driven by the pure surgical effect of the laser on the vasculature. Hern et
al. showed that the effect on the capillaries alone was not sufficient to explain the
observed effect of laser therapy on psoriasis (149). Rather, an indirect effect on the
immunology seemed to be driving the process. As can be seen from figure 43, they noted
that 585 nm PDL laser therapy resulted in a spectacular decrease in CD4+ cells, which
play an important role in inducing and sustaining an immunological response by
releasing cytokines such as IL-17. This was accompanied by a lesser but clearly present

decrease in the CD8+ T-cells, which actually act upon the targeted cells.

A “fanning out” effect has been observed in the treatment of psoriasis and atopic
dermatitis (24,25,146), indicating a non-surgical mode-of-action for the therapeutic
effect of laser therapy on psoriasis. A clear anti-inflammatory effect can be observed

long after the capillaries have been restored (144,151).
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Figure 43: Effect of 585 nm PDL therapy in psoriasis on T-helper cells (g,h) and T-effector cells (i,j).

As the name suggest, photothermal laser therapy is based on the (selective) heating of
tissue. The (selective) introduction of heat can have a detrimental effect on the survival
of cells and tissue, resulting in severe burn wounds (55,57). One of the clinical
applications of this effect is the treatment of malignancies of the prostate. By heating
the tissue sufficiently, i.e. given a certain temperature profile heating is attained for a
duration sufficient to induce the desired effect, the cells either implement programmed
cell death (apoptosis) or undergo uncontrolled cell death (necrosis). Sub-lethal levels of
thermal damage can induce effects as well. One mechanism that comes into play here
is the induction or release of heat shock proteins (HSPs), a class of stress proteins. These

HSPs can have an pro-inflammatory effect (232), harden the cells against further
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stressful events (233), assist in the restoration of neurons (234-236),or have an anti-

inflammatory effect in particular if heat shock precedes an inflammation (237).

It should come as no surprise that photothermal laser therapy can induce dermal HSPs
(238-242). | note that the location of the induction of the HSPs follows the location of
the targeted chromophore. When the target is water or pigment, HSPs induction could
be quite prominent in the epidermis and dermis. With haemoglobin on the other hand
the primary target will be the dermis, since the epidermis does not contain
haemoglobin. The above suggests that photothermal therapy of inflammatory
conditions could have at least three effects: A lethal heating of cells resulting in
apoptosis or necrosis, a pro-inflammatory effect due to the release of pro-inflammatory
HSPs, and an anti-inflammatory effect based on the induction of anti-inflammatory
HSPs. | regard the first two effects as being detrimental to the efficacy of the therapy
and the latter having a beneficial effect. Nijhuis showed in chapter 6 of his thesis that
HSP70 downregulation promotes apoptosis in cell lines (243), thus supporting the
assumption used in the remainder of this chapter that HSP72i exerts an anti-

inflammatory effect.

The destruction-protection paradox resulting from the induction of apoptosis as well as
the creation of HSPs has been discussed previously by Rylander (244,245) in the context
of the treatment of malignancies of the prostate using diode lasers in combination with
chemotherapy. The problem faced in that context is that treating the tumour by
irradiation will inevitably induce the production of protective heat shock proteins at the
boundary. Unless there is a discontinuity in the stress response of space, a protective
shell is formed which will be more resilient to chemotherapy than it was before the
radiation based therapy. In this context we face the inverse problem. At lower levels of
thermal stress, the anti-inflammatory effects will dominate. But as the levels of stress

increase, lethal doses of heat will occur as well.
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In this chapter | will address the following questions:

1. What are the characteristics of the pro-inflammatory vs. anti-inflammatory
trade-off with increasing energy per pulse for PDL therapy in psoriatic
lesions?

2. How is the trade-off affected by a switch between 577 nm PDL, 585 nm PDL,
595 nm PDL, or a commercially available IPL?

3. How is the trade-off affected by changing the blood oxygenation,
vascularisation of the target tissue, and scattering in the epidermis?

4, How does a reduction of superficial haemoglobin concentration following

vasoconstriction relate to the trade-off?

These questions will be addressed by computational analysis using the 2D Monte Carlo
simulation software described in chapter 2. Although | am unable to engage the
complete problem, as temporal, technological, and financial constraints put limits on
what can be reasonably achieved within the context of the kind of research | am
conducting in this work, | seek to answer some questions that are relevant for

dermatologic practice.

After the calculations for a general case in which the psoriatic capillaries contain blood
conforming to a common degree of oxygenation of 90%, | investigate the influence of a
change in the oxygenation of the blood in the capillaries to an oxygenation of 50% (246).
As psoriatic skin can be quite scaly, | also look at the effect of an increase in the scattering
of the epidermis (179). Finally, | make use of the opportunity to investigate the potential
of pharmacologically manipulating the psoriatic skin in order to further increase the size
of the blood vessels, i.e. the blood volume in the target area. One such compound with
known neuromodulating properties, capsaicin, has already been shown to be beneficial
in psoriasis (216,247,248). These four geometries are subjected to three different types
of pulsed dye lasers (PDL): the 577 nm PDL, the 585 nm PDL, and the 595 nm PDL, as
well as an IPL device that like the PDL devices is aimed at the treatment of superficial

vascular abnormalities. The latter two PDL devices have been used in the study of
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photothermal laser therapy for psoriasis and were shown to be effective (24,145

147,169).

4.4 Materials and methods

441 Geometry
The structure of the psoriatic skin has been described in detail by a number of studies.

The psoriatic skin differs from the skin of healthy individuals by a hyperproliferation and
limited maturation of the keratinocytes, the nerves, and the blood vessels
(175,179,192). The epidermis is more voluminous and the rete ridges are more
accentuated. The thickness ranges from 30 to more than 1000 um, whereas the normal
epidermis has a thickness closer to 70 and 100 um (179,249). The blood vessels are more
numerous, in addition the capillaries are elongated and tortuous at the top, the vessels
have a thinner vessel wall and contain gaps in the endothelial lining. The epidermal
thickness is minimal just above the capillaries. As a consequence the psoriatic skin can
be made to bleed by minimally scratching the surface, the Auspitz sign (176,177,250)
The diameter of the blood vessels does not seem to differ from those in healthy
individuals, but the smaller walls imply an increase in the lumen (251). The oxygenation
in psoriatic plaques is very low compared to that in healthy skin, reaching as low as 30%
(246). The nerves are more numerous as well, reaching into the epidermis, and there is
poor differentiation of axons and Schwann cells (192). The sebaceous glands lack
maturation as well (199). The neuronal, keratinocyte and vascular hyperproliferation

with limited maturation is striking.

| apply a variation on the simple sandwich or layered model as developed by Anderson
and Parrish (252). The model consists of an epidermal layer and a dermal layer. Within
the dermal layer a rectangular area is defined as the target area. Each of these three
layers has its own optical properties, but otherwise is optically homogeneous. The
psoriatic lesion is modelled using a thin epidermis and an area with a blood content of
50% (250). The thin epidermis ignores the more intricate behaviour caused by the rete
ridges and is likely to affect the results. Further research will have to extend beyond my
explicit assumption and the results should be interpreted with this simplification in
mind. The thin epidermis is based on the observation that in psoriatic lesions the skin is
quite thin above the capillaries, as is evident by the well-known but incorrectly named

Auspitz sign (58,152). A situation in which the thin epidermis assumption is more
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accurate than it can naturally be expected is when patients are instructed to treat the
lesions with a preparation containing a high percentage of salicylic acid, or when scaling

has been removed physically through tape stripping.

Lower region of the dermis

Upper region of the dermis
Epidermis

H ‘ Light source 11 w {

Figure 44: Geometry of psoriasis lesion used in study.

Page 107



Layer Dimension (um) Reference

Epidermis 30 (249,250)
Distance between
epidermis and target / 30 (250)

Upper dermis

Diameter of target 9000 (51,250,251)

Thickness of target 300 (176,177,250)

Table 1: Physical properties of geometries

4.4.2 Radiative transport equation
The optical properties for the various layers and geometries are described in the table

below.

4.4.2.1 Scattering and absorption
Although melanin and haemoglobin are the principal chromophores in the skin that

absorb light in the range of 500 — 800 nm, and thus are of most interest for my study,
the skin absorbs and scatters light even in absence of melanin of haemoglobin. The
software package uses the function from Jacques (31) to determine the absorption and
scattering coefficients for the bulk skin for a given wavelength. In order to determine
the appropriate values for light absorption and scattering, this value is adjusted in
accordance with melanin content or blood content and blood oxygenation through a
linear combination of the absorption coefficient for those chromophores. The values for
the absorption by blood is calculated using the values provided by Prahl (20). These
values differ for the various calculations since either the used wavelength(s) change, or
the concentration of the chromophore chances. Table 2 provides an example of the used

values for the calculations on the 595 nm PDL with 90% oxygenated blood.
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Example given for | Epidermis Dermis Blood (90%
595nm oxygenation)
Absorption 5.38 (126) 2.33 (126) (20,253)
coefficient (cm™)
Scattering 64.85 (126) 64.5 (126) 900 (254)
coefficient (cm™)
Anisotropy factor g | 0.77 (126) 0.715 (126) 0.995 (254)
for the H-G phase
function
Table 2: Example of optical properties used in experiments
4.4.2.2 Blood oxygenation
Type Percentage Oxy- | Percentage Reference
haemoglobin deoxy-
haemoglobin
50% 50 50 (51,246)
90% 90 10 (51,246)

Table 3: Blood oxygenation used in experiments

4.4.2.3

Tissue width

| performed a series of experiments in order to establish the minimal tissue width

required for my experiments. That way the maximum resolution (cells per cm? of

simulated tissue) was achieved. The limiting factor is scattering, since photons that leave

the boundary cannot return. Although the code does account for this effect by allowing

a photon to backscatter when it is about to cross the boundary, | prefer to keep the
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relevant scattering events, i.e. those that will result in the heating of tissue, within the

domain of the actual Monte Carlo simulation.

Monochromatic Monte Carlo simulations were performed for 409 nm and 950 nm. Since
the maximum and minimum value for absorption and scattering coefficients in the range
from 409 nm to 950 nm are located at the boundary values, tissue that is of sufficient
width to account for those cases will be able to deal with the intermediate values as

well.

The simulation was performed on a 10 cm wide tissue, containing a 70 um thick
epidermis and a single blood vessel of 30x300 um located at 270 um below the surface
of the skin. The dermis continued for 200 um after the blood vessel. Scattering,
anisotropy and absorption coefficients where used as noted above. A light source
emitting a top hat profile was applied in the middle of the tissue, illuminating a strip of

100 pum.

The results showed that 95% of photons where absorbed within 1000 um adjacent to
the laser beam. From this | concluded that the width of the tissue had to exceed that of
the laser beam by 1000 um. Therefore, | decided to simulate a 7 mm laser pulse on a
9mm wide tissue. A slab of normal dermal tissue continued for 500 um beyond the

capillary layer.

4.4.3 Applied light systems
Pulse dye lasers are presumed to emit light with a wavelength as specified in the name,

i.e. 577 nm, 585 nm or 595 nm. The beam is slightly diffuse with an anisotropy value of

0.9 at the source.

The studied IPL applicator is intended for rejuvenating treatments, in which the
microvasculature and pigmentation are prime targets. The spectral profile is shown in
figure 45. It is more attenuated at the shorter wavelengths. Thanks to the combination
of a cut-off filter and a IR filter, it lacks the NIR tail commonly present in IPL devices. In
addition to rejuvenation, it is used in and approved for inflammatory conditions such as
acne and rosacea, suggesting that it is suitable for other inflammatory conditions with a

similar presentation such as psoriasis and atopic dermatitis.
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Figure 45: Spectral profile of double filter applicator. Horizontal axis represents wavelength (nm). The vertical axis is
an arbitrary unit.

Calculating the absorbed energy distribution for each wavelength with sufficient
photons to achieve convergence over the whole tissue width would require an excessive
amount of computing power, whereas the contribution of the wavelength with the
lowest number of photons would be quite modest as they represent a small share of the
total energy output. Therefore, the spectral output for the lower and higher ranges
where combined and introduced as a larger value for a single wavelength, resulting in

the spectral curve presented in figure 46 below.
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Figure 46: IPL profile used for calculations. Based on data from Town (255)
Since IPL systems produce divergent light, and the software package did not allow for
the use of a separate value for g for each wavelength, | applied g=0.75 for anisotropy in

the phase function of the light source.
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4.4.4 Variables used for the calculation of the diffusion of heat following laser
irradiation
The thermal properties of tissue used in this study are mentioned in the table below.

(256,257) thermal Tissue density p | Specific heat ¢
conductivity (kgm3) (JkgK?1)

coefficient k (Wm-

1K-1)
Epidermis 0.21 1200 3600
Epidermis (HSE) 0.24 1210 3500
Dermis 0.36 1100 3200
Target area 0.47 1080 3520
Target area (dilated | 0.51 1073 3627

vessels)

Table 4: Thermal properties of tissue

For each configuration of device and tissue | calculated the energy needed to heat at
least one area within the tissue to a temperature of 48 degrees Celsius (°C). That is the
critical temperature for HSP induction. This determined the minimum energy. The upper
limit of the applied energy was calculated by determining which energy would induce a
temperature of 100 °C. Four additional pulses were simulated, with the applied energy

being linearly distributed between the calculated maximum and minimum energy.

This approach for the determination of the maximum temperature was also used by
Pfefer (50). My motivation for using this approach is that above 100 °C water undergoes

a phase change, an event the current software package did not account for.

With regard to pulse duration a pulse of 1.5 ms was used. This value is close to what

some actual 585 nm and 595 nm PDLs claim to produce although, the actual pulse train
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profile differs significantly from any reasonable interpretation of that phrase.

(255,258,259)

Although the software is capable of doing so, | did not apply actual pulse train profiles.
Neither did | use the exact value of the thermal relaxation time for a 30 um vessel
(260,261). That predicts a pulse width of 1.41 ms for the 30 um vessels assumed to be
present in a normal psoriatic lesion, and a pulse width of 1.88 ms for the larger 60 um
dilated vessels. The thermal relaxation time, that is a theoretical optimal pulse width
which maximises the selectivity of the photothermal treatment in terms of the thermal
properties of the target tissue, is determined by d?/16a where d is the target diameter
in mm and a is the thermal diffusivity of the target (cm?s*x103). | used the values

mentioned for blood by Duck (256): 1.19 cm?s1x103.

At this time, | find the discussion on the optimal pulse width or the actual pulse profile
of lesser concern, as | do not model the actual vessels and thus the refinement
introduced by realistic pulses and optimal pulse width would be lost in the generalised
treatment of the vascular field. | hope that these details will be included in future work
using a fully three-dimensional Monte Carlo code, which in addition to the thermal
diffusion between the small vessels, can also represent the actual vessel bed as

determined by Qin et al. (250) and Schwarz et al. (51).

For readability, | will present the maximum temperature rather than all time-
temperature plots. Biological effects are the result of a certain temperature being
attained for a certain time. The higher the temperature, the shorter the duration of
heating required to induce the effect. This relationship is convex. Thus, determining the
maximum temperature, or the temperature at time t, is of limited value. The
determination of the biological effects is more suited for the representation of the

effects of the irradiation.
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44,5 Biological effect computations
The biological effects of the laser therapy are calculated using the well-known Arrhenius

damage integral. These calculations were performed in tandem when solving the heat

diffusion equation.

The aim was to compare the ability of the four systems to induce the activation and
release of HSP72i in blood vessels. In order to prevent an increase in inflammation, it is
important to limit the actual damage to the tissue. As a measure for that kind of
overtreatment | use the Arrhenius damage integral for hyperthermic damage to skin
based on the seminal work by Henriques and Moritz during the second world war (55—
57), using the recalculation by Diller and Klutke (262) for temperatures exceeding 50 °C.
Additionally | use the measure by Brown et al (263) for the effect of hyperthermia on
the microvasculature. The idea behind using the measure is the practical potential of
methods like laser Doppler flowmetry to indicate if one has surpassed a certain
threshold which would indicate a predetermined level of HSP induction. What this level
of HSP induction should be would have to be established by further clinical research.
Also, there are reasons to assume that this measure is not universally applicable. An
earlier study did not show a significant change in blood flow following UV therapy (264).
On the other hand, the use of techniques such as laser speckle contrast imaging to
determine the progression of the treatment of psoriasis has received new interest, and
could easily be extended to the laser therapy case (184,265,266). Such an approach then
could be combined with IR measurements at skin surface, allowing an estimation for a

maximum and minimum therapeutic threshold.
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Rather than presenting the absolute values of the Arrhenius damage integral, the size of
the vasoconstrictive effect is presented as the percentage of cells or the percentage of
the tissue that has undergone the effect. Thus, a value of 100% for HSP induction implies
that further stimulation will not induce additional HSP72i induction. Similarly, 100% for
the vasoconstriction measure implies that complete blanching in that particular volume
has been achieved. For the hyperthermic tissue damage, the values for the Arrhenius
damage integral are translated to the typology of Henriques and Moritz. |.e. a value of
1 implies persistent erythema and oedema, a value of 2 implies focal necrosis, and a
value of 3 implies complete loss of the epidermis. This representation is intended to help
the reader to interpret the extent of the damage. The used representation was not
intended for the study of local damage, but nonetheless is informative about the
severity of the effect. The settings used for the calculation of the biological effects are

given in Table 5.

Frequency factor Activation energy | Reference
(J/mole)

Microvascular 1,98E+106 6,67E+05 (263)
damage

Hyperthermia 1.3E95 6.04E5 (262)
induced tissue

damage

HSP72i 6.9E282 1.74E6 (240)

Table 5: Values for the Arrhenius damage integral used in this study.
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4.4.6 Studied scenarios
| study four different variations that are common is psoriatic lesions. The first is the

oxygenation. As noted above, Dwyer and Parish reported that blood oxygenation levels
in psoriasis can be much lower than the normal 90% (51,246). Thus, | study two different
configurations, or cases, based on the level of oxygenation. The first case describes 50%
oxygenated blood, whereas the second describes 90% oxygenated blood. I've used 50%
oxygenation rather than the minimum of 30% as reported by Dwyer and Parish since as
can be seen in figure 5 of their paper the minimum in most of the presented lesion was
50% oxygenation, with a small range at the centre of the lesion having 30% oxygenation

(246).

Another difference in psoriasis is the increase blood concentration in the lesions due to
the changes in micro-vascularization (250). The application of certain compounds can
temporarily increase blood concentration in tissue by inducing vasodilatation (247). In
the third case | model the effect of a further increase in blood concentration to see if
this could further enhance the efficacy of the laser treatment. Here | apply 90%
oxygenation as it is reasonable to expect that the temporary increase in blood
concentration will not be matched by an increase in oxygen consumption. Scaling is
prominent in psoriasis, which results in an increase in scattering. Thus, in the fourth case,
| look at the effect of a significant increase in scattering. | use 90% oxygenated blood in
order to isolate the effect of the increase in scattering compared to the treatment of

healthy skin. For the situation of psoriasis, though, this is less realistic

4.5 Results
In this section, | present the results of my calculations. The section is divided according

to the studied devices, with each tissue type being independently discussed when

necessary and in conjunction with the others where possible.

The biological effects in terms of heat shock protein induction, tissue damage due to
hyperthermia, and effect on microvascular are presented. Energy levels used in the
calculation are based on preliminary calculations determining the virtual energy level
required to heat some area withing the tissue to 100 degrees Celsius. This threshold was
chosen since higher temperature levels would have to take phase change and multiple
changes to the optical properties of the tissue into account, which the used software

package was not capable of. Vasoconstriction is only shown for the target area. The
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presented data is based on an average for a 1 um column under the laser beam. The
measure applied here for vasoconstriction and HSP72i induction is the fraction of cells
showing the discussed biologic effect. So, a value of 1 indicates that the maximum effect
has been reached. With regard to the tissue damage due to hyperthermia | present the
data based on the typology developed by Henriques and Moritz in their papers on the
study of thermal injury. i.e. cells are divided according to the “degree” of skin burn they
incurred. The latter approach was developed for the study of human skin as a whole,
whereas | use it to classify a small area of tissue within the skin. Therefore, the reader is
asked to interpret the measure as a global measure of hyperthermic damage, and e.g.

not as an indication that a small area of tissue has developed necrosis and blistering.

577 nm Pulsed Dye Laser
Haemoglobin, and in particular oxyhaemoglobin, has a relative high affinity for 577

nm. As a consequence, the 577 nm PDL has the least penetration into the tissue of all
studied devices. Switching from 90% oxygenated blood to 50% oxygenated blood
slightly increases the penetration into the tissue, and as a consequence, the depth at

which HSP72i is induced. This is illustrated in figure 47.
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Figure 47: Effect of a change in the properties of the psoriatic lesion on the induction of HSP72i by 577 nm PDL therapy.
The x-axis represents the depth into the tissue from the surface. Values are given for the centre of the lesion. Data is
shown form the surface up to 400 micron, as this was the maximum depth at which any effect was visible. The y-axis
shows the fraction of total HSP72i induction that is caused at that particular location on the x-axis. The curves show
the medium and maximum energy for each variation of the psoriatic lesion. Red represents 90% oxygenation, orange
50% oxygenation, green the dilated vessels, and blue the highly scattering epidermis. The dotted curves represent the
medium energy settings used for each situation. The values are shown in the legend. The continuous curves represent
the maximum energy value, i.e. that value for each situation which would increase the temperature in the tissue to

100 degrees Celsius. This representation is consistent with the figures on the induction of HSP72i that follow for the
other devices.

An increase in scattering from the epidermis had a small effect on the depth at which
the HSP72i was induced, but did result in a significant increase in the amount of energy
required (3.83 J versus 4.30 J, an increase of 12%). The most prominent effect was seen
in the dilated vessels scenario: Both the depth at which HSP72i could be induced as well
as the amount of energy required to heat the tissue to 100 degrees Celsius were
considerably lower than in the other three scenarios. Depth of HSP72i induction
decreased by 7% (highly scattering epidermis) to 16% (50% oxygenation), and required
energy was reduced by 13% (90% oxygenation) to 22% (highly scattering epidermis).

In terms of effect size, at maximum energy levels the 577 nm PDL was able to induce at

least 67% HSP72i induction in 35% (dilated vessels) up to 46% of the psoriatic lesion.

At maximum settings, the 577 nm PDL caused severe and permanent damage to the skin
(third degree burn). This is a direct consequence of the chosen methodology: Heating
the skin up to 100 degrees Celsius is bound to cause this kind of damage. The most
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excessive damage was present at the superficial areas of the target tissue, although at
the direct boundary only recoverable, second degree, damage was present. Note that
with increasing depth the severity of the damage decreases to the second degree. Also
the changes in the tissue properties only influenced the effects in the deeper affected
areas: For the first 100 micron into the tissue, all four maximum energy curves overlap.
At medium settings, none of the scenarios showed hyperthermic tissue damage. The
ranking of volume of tissue affected is equal to that of the HSP72i induction: The smallest
volume was noticeable for the dilated vessels scenario, and the largest volume for the

50% oxygenation scenario. This is shown in figure 48.

Effect of changesin psoriatic tissue on induction of hyperthermic tissue
damage by 577 nm PDL
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Figure 48: Effect of a change in the properties of the psoriatic lesion on tissue damage to hyperthermia by 577 nm PDL
therapy. The x-axis represents the depth into the tissue from the surface. Values are given for the centre of the lesion.
Data is shown form the surface up to 400 microns, as this was the maximum depth at which any effect was visible.
The y-axis shows the “degree” of skin burn that is caused at that particular location on the x-axis. The curves show the
medium and maximum energy for each variation of the psoriatic lesion. Red represents 90% oxygenation, orange 50%
oxygenation, green the dilated vessels, and blue the highly scattering epidermis. The dotted curves represent the
medium energy settings used for each situation. The values are shown in the legend. The continuous curves represent
the maximum energy value, i.e. that value for each situation which would increase the temperature in the tissue to
100 degrees Celsius. This representation is consistent with the figures on tissue damage that follow for the other
devices.

By comparing figure 47 and 48 one can start to appreciate a trade-off: A larger effect in
terms of HSP72i induction in the target tissue can be achieved by increasing the energy

levels. This is not without its negative consequences, as doing so causes significant
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damage to the tissue, which could mitigate the anti-inflammatory effect one intends to
induce.
The effect of laser therapy on constriction of the microvasculature is similar to that if

tissue damage: The effect starts slightly below the surface of the target tissue, as the

build-up of heat is countered at the interface due to the conduction of heat into the

colder surrounding dermis. This is seen in figure 49.

Effect of changesin psoriatic tissue on vasoconstriction by 577 nm PDL
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Figure 49: Effect of a change in the properties of the psoriatic lesion on constriction of the microvasculature by 577
nm PDL therapy. The x-axis represents the depth into the tissue from the surface. Note that data is only shown for the
target tissue, i.e. starting from 60 microns below the surface of the skin. Values are given for the centre of the lesion.
The y-axis shows the fraction of total HSP72i induction that is caused at that particular location on the x-axis. The
curves show the medium and maximum energy for each variation of the psoriatic lesion. Red represents 90%
oxygenation, orange 50% oxygenation, green the dilated vessels, and blue the highly scattering epidermis. The dotted
curves represent the medium energy settings used for each situation. The values are shown in the legend. The
continuous curves represent the maximum energy value, i.e. that value for each situation which would increase the
temperature in the tissue to 100 degrees Celsius. This representation is consistent with the figures on constriction of

the microvasculature that follow for the other devices.
An important finding is that vasoconstriction is non-zero for the (non-damaging)
medium energy levels. Depending on the duration of the vasoconstriction this effect

could be used in a multiple pulses treatment strategy.

Similar to the findings on HSP72i induction and tissue damage, the change in tissue

properties was most prominent for the 50% oxygenation scenario and the dilated
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vessels scenario, with the first showing a positive effect on treatment effect and the

latter having a negative impact on treatment effect.

The HSP72i induction versus tissue damage trade-off is further illustrated in table 6.

Effect size for 577 nm 90% 50% Dilated | Highly
PDL oxygenation | oxygenation | vessels | scattering
epidermis

Fraction of target tissue
with at least 66% 43% 46% 35% 42%
HSP72i induction

Fraction of target tissue
with third degree 13% 15% 11% 13%
damage

Ratio of HSP72i
induction versus third
degree damage
induction

3,24 3,11 3,21 3,31

Table 6: HSP72i induction versus tissue damage for 577 nm PDL.

Although the dilated vessels scenario had the lowest score in terms of efficacy, the 50%
oxygenation scenario, which had the highest efficacy in terms of penetration, showed
the lowest efficiency, i.e. number of cells showing third degree damage relative to cells

showing HSP72i induction.

The area above the target showed little to no damage, as is seen in table 7.

Epidermal and upper 90% 50% Dilated Highly
dermal damage for 577 oxygenation | oxygenation | vessels sca?tterm.g
nm PDL epidermis
First degree 0% 1% 0% 1%
Second degree 1% 1% 1% 1%
Third degree 0% 0% 0% 0%

Table 7: Damage to skin above target tissue for 577 nm PDL.

585 nm Pulsed Dye Laser
The difference in the molar extinction coefficient for oxygenated and de-oxygenated

blood is relative small for 585 nm compared to those for 577 nm and 595 nm. As a
consequence, one wouldn’t expect that the shift from 90% oxygenated blood to 50%
oxygenated blood would have a large effect on the efficacy of the treatment.

Haemoglobin does have less affinity for 585 nm compared to 577 nm. This results in
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more penetration of light into the deeper parts of the target tissue. The effect is evident
in figure 50.
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Figure 50: Effect of a change in the properties of the psoriatic lesion on the induction of HSP72i by 585 nm PDL
therapy.

Maximum depth for the strongest pulses now is 235 microns below the tissue surface
for the 90% oxygenation scenario versus 208 microns below the tissue surface for the
dilated vessels scenario, an increase compared to the 577 nm PDL. The dilated vessels
scenario showed the biggest effect on the depth of HSP72i induction: As was the case

with the 577 nm, there is a noticeable decrease in the depth at which HSP72i is induced
at maximum energy levels.

Unfortunately, there is no free lunch: The increase in total volume of HSP27i releasing
tissue is joined by a larger volume of tissue being damaged due to the build-up of heat.

As figure 51 shows, this effect now extends beyond the target tissue, in particular for

the highly scattering epidermis scenario.
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Effect of changesin psoriatic tissue on induction of hyperthermic tissue
damage by 585 nm PDL
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Figure 51: Effect of a change in the properties of the psoriatic lesion on tissue damage to hyperthermia by 585 nm
PDL therapy.

The effect of a change in composition of the psoriatic tissue on the capacity of the 585

nm PDL to induce vasoconstriction in the target tissue is limited, as shown in figure 52.
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Figure 52: Effect of a change in the properties of the psoriatic lesion on constriction of the microvasculature by 585
nm PDL therapy.
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As in the case of the 577 nm PDL, the moderate energy levels are capable of inducing

vasoconstriction without tissue damage.

Table 8 presents the efficiency of the 585 nm PDL. Although the efficacy of the 577 nm
PDL in terms of depth of achieved effect is clearly inferior to the 585 nm PDL, their
efficiency in terms of damage per HSP72i is quite comparable, with a minor increase in
efficiency for the 585 nm PDL. The dilated vessels scenario stands out, as it has the
lowest efficacy. The other three scenarios show comparable results in terms of efficacy,

with the 90% oxygenation case scoring higher in terms of efficiency.

Highly
scattering
epidermis

Effect size for 585
nm PDL

90%
oxygenation

50%
oxygenation

Dilated
vessels

Fraction of target
tissue with at
least 66% HSP72i
induction

59% 58% 50% 57%

Fraction of target
tissue with third
degree damage

Ratio of HSP72i
induction versus
third degree
damage
induction
Table 8: HSP72i induction versus tissue damage for 585 nm PDL.

17% 17% 15% 17%

3,41 3,36 3,32 3,32

The 585 nm PDL, like the 577 nm PDL, shows a favourable safety profile, although patient
comfort might be a bit less given the increase in first degree skin burn damage in the

skin above the target area (table 9).

Epidermal and upper 90% 50% Dilated Highly
dermal damage for 585 | oxygenation | oxygenation | vessels | scattering
nm PDL epidermis
First degree 12% 11% 1% 52%
Second degree 2% 2% 1% 4%
Third degree 0% 0% 0% 0%

Table 9: Damage to skin above target tissue for 585 nm PDL.
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595 nm Pulsed Dye Laser

The molar extinction coefficient of haemoglobin and oxy-haemoglobin for 595 nm is
considerably less than that for 585 nm or 577 nm. In addition, attenuation is higher in
de-oxygenated blood compared to oxygenated blood. As a consequence, the 595 nm

PDL has the highest penetration of all studied systems. This becomes evident from
figures 53, 54 and 55.
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Figure 53: Effect of a change in the properties of the psoriatic lesion on the induction of HSP72i by 595 nm PDL
therapy.

In Figure 53 we see that even the moderate settings are able to induce HSP72i well
beyond what is possible with the 577 nm PDL irrespective of the scenario studied.
Noteworthy is that this time the dilated vessels scenario is not the poorest performer

Here that distinction goes to the 50% oxygenation. Blood composition is more relevant
to the 595 nm than the actual amount of blood, a clinically significant finding. Not the

least since blood oxygenation is more difficult to assess with the naked eye than blood
volume.
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Effect of changesin psoriatic tissue on induction of hyperthermic tissue
damage by 595 nm PDL
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Figure 54: Effect of a change in the properties of the psoriatic lesion on tissue damage to hyperthermia by 595 nm
PDL therapy.

Unfortunately, the increase in efficacy is accompanied by an increase in damage. Still,
even though the moderate settings not just outperform the maximum settings in terms

of depth of HSP72i induction, they do so while causing considerably less damage to the

tissue.
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Effect of changes in psoriatic tissue on vasoconstriction by 595 nm PDL

7 <%
o ARNY
! "
] \
09 il, (RN
W\
) \ n‘
\
O os i LAY
9] W1
& W
(O] W \
o0 0,7 ‘| )
= Y
£ W
2 o6 'R
o (LR
< Wt
%) ‘\‘ |‘
«» 05
= : “\ \
8 [ W
G 04 'l “\ \
o ' W
c . [V
8 R — R
3] ¥ W\
[ W
“ 02 [} AW}
e ' W S
W\
-\
01 AR
[/ Ny
4 S
< Ik 2 T
o =
60,0 91,0 121,0 152,0 182,0 2130 2440 2740 305,0 335,0
Depth in tissue (micron)
o en @ 595 NM - 90% - 5.00 | emm— 595 nm - 90% - 9.50 J

595 nm - 50% - 3.68 )

595 nm - 50% - 6.95 J
= emem 595 NM - DLV - 4.2]1 ) w595 nm - DLV -7.90) = e e 595 nm - HSE - 5.44 )

e 595 NM - HSE - 10.30J

Figure 55: Effect of a change in the properties of the psoriatic lesion on constriction of the microvasculature by 595
nm PDL therapy.

At maximum setting, the 595 nm PDL should be able to induce complete blanching of
the target tissue. Whether or not this effect would be obscured by potentially occurring
purpura resulting from rupture blood vessels cannot be determined by the analysis
conducted in this work. It does suggest that the 595 nm PDL, ignoring the potential

limitations arising from the pulse train profile applied by the commercially available

machines, could be suited for a stacked pulses approach.

The efficiency, safety and comfort of the 595 nm, as shown in tables 10 and 11, generally

is lower than that of the 585 nm and 577 nm PDL, with an exception for the 50%
oxygenation.
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Effect size for 595 90% 50% Dilated Highly
nm PDL oxygenation | oxygenation | vessels | scattering
epidermis

Fraction of target
tissue with at
least 66% HSP72i
induction
Fraction of target

tissue with third 35% 26% 32% 32%
degree damage

Ratio of HSP72i
induction versus
third degree 2,80 3,15 2,83 2,95
damage

induction
Table 10: HSP72i induction versus tissue damage for 595 nm PDL.

97% 82% 91% 95%

Epidermal and upper 90% 50% Dilated Highly
dermal damage for 595 | oxygenation | oxygenation | vessels | scattering
nm PDL epidermis
First degree 0% 0% 0% 0%
Second degree 100% 100% 100% 100%
Third degree 0% 0% 0% 0%

Table 11: Damage to skin above target tissue for 595 nm PDL.

Intense Pulsed Light
IPL devices differ from laser devices in that they are a broad-band light source. This

makes it relatively more difficult to interpret the expected behaviour, in particular when
producers fail to publish the spectral output curves. Still, applicators which perform
better in the treatment of superficial enlarged red blood vessels like in the case of spider
veins than e.g. in the treatment of unwanted hair can be expected to behave more akin
to a PDL than to a 1064 nm Neodymium doped Yttrium Aluminium Garnet (Nd:YAG)
laser or 755 nm Alexandrite laser. The studied IPL showed behaviour comparable to that
of a 585 nm PDL, and in lesser degree of a 595 nm PDL. It did require significantly higher
energy levels to achieve the same physical effect, e.g. heating some part of the tissue to
100 degrees Celsius. Although falling short of the 595 nm PDL in terms of depth at which
HSP72i could be induced, the IPL showed more penetration than the 585 nm PDL (figure

56). Anincrease in total blood content in de tissue had a detrimental effect on maximum
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depth of effect, whereas an increase in scattering in the epidermis showed the greatest
depth at which HSP72i could be induced.

Effect of changesin psoriatic tissue on induction of HSP72i by IPL
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Figure 56: Effect of a change in the properties of the psoriatic lesion on the induction of HSP72i by IPL therapy.

The IPL showed less favourable results than the 585 nm PDL in terms of patient comfort
and safety, as shown in figure 57 and table 13. Surprisingly, the IPL seems to greatly
benefit from an increase in total blood content: There a significant amount of HSP72i

induction can be achieved with, in comparison to the other devices, quite limited
damage.
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Effect of changesin psoriatic tissue on induction of hyperthermic tissue
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Figure 57: Effect of a change in the properties of the psoriatic lesion on tissue damage to hyperthermia by IPL therapy.
The vasoconstriction effect noted for the PDL system is also present in the treatment

with the IPL. The shape of the curves is not too dissimilar to those of the 585 nm PDL.

Effect of changesin psoriatic tissue on vasoconstriction by IPL

0,9

038

0,7

0,6

0,5

04

0,3

Fraction of cells showing effect

W
v 0
v ¥
02 v !
(W |
[ |
v v
0,1 [N §
v ¢
<%
6 "~ =s
60,0 91,0 121,0 152,0 182,0 213,0 2440 2740 305,0 335,0
Depthin tissue (micron)
o= em em |PL-90%- 4.3] ) esmmmm—|P| - 90% - 8.28 ] IPL - 50%-3.90J IPL-50%-7.51)

= = @ [PL- DLV - 3.74 ) emsmms |PL - DLV - 7.20) @ @ @ [PL - HSE - 5.07 ) e PL. - HSE - 9.76 )

Figure 58: Effect of a change in the properties of the psoriatic lesion on constriction of the microvasculature by 595
nm PDL therapy.
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In terms of efficiency (table 12) the IPL seems to score top marks, dominating the PDL
systems in terms of HSP72i induction per unit of third-degree tissue damage. This is
surprising, since the technology is generally regarded as being inferior to “true” laser
systems as a consequence of the lower degree of selectivity. Patient comfort might have
something to be desired for though, at least in comparison to 585 nm PDL. Techniques
such as dynamic cooling, in which cooling is postponed until some milliseconds after the

application of the laser pulse, could become relevant here.

Highly
scattering
epidermis

Dilated
vessels

90%
oxygenation

50%
oxygenation

Effect size for 595
nm PDL

Fraction of target
tissue with at
least 66% HSP72i
induction

61% 64% 55% 65%

Fraction of target
tissue with third
degree damage

Ratio of HSP72i
induction versus
third degree
damage

induction
Table 12: HSP72i induction versus tissue damage for IPL.

17% 17% 14% 17%

3,71 3,86 3,89 3,95

Highly
scattering
epidermis

Dilated
vessels

90%
oxygenation

50%
oxygenation

Epidermal and upper
dermal damage

First degree

90%

86%

1%

0%

Second degree

10%

14%

1%

100%

Third degree

0%

0%

0%

0%

Table 13: Damage to skin above target tissue for IPL.

Required energy levels
As noted in the beginning of this section, the results are based on the calibration

according to the achieved temperature in the target area. As a consequence, the
difference in energy required to actually achieve the increase in temperature is

somewhat obscured. Figure 59 shows the amount of energy used for the calculations.
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The software package used for these experiments contains a calibration factor which
allows it to be validated against thermographic measurements of the skin surface. | did
not have access to data describing these values for psoriatic lesions treated with the
different systems. As a consequence, we cannot provide real world values, and the
reader is reminded that these values are intended to allow one to compare the relative
values and thus understand the relative performance or characteristics of the

investigated light sources.

Energy required to achieve heating up to 100 degrees Celsius in target
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Figure 59: Energy levels required for 100 °C in target areas.

The 577 nm PDL and 585 nm PDL are similar in terms of required energy. The 595 nm
PDL on the other hand requires between 75% and 140% more energy than the 577 nm
PDL in the same geometry in order to achieve, or rather be limited, by the 100 °C
threshold. | note that like the 595 nm PDL the IPL required significantly larger energy
levels than the 577 nm PDL and 585 nm PDL for a given increase in temperature, even
though in terms of induced effect the IPL is much more similar to the latter than it is to

the prior.
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4.6 Discussion

Efficiency vs. Effectiveness
We have seen from the results that the different devices show clear differences in terms

of efficacy (what is the maximum depth at which an effect can be induced) and efficiency
(how much undesired damage does the treatment cause for a given beneficial effect).
E.g. the 595 nm PDL showed the highest degree of efficacy, as it could induce HSP72i
throughout the psoriatic lesion. Its performance in terms of efficiency though left
something to be desired for. Within the set of scenarios studied for the 595 nm PDL, the
50% oxygenation case stood out: There the efficiency greatly improved, albeit to the
detriment of the efficacy. The difference between the 50% oxygenation and the other
scenarios is the absorption coefficient for the blood: De-oxygenated blood has a
stronger affinity for 595 nm than oxygenated blood has. Here the efficiency of the 595
nm PDL was not too dissimilar to that of the 577 nm PDL, for which both studied variants
of haemoglobin have an even stronger preference. Yet the efficacy of the 595 nm in the
50% oxygenation scenario was nearly double that of the 577 nm. This illustrates that
more selectivity is not always desired. Just like is the case in fluorescence detection, here
a balance must be struck between penetration of the light and selective absorption of
that light by the target tissue. If you have insufficient selectivity, the volume of tissue
that is unintentionally damaged is too large. When there is too much selectivity, too

much targeted tissue remains untreated.

| note that in the current study efficiency is only studied for the maximum energy values.
For each device there exists an energy level for which there is a strictly positive amount
of HSP72i induction without any third-degree skin damage. For those situations, the
used efficiency measure would break down, and one would have to resort to a related
measure such as a second-degree skin damage. Additionally, an efficiency measure not
reported here, but which potentially could be pursued in future work, would be the
maximum volume of HSP72i induction and vasoconstriction without third degree skin
damage in any part of the tissue. This measure would be of particular interest for the

use of stacked pulses, as discussed below.

Page 134



IPL for the treatment of psoriasis
It is worthwhile to further investigate the application of IPL devices in the treatment of

psoriasis, since other interventions either lack efficacy, cannot achieve treatment free
duration of remission, are associated with severe adverse effects and complications, and
may burden society with an unsustainable cost of treatment. Even when laser or IPL
therapy might not be optimal for a given patient, they would be suited as a supporting
therapy in addition to treatment with e.g. systemic or biological pharmaceutical
modalities, since the latter are regularly unable to achieve complete clearance. Laser
treatments are limited in their practicability because of the small area that can be
treated per pulse, requiring a relatively large amount of specialised labour that needs to
be committed for a treatment. IPL devices are relatively cost-effective and are
associated with applicators that allow for the treatment of quite large areas per pulse
compared to the PDL devices. (Vascular) laser therapy could be relatively better
equipped to treat psoriasis than the pharmacological modalities or UV based therapies.
The emitted photons are too weak to induce DNA damage, laser therapy will not damage
the kidneys or liver, are not associated with atrophy of the skin (rather the opposite),
and do not cause gastro-intestinal discomfort. Patients do not have to change their
lifestyle for sake of the therapy, allowing for the enjoyment of the occasional alcoholic
refreshment. Moreover, the fact that blood perfusion in psoriatic lesions is associated
with the immunological drivers of the disease creates a natural selectivity other
therapies lack (184,265). It implies that dermal HSPs are particularly induced in those
locations where they are most required: the dermis below the psoriatic lesions, close to

the CD4+ and CD4+CD8+FOX3+ T-cells.

Due to the technology of IPL devices, they can be constructed as to offer the clinician
more flexibility in the application. E.g. applicators can differ in area of the light source,
shape of the optical band, and the temporal profile of the light emission. The latter in
particular is a potential advantage of IPL devices compared to PDL devices. Although |
chose not to analyse the pulse train profile in this study, | do note that some laser devices
are not capable of producing anything but sub- millisecond pulses. IPL devices on the
other hand are generally better equipped to deliver longer pulses, to the range of 5 ms
per pulse. Longer pulses might result in a downward shift of the HSP production, as more

heat from the superficial regions of the target is being diffused towards the surface
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during the pulse. Longer pulses do require higher energy levels to attain a given degree

of heating, increasing the risk of hyperthermal damage to the epidermis.

In the current study | used a relative low percentage of melanin. The results presented
in this work should be verified for different levels of pigmentation, as well as for various

additional factors such as the use of cooling techniques and pulse trains profiles.

Therapeutic effect versus damage
In my study, | noted a consistent trade-off between expected efficacy, that is the total

HSP72i production as well as the location of that production, and the expected adverse
effects, that is the degree of tissue damage which might invoke a Koebner phenomenon
or even result in skin burn. This is a departure from earlier approaches in laser therapy,
which focus on achieving a certain histological effect such as the destruction of a hair
follicle or the coagulation of a blood vessel. The approach presented here seeks a
maximum net biological effect which is the resultant of a positive and a negative effect.
This is not to say | am the first to depart from the maximum damage paradigm: the
application of what is called long pulsed dye laser for rosacea by Nymann et al. (270)
precedes the approach presented in this thesis. Rylander et al. took the effect of heat
shock approach as a countervailing power for photothermal therapy for malignancies
into account (245). But neither sought an optimum between two effects: Nymann et al.
wanted to avoid damage, but did not relate the lower settings to some measure of
efficacy, whereas Rylander et al. still maximized the damage function. In this study
thermal injury and heat shock are different sides of the same coin, requiring a balancing

act.

Future research will have to identify the drivers of the pro- and anti-inflammatory effect
of laser therapy, as well as the associated kinetics, and hopefully will provide us with
either sensors or an associated clinical response which allows us to determine if we have
achieved maximum net effect or not. The presented results could be used to optimize
and generalize the HSP approach so one could achieve more HSP72i induction for the
same degree of thermal damage, or induce less damage for a given amount of HSP72i.
Furthermore, given the noted efficacy of PDL therapy for inflammatory conditions in

general, as reported by Erceg et al. (144), the HSP72i versus thermal injury paradigm
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could be used to improve the treatment of much more inflammatory conditions than is

currently the case.

HSPs are a family of molecules that play a central role in the response of cells to various
stressors. The name heat shock protein is a bit of a misnomer and reflects the fact that
they were first discovered as a response to thermal injury in Drospholia (271). Although
HSPs are the primary response of tissue to heat, research has shown that HSPs can be
induced by non-thermal events as well, including UV irradiation (272-275). Heat shock
proteins are differentiated according to their molecular weight. They are highly

conserved in cells and can be either constituent or induced by stressors.

The literature on heat-shock proteins has shown that some of the proteins can induce
an anti-inflammatory effect (276,277), as well as a regenerative effect on the malformed
cutaneous innervation (233,235,236,278-280). As | noted before, the latter is a hallmark
of psoriasis lesions (189,191,192,208,209,281,282). HSPs have been identified as an
important player in the differentiation of neural cells (283), which would correct limited

maturation of the neurons in the psoriatic skin as reported by Weddel et al. (192).

Lasers are not unique in their ability to induce HSPs, further supporting the notion that
it is the induction of HSP that drives the efficacy of laser therapy. On the contrary, the
mainstay of phototherapy in dermatology, UV therapy, as well as the more novel
photodynamic therapy are capable of producing dermal HS, or at least with a decrease
in pro-inflammatory cytokines such as IL-17 and neuropeptides associated with the
onset of psoriasis lesions such as SP and CGRP (151,238,240-242,272,275,284—-289). It
also explains why laser therapy is more effective in inflammatory conditions such as

acne or eczema. (25,144-146,290).

Of particular relevance is the observation by Bovenschen et al. that regulatory T-cells
produce IL-17 in psoriasis, in effect behaving as a T-helper cell (277). This could explain
the chronic nature of psoriasis. HSP70 also exerts an effect on these regulatory T-cells
(276). Since laser therapy can induce perivascular HSP70 (239,242,285,291), it might not
just create an anti-inflammatory effect, but at the same time prevent the role reversal

of the CD4+CD8+Fox3+ T-cells in psoriasis.
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In practice, it has been observed that the 595 nm PDL treatment for psoriasis is more
effective when it is combined with a potent corticosteroid, such as clobetasol-17-
proprionate (145). As | have noted above, laser therapy achieves its success by
decreasing the supply of T-cells. The demand for an immunological response, to frame
the interaction in the terminology of the dismal science, on the other hand will not
decrease by laser therapy alone. Corticosteroids do, and that might explain the
presumed efficacy of a combination therapy. So even though Bovenschen et al. and
Erceg et al. showed that the 585 nm PDL is superior to quite potent topical
corticosteroids and vitamin D analogues (147,169), one might find that the combination
is superior to PDL monotherapy. Obviously, this question cannot be answered through

computation and requires an appropriately designed randomized double blind study.

An addition to the observation by Hern et al that a purely surgical effect on the vascular
bed is unlikely to explain the observed effects (149), can be derived from a study on the
efficacy of the 1064 nm Nd:YAG (170). The contrast in absorption between blood vessels
and the surrounding tissue of the light emitted by the Nd:YAG laser is much lower than
that of either of the studied PDL devices, resulting in a deeper penetration of the light
and of the therapeutic effect. The notion that biological rather than surgical effects are
responsible for the efficacy of laser therapy in psoriasis is also supported by the findings
by Higgins et al. (292). They found that increasing the UV dose did not result in a more

effective treatment, faster onset of remission, or longer duration of remission.

As noted above, there are some striking similarities between UV therapy and selective
photothermolysis based laser therapy. The results of studies on the use of sub
erythematous doses of UV light in psoriasis suggest that a similar trade-off is present in
UV therapy (293). That is, using lower doses of UV light results in delayed clearing of the
lesions, but at a lower total cumulative dose. The latter implies a lower risk for skin
cancer. Increasing the intensity of a UV session would increase both the depth and
amount of HSP72i induction, but also the induction of the mutagenic cyclobutane
pyrimidine dimer in the epidermis and dermis (148,294), which results in the apoptosis
of keratinocytes (295). The idea of a therapeutic effect — detrimental effect trade-off is
further supported by the observations by Gu et al. who suggest that oxidative stress
should be avoided, in particular when reaching the end of the schedule and thus the

relative higher doses of radiation(296). This would strengthen the case for large area
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laser or IPL therapy for psoriasis, as itisn’t carcinogenic in contradiction to most systemic

pharmacotherapeutics or UV therapy.

Another striking similarity of light based therapies when compared to pharmacological
interventions is the duration of remission. Both UV therapy and laser therapy can
achieve comparable long durations of remission (5,6,165). The effect of HSP72i on the
regeneration of the innervation of the skin could be a potential explanation for this

difference in effect.

Noteworthy is that in the study by Zelickson et al. the regrowth in a partially treated
psoriatic lesion emerged from the boundaries of the remaining parts of the lesions, and
not homogenous, indicating a biological process which requires the conditions typically
present in the psoriatic lesions (24). Narrow-band UVB results in decrease in peripheral

blood mononuclear cells, indicating another supra-regional effect (297).

Unfortunately, temporary worsening in disease severity during laser treatment has not
been systematically analysed or reported, but from experience, personal
communications and the sparse mentions in the literature we know that Koebner in
laser therapy of (neuro)inflammatory conditions is possible (298-300). As noted in the
introduction, HSPs can evoke an immunological response as well (301,302), allowing the
possibility of a worsening of the condition even at sub-lethal intensities. Kakeda et al.
showed a marked increase in HSP90 in psoriatic lesions, both in the dermis and the
epidermis (303). Senderup et al. further showed that a HSP90 blocker was able to reduce
the severity of psoriasis in a graft model (304). Wu et al. note that HSP90 can increase
the levels of IL-17 (305). Lehner et al. on the other hand notes that some HSP70 proteins
are capable of activating the immune system, mentioning a potential role in vaccination
strategies (306). This suggests that HSP90 is likely to cause a pro-inflammatory response,

especially in tissue such as the epidermis of psoriasis patients.
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Figure 60: Pro-inflammatory and anti-inflammatory effects of 595 nm PDL in psoriasis

Figure 60 illustrates my point. Here we see psoriatic lesions before and after 595 nm PDL
treatment. De red-brown spots in the post-treatment are post-inflammatory
hyperpigmentation, a tell-tale sign of inflammation. It indicates that with this patient,
the settings were too aggressive. What | note though is that the area around the spots
has cleared, indicating the beneficial effect of HSP72i. So here we see both pro-

inflammatory HSPs and anti-inflammatory HSPs having their effect on the lesions.

The HSP in epidermis paradox is solved by observing that these HSPs do not pass through
the dermal barrier. Therefore, they are separated from both the CD4+ cells and
CD4+CD8+Fox3+ cells responsible for the therapeutic effect, ignoring the question

whether the epidermal HSPs actually are inducible by nature or rather constitutive.

The notion that both UV therapy and laser therapy can, through the induction of HSPs,
result in an anti-inflammatory or a pro-inflammatory response explains the paradoxical
observation by De Leeuw et al. that the combination of 585 nm PDL and 311 nm UVB
was less effective than each treatment on its own (146). From the results above, we
know that both 585 nm PDL and 311 nm UVB therapy have a more pronounced effect
at the superficial regions of the target area and the overlying dermis and epidermis. If
UVB therapy has progressed sufficiently to induce erythema, implying that most of the
HSP72i induction at the superficial areas had already been achieved, one would expect
only a marginal benefit of a subsequent application of the PDL in terms of HSP72i
induction, and a strong increase in terms of tissue damage as some level of damage had
already been induced. The 595 nm PDL would suffer less from this effect, as it has a
more pronounced effect at the deeper regions of the skin, yet one would expect optimal

settings to prescribe lower energy levels.
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Vasoconstriction as a measure of actual effect
One measure which has up to this point avoided discussion is the effect of the lasers on

the constriction of the vasculature of the lesion. The reason why | am interested in this
measure is a practical one. A practitioner would be interested in determining the effect
of laser therapy in a non-invasive and cost-effective manner, allowing for the real-time
adjustment of treatment parameters as to achieve an optimal result given the
limitations of the available technology. To become an expert in the application of lasers
for the treatment of skin conditions, one must learn to “read” the skin. That is, one
judges the concentration and distribution of melanin by looking at the skin tone. The
depth of the target is estimated by looking at the colour and sharpness of the
presentation. And the thickness of the skin affects safety and efficacy. This and much
more is considered when the initial setting is determined. After the first pulse, the skin
response is observed, which to the trained eye gives an indication how close the settings
are to the optimum for the patient. Developing these skills generally requires many
years of training and a lot of practical experience. Yet in technical terms this can be
simplified to the application of a straightforward algorithm following a repetitive
measurement by an optical sensor. We can measure colour and temperature before,
during and after the pulse. The question then is can we emulate the decision process of
the experienced clinician using relatively cost effective technological solutions? The
issue of costs and ease of use are binding constraints in this sense. There are quite
interesting and promising technologies available on the market, such as ultra-high
frequency ultrasound, laser speckle contrast imaging, and multiphoton tomography.
The application of deep learning algorithms could be of benefit as well: Recently it was
shown that image recognition techniques perform as well as board certified
dermatologists when it comes to the recognition of melanoma skin cancers (307) .
Unfortunately, the costs associated with the acquisition of these devices exceeds tens
of thousands of euros, and not all of them are suited for an instantaneous or quasi-

instantaneous measurement during treatment.

Less advanced techniques such as colourimetry and laser Doppler flowmetry are better
suited in terms of practicality and affordability, but require the therapy to induce a
sufficiently large effect on the blood flow to be measurable. The results in a study

suggest that this indeed is the case. The distribution of the energy and the subsequent
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heating of the target issue indicate that vasoconstriction will first occur at the top of the
target tissue and continue deeper into the target tissue as energy levels increase. One
would expect the lesion to show a certain amount of blanching: the vasoconstriction will
remove the most superficial amounts of blood, thereby creating a “milk-like”
appearance of the remaining lesion. This of course is nothing more than an increase in
the amount of light back scattered towards the observer. Further computational studies
could create colour tables for various geometries prior to and after successful laser
therapy, indicating the feasibility of that approach and potentially creating the

justification for a clinical study.

Perhaps more interestingly, the vasoconstriction offer more insight into the logic behind
the stacking of sub-purpura pulses in the PDL treatment of e.g. photoaging or
telangiectasia (270,308,309). The vasoconstrictive effect is located at the top of the
target area. If one would apply a second pulse in sufficiently short succession to the first,
the effect of the second pulse would be exerted at a further distance from the skin
surface than the first. As such, stacking would allow for the induction of higher
concentrations of HSP at deeper levels of the target area. Yet a second pulse could also
create significant additional damage if the tissue hasn’t cooled sufficiently yet. The latter
can be avoided by spacing the pulses such that the temperature of the tissue has
returned to its initial values. The question then is if the time required for sufficient
cooling is longer or shorter than the duration of the vasoconstriction. The answer to the
guestion is interesting for the IPL. In a one pulse setting, it is inferior to the 595 nm PDL
and could be on par with the results of the 585 nm PDL. The main difference between
the 585 nm PDL and IPL is that the latter results in more pronounced heating of the
dermis and epidermis at a certain heating of the target tissue, as well as a slightly deeper
effect into the target area. Nonetheless, the IPL seems to be able to achieve a higher
degree of efficiency in terms of induced heat shock protein per tissue damage for the

currently studied scenario.
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4.7  Limitations
The presented study suffers from significant limitations, which | will discuss here.

1. The sandwich model ignores the shape of the rete ridges. Since in psoriasis there
is a significant increase in size of the rete ridges, we might be unaware of
additional effects in terms of scattering, reflection, or heat diffusion.

2. The computational software is based on a two-dimensional code. This again
might underestimate certain effects, in particular depths (310). Bashford
however shows that the two dimensional and three dimensional Monte-Carlo
codes both are able to derive the same benchmark diffusion problem given by
the analytical expression in chapter 12 of the classical work by Morse and

Feshbach (45,46). This result is shown in figure 61 below.
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Figure 61: Graph to show 2D and 3D Monte Carlo against the analytical solution for g=0.8.

3. The target area was treated as a homogenous slab, whereas in reality it is more

akin to a mesh of blood-vessels. The noted existence of a relationship between
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light source, energy, HSP72i, vasoconstriction, and thermal energy is unlikely to
be affected by this lack of realism.

Various important variables were kept constant, including haemoglobin
concentration, blood oxygenation within the skin, pigmentation in the
epidermis, size of the epidermis, cooling during or after pulse, thermal
conductivity of tissue, heat capacity of tissue, pulse train profiles. Although this
limitation does not invalidate the results presented here, it does show that there
is scope for further research using the approach presented in this chapter.
Heating to a maximum of 100 °C was used as a threshold. The motivation for this
threshold was that at that temperature there is a phase change for water (even
though water vapour will form at lower temperatures as well). A phase change
has dramatic effects on the optical and thermal parameters, draws energy from
the system without an increase in temperature, can result in the formation of
vacuoles, all of which was not accounted for in the used software. The 100 °C
threshold is not an accurate representative of the occurrence of a phase change
in the tissue, as the 100 °Cis the resultant of heat increase in the capillaries which
is diffused to the surrounding skin. At 100 °C for tissue, the temperature in the
capillaries will have exceeded the temperature associated with the phase
change.

The code allows for calibration using skin surface temperature data, which has
been performed by Town (41). Unfortunately, this data was not available for
psoriatic lesions, let alone when using the devices studied here. Therefore, |
decided to use a standard value applicable to IPL treatments in healthy skin. As

a consequence, we can compare the results between the devices, but the
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absolute values should not be regarded as representative for real world

situations.

These limitations could be addressed in future research. Other avenues which might be
worth exploring include a comparison of 311 nm UVB induced HSP induction, the use of
pre-treatment cooling to increase HSP induction depth, or the analysis of newer IPL
devices and laser systems such as the 1064 nm Nd:YAG or its frequency doubled variant

the 532 KTP.

4.8 Concluding remarks
| used computational analytical methods to study the production of HSP72i, thermal

injury, and vasoconstriction in psoriatic lesions during and following treatment using 577
nm PDL, 585 nm PDL, 595 nm PDL, and IPL. In addition, | adjusted the geometry of the
lesions in terms of blood oxygenation, blood volume content in target, and scattering of

the epidermis.

All devices could produce HSP72i prior to the induction of thermal damage to the tissue.
The devices differ in the depth at which they could induce HSP72i without heating the
target area above 100 °C. The 577 nm PDL achieved the most superficial effects,
followed by the IPL device and the 585 nm PDL devices. The differences between these
devices are limited though. The 595 nm PDL could induce HSP72i all the way through
the target tissue and showed the largest potential. In terms of induced heat shock
protein for a given degree of severe damage to the tissue, the IPL showed the most

favourable results, in particular for tissue with a higher blood content.

The 577 nm PDL is no longer used in dermatologic practice. The results presented here
show that of all devices, the 577 nm PDL had the least favourable HSP72i induction
profile. IPL devices have not been studied for psoriasis vulgaris, even though as a
platform they have clear advantages over PDL systems. The fact that the applicator and
device used in the calculations above showed results comparable to the 585 nm PDL in
terms of induced effects, albeit at slightly less favourable safety profile and at higher
energy levels, should encourage research into the broader application of these systems
in standard dermatological practice. IPL systems can be equipped with multiple

applicators, which generally have a much larger spot size. Consequently, fewer pulses
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are required and a treatment can be completed within a shorter timeframe. This
contributes to the economic efficiency of the therapy. The fact that generally a user of
a laser or IPL system is more likely to be a beautician or paramedic than a MD illustrates
the cost efficacy of such devices, and argues against the idea that laser therapy is

expensive compared to alternative treatment modalities.

Changes in blood oxygenation resulted in a minor shift in required energy levels for a
given level of heating. Increasing the blood volume in the target resulted in less
penetration and lower required energy levels. An increase in the scattering of the

epidermis had a detrimental effect on the efficacy of the devices.

As energy levels increased, a larger part of the target area exhibited vasoconstriction,
suggesting that either laser Doppler blood flow measurements or colorimeter
measurements can be used to rate the effect of laser therapy on the induction of HSP72i,

although further research is required.

Future research can extend the approach applied in this study and validate its results
either through calibration using real life patients or comparison with similar calculations

in a three-dimensional Monte Carlo code.
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5. Summary and Conclusions
The previous chapters have confirmed earlier results that computational analysis can be

used to find clinically relevant relationships between tissue properties and light based
technologies applied in dermatology. The results are consistent with the clinical
experience noted in the literature and accrued through practical experience at a
specialised independent treatment centre for dermatology. Thus, they add to the
knowledge on the limitations on the techniques. The insights derived from the
investigations can be directly translated to clinical practice. The outcome of the study
allow for the formulation of testable hypotheses for the validation of the results with

clinical data.

Chapter three investigated the detection of areas of the skin which, based on the
emitted fluorescence, are suspected of containing keratinocyte skin cancers. Three

methods of fluorescence detection have been analysed:

- Auto fluorescence detection, which is based on a difference in the measured
fluorescence emitted by the endogenous fluorophores of the skin.

- PplIX fluorescence detection, which is based on a difference in the measured
fluorescence emitted by PplX. In tissue with a higher rate of metabolism, PpIX
can be temporarily increased by the application of 5-ALA.

- Combined fluorescence detection, which uses both the PpIX fluorescence and

auto fluorescence. The latter is used to normalize the signal from the first.

The contrast in fluorescence measured over the tumour bearing skin and measured of
healthy control skin was used as a metric for the accuracy of the fluorescence detection
techniques. The study was aimed at determining the effect of certain variations in the
skin on the relative performance of the three methods. This was done by means of a
parametric sweep: The value of the variable of interest was systematically increased or
decreased in a number of calculations. The independent variables studied were
scattering in the skin, melanin content in the epidermis, blood concentration in the
target area, width, height and depth of the tumour, the concentration of PpIX in the

tumour and the concentration of PplX in the surrounding tissue. The computational
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analysis produced some clear results, which seem to be in accordance with the results

reported in the literature and known through clinical experience.

The fourth chapter was devoted to the treatment of psoriasis using pulsed dye laser or
IPL therapy. Three different PDL systems and one IPL systems were compared in terms
of their ability to induce certain biological effects: the induction of heat shock protein
72i, the creation of hyperthermal tissue damage, and causing vasoconstriction of the
microvasculature. HSP72i induction was regarded as beneficial for the healing process,
hyperthermic tissue damage was regard as being detrimental to the therapy, and
vasoconstriction of the microvasculature was recorded as a potential clinical feedback

mechanism.

Psoriatic lesions differ in terms of blood oxygenation, blood concentration and the
presence of scales. Thus, each situation was presented by a separate geometry. In each
geometry and for each device, a series of pulses was modelled. The applied energy was
determined by the amount of energy that was required to induce heating up to 100 °C
and that was required to induce some production of HSP72i in the skin, with four

additional pulses linearly distributed between the two border conditions.

The investigations showed that all four systems are able to induce HSP72i, and that the
depth at which HSP72i can be induced correlates with the amount of energy applied.
Unfortunately, as the applied energy levels increased, so did the degree of hyperthermic
damage, suggesting that some trade-off needs to be made in terms of optimal
parameters. The different geometries resulted in different maximum and minimum
energy levels. The 595 nm PDL was able to induce HSP72i at the deepest level, and 577
nm PDL resulted in the most superficial effect. The IPL and 585 nm PDL showed

comparable results. Vasoconstriction correlated with the depth of effect.

The results from the study can be directly applied to clinical practice. Moreover, the
calculations produced some falsifiable predictions which can be tested in future clinical

research.
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5.1  The position of computational analysis in medical research
| reiterate the plea of the first chapter that computational analysis of therapeutic

interventions for skin conditions are to be preferred over clinical studies and animal
studies. For the purpose of this argument, medical research is defined as a method to
determine the equation of therapeutic and patient related independent variables such
as type of skin condition, body weight, skin colour, used drug, applied schedule, etc. into
the dependent outcome variables such as improvement of the health status of the
patient, the occurrence of side effects, changes in the quality of life, etc. After the
research is completed, the researcher can more accurately predict the probability of a
set of outcomes given the set of patient and therapeutic characteristics. The claim then

is built on the following observations and consideration:

e C(linical research is more resource intensive than computational analysis. Here a
comparison can be made with the Monte Carlo method: All relevant properties,
or potentially relevant properties of the patient and the treatment are being
mapped into an outcome space. The probability distribution of this function is at
the outset unknown. As more and more patients are treated, and the outcome
of the treatment is being recorded, the relationship between the various
independent variables and the dependent outcome variables becomes more and
more obvious. At some point in time treating more patients will not change the
shape of the probability function. The reader probably has noted that this
process is not that different from what is happening when one performs a Monte
Carlo simulation. Just as the Monte Carlo method demands relatively many
computational resources, the clinical method requires relatively many patients.
Recruiting, treating and following patients is no small feat. Note that just like the
Monte Carlo method, clinical trials too can suffer from limited local convergence
even if global convergence has been achieved.

e Another advantage of computational analysis compared to clinical research is
the degree of freedom the researcher has in engineering and designing the
problem. In clinical research the investigator can only analyse those
combinations of variables which are present within the patient population. It
may well be possible that even if one would treat all patients in the world, certain

combinations of interest would not present themselves. In computational
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analysis, any combination of variables can be studied irrespective of the degree
of realism. And even if patients exist that show the desired combination of
independent variables, the researcher must be able to actually recruit these
patients.

The liberty computational analysis gives to a researcher is not constrained to the
formulation of the problem. One can investigate situations which without a
doubt would be extremely harmful to the health of the patient, without ever
hurting a sentient being. The risk profile for innovative applications and protocols
therefore is especially encouraging. | have applied computational analysis for
laser treatments and fluorescence detection. Complications in laser therapy
include the formation of severe burn wounds which, if the laser therapy is
applied over very large area of the skin, could even induce shock and sepsis.
Fluorescence detection involves the detection of types of skin cancer which have
the potential to spread throughout the body and cause mortality in the patient.
So, the endeavour | have undertaken here, which included situations in which
targets could not be detected, would have potentially caused the demise of at
least one patient. Or, regarding laser therapy, would have resulted in one or
more patients suffering from severe burn wounds which very well could have
resulted in the formation of disfiguring and potentially painful permanent scars.
It is not without reason that clinical research is subjected to prior ethical
approval.

If one further broadens one’s perspective, and takes into account the application
of computational analysis in the development and optimisation of
pharmacological treatments, it becomes even more evident that at its core
computational analysis as a method for medical research on the safety and
efficacy of therapeutic interventions, all the accuracy and safety of diagnostic
interventions, are to be preferred over the classical clinical prospective
randomised double blind study. What would the world look like if we could
accurately test all potential pharmaceutical compounds on all types of patients
for all existing conditions without ever having to actually administer the drugs to

a test subject?
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Yet if computational analysis has significant advantages over clinical research, why is it
that the latter still is the staple of medical scientific research? What limits the broader
application of computational analysis compared to fields such as engineering? Although
this goes beyond the scope of the study, one could suspect that this is related to what
Welch, van Gemert and Star call the second task of tissue optics (11): that area of optics
which is dedicated to the acquisition and collection of all relevant properties of tissue
and biologic processes. This, the fundamental science, seems to have been overlooked.
Data on topics such as the concentrations for all compounds present in the skin is not
effortlessly accessible, and might be completely absent. If we do not know the structure,
contents and behaviour of the skin, limits are imposed on the use of computational

analysis.

The treatment of the effects of HSP72i is an illustration of this: The underlying
assumption of the use of the HSP72i metric is that these proteins start a chain of effects
which contributes to the suppression of the immune system, e.g. by binding to a suitable
receptor on the CD4+CD8+FOXP3+ T-cells (276,277), in combination with a restoration
or repair of the perturbed cutaneous innervation (236,281). But the exact steps and their
diffusion and rate equations have not been addressed explicitly. The hyperthermic
tissue damage is even coarser, being based on changes in the epidermis and dermis
following prolonged heating, without addressing things like apoptosis, protein

denaturation or any of the other underlying effects explicitly.

5.2 Fluorescence detection of non-melanoma skin cancers
In chapter 3 the limits of fluorescence detection techniques have been explored. The

combined fluorescence detection method reported a higher contrast in emitted
fluorescence between healthy skin and tumour bearing skin that reported by the PpIX
fluorescence detection method or the auto-fluorescence detection method in all but a
few clinically less relevant situations. With increasing tumour vascularisation, there is
some level of vascularisation at which auto-fluorescence will start to dominate the
combined fluorescence detection method. At that point the level of contrast reported
by the combined method is sufficient to warrant a closer inspection of the area, so that
this effect does not have clinical implications. The same is not true for an increase in the
fluorescence in the surrounding tissue. The auto-fluorescence detection method will

dominate the combined fluorescence detection method at modest levels of enrichment,
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and the combined method can reach lower levels of reported contrast which could
result in a false negative. With regard to the hypotheses formulated in chapter one, our
conclusion is that for most situations the statement would be true, except for cases of a
very highly vascularised tumour and in situations in which the photosensitiser shows
limited selectivity. In the latter case, there is a risk of a missed lesion: Fluorescence
detection using the combined method should not be performed in situations where the

operator notes elevated PplIX fluorescence in normal or control skin.

Hypothesis 1: The combined use of PplX fluorescence and auto fluorescence in
fluorescence detection of KSC results in a higher reported contrast in terms of
fluorescence between healthy skin and skin containing a KSC than the contrast reported

by PpIX fluorescence or auto fluorescence alone.

Conclusion 1: The combined method reported a higher contrast in terms of fluorescence
for the tumour bearing skin than the control skin, although this is not true for all

configurations.

Hypothesis 2: The higher reported contrast by the combined method of fluorescence

detection is not affected by an increase in scattering in the skin.

Conclusion 2: The combined method reported a higher contrast in fluorescence
measured over the tumour bearing skin than the other two methods. The effect of

scattering on the reported contrast was small.

Hypothesis 3: The higher reported contrast by the combined method of fluorescence

detection is not affected by an increase in epidermal melanin.

Conclusion 3: The increase in melanin generally had a negative impact on the reported
contrast of all methods of fluorescence detection. For the range investigated the
combined fluorescence detection method reported higher levels of contrast than the
other two methods, but the trend was negative for all three methods. Fluorescence

detection on people with skin of colour is contra-indicated.

Hypothesis 4: The higher reported contrast by the combined method of fluorescence

detection is not affected by an increase in vascularisation of the KSC.
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Conclusion 4: The combined method reported higher levels of contrast of the lower and
mid ranges of vascularisation. The increase in vascularisation had a less pronounced
effect on the contrast reported by the combined method than that reported by the PpIX
fluorescence method and auto fluorescence method. The latter reported a higher
contrast than that reported by the combined method by highly vascularized tumour
bearing skin. The reported level of fluorescence was sufficient for clinical practice. The
PplIX fluorescence method was very sensitive to an increase in vascularisation. It failed
to report the presence of the tumour for clinically plausible levels of vascularisation,

which is consistent with the results reported in the literature.

Hypothesis 5: The higher reported contrast by the combined method of fluorescence

detection is not affected by a decrease in width of the KSC.

Conclusion 5: The combined method reported higher levels of contrast over the whole
range of investigated target widths. All methods are sensitive to the width of the
tumour: Very small tumours are associated with lower levels of reported contrast and

could be missed during a detection procedure.

Hypothesis 6: The higher reported contrast by the combined method of fluorescence

detection is not affected by a decrease in the thickness of the KSC.

Conclusion 6: The combined method reported higher levels of contrast over the whole
range of investigated target lengths. Generally, there was in increase in reported
contrast with increase in thickness for all three methods. There was a decrease in
increase in reported contrast with increase in target thickness. For very thin targets, all

three methods are likely to result in underreporting.

Hypothesis 7: The higher reported contrast by the combined method of fluorescence

detection is not affected by the depth of the KSC.

Conclusion 7: The combined method reported higher levels of contrast over the whole
range of target depths. Reported contrast was exponentially decreasing over target
depth for all three methods. There exists a depth at which targets cannot be detected

using fluorescence detection.
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Hypothesis 8: The higher reported contrast by the combined method of fluorescence

detection is not affected by a decrease in PpIX concentration in the KSC.

Conclusion 8: An increase in photosensitiser in the tumour results in an increase in the
reported contrast by all three methods. The contrast reported by the combined method
was higher than that reported by the PpIX fluorescence detection method and auto
fluorescence detection method for the whole range of investigated photosensitiser
concentrations. The combined method and auto-fluorescence method reported

clinically relevant levels of contrast at lower concentrations of photosensitiser.

Hypothesis 9: The higher reported contrast by the combined method of fluorescence

detection is not affected by an increase in PpIX concentration in the surrounding tissue.

Conclusion 9: The combined fluorescence detection method and the PplIX fluorescence
detection method showed a quadratic decrease in reported contrast with an increase in
photosensitiser concentration on surrounding tissue. The levels of contrast reported by
these methods fell below clinically necessary levels of contrast, which would have
resulted in undetected lesions. The auto fluorescence detection method was only
slightly sensitive to the increase in photosensitiser in the surrounding tissue and
reported higher levels of contrast exceeded that of the other two methods for higher

levels of photosensitiser in skin.

The work described in this thesis hold some lessons for clinical practice. PpIX
fluorescence detection is quite sensitive to some frequently observed variations in skin

composition.

- Fluorescence detection is contra-indicated in patients with a Fitzpatrick skin type
of three or more (41).

- Contrast in fluorescence is underreported for very narrow targets. Very small
lesions showing even a marginally elevated level of fluorescence might deserve
closer (dermatoscopic) inspection.

- Similarly, fluorescence contrast is underreported for very thin targets.
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- Fluorescence detection based on PplX, including the combined method, are
quite sensitive to a low selectivity of the photosensitiser. In those situations,
larger targets can still be detected using the auto fluorescence method, but the
PpIX fluorescence and combined method fluorescence deserve scrutiny.
Application of peelings or keratolytic agents is strongly contra-indicated.

- Lesions located deeper in the skin are more likely to be hidden from inspection.
The use of fluorescence detection as a method to determine if a surgical
procedure such as a shave or ablative laser therapy was successful is not
recommended.

- Vascularisation negatively impacts PplX fluorescence detection. Because large
and aggressive KSC are associated with an increase in vasculature (127), the use
of PplIX fluorescence detection rather than auto-fluorescence or the combined

method is not recommended.

The relevance of the insights developed in this study are confirmed by a critical appraisal
of a previous clinical trial on the use of PpIX fluorescence for the diagnosis of KSC.
Kleinpenning and colleagues investigated the use of a PplIX fluorescence detection
system for the diagnosis of KSC. That is, the lesions were already located using palpation
and visual inspection, and the purpose of the investigation was to differentiate between
benign lesions and malignant lesions, with the additional objective to differentiate the
degree of progression of the lesion. The procedure consisted of the prior application of
an ointment containing 5% or 10% salicylic acid. This reduces the size of the epidermis
and increases the permeability of the skin for compounds such as 5-ALA. On the day of
the investigation, a cream containing 20% 5-ALA was applied to the skin. This
concentration is the same as that used in PDT, and can be regarded as sufficient to
saturate the skin for more than 24 hours (311). Incubation time was set at three hours,
following which PpIX fluorescence detection measurements were performed. The light
source was a Xenon flashlamp combined with a pass filter over 370-440 nm and images
were recorded using a 12 bit CCD sensor placed behind a 455 long pass filter. The
researchers did apply a form of normalisation by using a fluorescence reference
standard which was placed on the skin and correcting for shading using a previous
measurement on a white sheet of paper. This approach was shown to be able to detect

both invasive and superficial variants of SCC. The researchers ascribed the noted
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variation in the fluorescence to epidermal thickness, i.e. in situations in which the target

was located further from the surface. (104)

Note that the application of the 20% 5-ALA in a cream is likely to result in a more
pronounced increase in PplX concentration in the surrounding skin, which would be
exacerbated by the use of the salicylic acid. Even though some normalization techniques
were applied, these would not resolve the PpIX in dermis issue. Moreover, the
progression of an actinic keratosis into an invasive squamous cell carcinoma would have
been accompanied by an increase in vascularisation. These effects have not been
observed in the study by Kleinpenning et al. So even though Kleinpenning did conclude
that fluorescence diagnosis with ALA-induced porphyrins (FDAP) could be used to
distinguish those KSC which have a higher propensity to progress into an invasive state,
their results could have been further improved with vascularisation and PplIX in dermis
had been taken into account, as well as the application of the combined method rather

than the PplIX fluorescence detection method.

5.3  Laser and IPL therapy for psoriasis
The fourth chapter is dedicated to the investigation of a novel explanation for the

method of action of laser therapy in psoriasis. Rather than focusing on the direct effect
of laser therapy on the blood vessels, three separate effects are being studied: the
induction of HSP72i, the creation of hyperthermic tissue damage, and the presence of
vasoconstriction of the microvasculature. The first represents the beneficial effect of
laser therapy on psoriasis. Although the diffusion of heat shock proteins and the rate
coefficients describing the restorative and immunosuppressive effects are not explicitly
dealt with, it does inform us about the geometric distribution of the effect. The second
measure, hyperthermic tissue damage, represents the harmful effect of laser therapy
on psoriasis and can be seen as a surrogate for the Koebner phenomenon. The third
measure, vasoconstriction, informs us about the potential of a clinical feedback which

can be used in practice to assess the size of the effect that has been induced.

Hypothesis 10: PDL and IPL therapy can induce HSP72i, vasoconstriction, and/or thermal

injury in separate areas of the psoriatic skin.

Conclusion 10: All systems are indeed capable of inducing HSP72i, inducing

hyperthermic tissue damage and evoking a further constructive response in the tissue.
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Hypothesis 11: The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction,

and/or thermal injury in psoriatic skin is affected by differences in blood oxygenation.

Hypothesis 12: The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction,

and/or thermal injury in psoriatic skin is affected by differences in blood concentration.

Hypothesis 13: The ability of PDL or IPL therapy to induce HSP72i, vasoconstriction,
and/or thermal injury in psoriatic skin is affected by differences in light scattering in the

epidermis.

Conclusion 11 — 13: the studied variations did affect the maximum depth at which a
certain effect could be evoked, but the size of the difference was rather modest
compared to the differences between the devices. In contradiction, the required
amount of energy for a given level of heating differed notably among the various studied
configurations. The result that a similar effect of laser therapy can be achieved for a
range of configurations, but that the appropriate energy level will vary significantly had
not been initially expected. Laser therapy can be successfully applied in a wide range of
lesions, but the operator needs to be aware of the relationship between the appropriate

energy levels and the presentation of the lesion.

The results presented in chapter four support the notion that laser therapy in psoriasis
involves a balancing act between the beneficial, anti-inflammatory, effects and the
detrimental, pro-inflammatory, effects. The actual (inter)actions and involved in these
two effects are likely to be more complex of nature than is shown by the simple model
used here. Nonetheless, the relationship between optimal fluence and lesion
composition is likely to hold. The relationship between difference in depth of effect that
can be achieved and the used device is likely to hold in more accurate models or clinical

investigations.

The investigations included one particular IPL, or better said, applicator. The reader
should be aware that there is a large variation in IPL devices and applicators, and the
results described here do not necessarily carry over to other systems: Additional
analyses are required in order to establish the comparative behaviour of different
devices. Unfortunately, information about the shape of the spectral profile of IPLs is

scarce. An industry standard completely describing the shape of the curve, e.g. through
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a Fourier transformation, would be welcome. Until that time, operators and patients are

exposed to an unnecessary risk.

Other inflammatory conditions, such as acne, eczema / atopic dermatitis and rosacea,
are also known to respond to PDL therapy (25,144,270,298). Since these conditions also
show signs of a neuro-inflammatory foundation, it is possible that here too the actual
healing effect is due to the induction of HSP72i, rather than a direct physical effect on
the blood vessels (312).

The results from the 595 nm PDL and its response to a change in oxygenation and to an
increase in blood concentration deserve separate mention. As Dwyer et al showed,
there is considerable variation in blood oxygenation in a psoriatic lesion (246). Similarly,
Hendriks et al showed considerable differences in blood concentration in the centre of
the lesion and the periphery (184,265). This suggests that optimal settings for the 595
nm PDL are likely to differ in the centre and the periphery. Current protocols do not take

this circumstance into account.

I modelled the situation in which the blood volume content of psoriatic skin was further
elevated. That geometry resulted in a considerable decrease in the required energy
levels. This improves the safety profile, although it did decrease the maximum depth at
which an effect could be evoked. Blood concentration in the papillary dermis is not a
given. Physicians can and regularly do employ techniques to increase blood flow, e.g. in
patients suffering from rosacea. This can be achieved by the application of warm air or
methods of thermal diffusion into the skin using conduction. The use of topical agents
such as niacin has been described in the literature as well (247). Pre-treatment
manipulation or engineering of tissue thus could potentially improve the efficacy and
safety of laser therapy for inflammatory conditions. In situations in which there is
significant heating of the surrounding tissue, such as in the IPL case, this technique might
be beneficial. Another situation in which a decrease in energy would be preferred even

if it implies a slight loss of depth effect is the treatment of patients with skin of colour.

The vasoconstriction results show that depth of effect correlates with the achieved
vasoconstriction. This too allows us to improve the treatment, since measurements

using either laser Doppler flowmetry or colourimetry, would give a more accurate and
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reproducible indicator of relative change following treatment. Under- or overtreatment

could be established immediately, rather than four or eight weeks after the treatment.

5.4  Contribution to knowledge
The contributions to knowledge of the presented research are as follows:

- It is the first use of a computational model for the simulation of fluorescence
detection or laser therapy for psoriasis using biological values for haemoglobin,
PpIX and Flavin as input variables.

- It is the first computational study on fluorescence detection of KSC using low
concentration 5-ALA induced PpIX and the DyaDerm Expert fluorescence
detection system, and in particular the effect of

o Melanin concentration in the epidermis

o Blood concentration in the target

o Scattering of light in the skin

o Tumour width

o Tumour thickness

o Tumour depth

o PplX concentration in the tumour

o PplX concentration in the surrounding dermis
on the contrast in fluorescence over the target and the unaffected skin reported
by the PplX fluorescence detection method, the auto fluorescence detection
method and the combined fluorescence detection method.

- Itis the first computational study on the treatment of psoriasis using laser or IPL
therapy.

- It is the first study to build on the notion that the effect of laser and IPL on
psoriasis is driven by the induction of an anti-inflammatory or pro-inflammatory
response to a range of pulses inducing various levels of sub-lethal thermal injury.

- It is the first to study the distribution of the anti-inflammatory and pro-
inflammatory effects of 577 nm PDL, 585 nm PDL, 595 nm PDL, and IPL therapy
in psoriasis.

- It is the first to study the effect of changes in blood oxygenation, blood

concentration in the lesion and scattering of light in the epidermis on the
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distribution of anti-inflammatory and pro-inflammatory effects of said laser
devices and IPL.

- The first to study the distribution of vasoconstriction in the psoriatic lesion
following the application of sub-lethal pulses using the studied laser and IPL

devices.

Furthermore, | have contributed to the further extension of the capabilities of the used
software package in terms of the simulation of fluorescence and, through a large
number of preliminary experiments and validation of those results against clinical and

published data, participated in verification of the code.

5.5  Avenues for further research
As noted above, the results of this work can be directly translated to recommendations

for clinical practice. As a result, we can formulate new questions that can be addressed
in clinical research. Additionally, other treatments could benefit from computational

analysis aimed at certain questions that have emerged from clinical practice.

In terms of validation of the results of the analysis, it would be interesting to compare
the induction of HSP72i following the application of two of the studied systems. The
relevant parameters can be measured using laser Doppler flowmetry, colourimetry, heat
diffusion during laser treatment would be measured using a high-speed thermal imaging
camera, and the size of the epidermis, HSP72i induction and size of the papillary dermis
can be established by subsequent histo-pathological analysis. The results of that

investigation would be fed back into the model, further increasing its accuracy.

The analysis of fluorescence detection can be extended to different light sources such
as broad-band UV lamps, different photosensitisers, the registration of fluorescence
lifetime instead of the current steady state analysis, and measurement during PDT. The
latter has been studied by Valentine et al. (48), but potentially these results could be
improved upon by recalculating the energy distribution during PDT as to account for the
change in the optical parameters. The application of a UV-A light source such as Wood's
lamp would result in a different distribution of the absorbed photons, since the
absorption and scattering coefficients for the different chromophores in the skin differs
significantly. The molar absorption coefficient for oxy-haemoglobin is 88484 cm*M- for

366 nm and 466840 cm™*M* for 410 nm, which implies that much less energy is lost to

Page 160



blood for that particular UV-A wavelength compared to the analysed light source. A

similar change in the penetration of light into the tissue

The laser therapy studies can be extended to different IPL applicators or lasers such as
the Nd:YAG, as well as larger surface areas or pulse profiles. The applicator used in this
study has a cross section of 10 mm, which is quite rare for IPL devices. Commonly they
have rectangular applicators with dimensions in the range of 50 mm x 10 mm. This is

likely to influence the thermal diffusion stage of the analysis.

An approach which has been used in the optimization of laser therapy for Port Wine
Stains is index matching, e.g. by the topical application of glycerol. In the current model
there was a difference in the index of refraction for the epidermis and the dermis. An
extension of the current investigation thus could include changes in the index of

refraction.

Finally the analysis might be improved by the use of more granular representations of
the tissue than used in this analysis, such as performed by Pfefer et al. (50). The effect
of a laser pulse on a blood vessel depends, amongst others, on the size of the blood
vessel. Such details have not been taken into account in the sandwich model used here.
New imaging techniques such as Raster Scan Optoacoustic Mesoscopy could offer
interesting possibilities, as it is capable of not only determining the size and location of

the blood vessels, but also can measure the blood oxygenation.
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