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ABSTRACT

Two nontherma regimens of light interadion with hiologicd tisaue, that are in a
natural way conneded, are discussd in the present thesis. These ae phaodynamic
therapy (PDT) for the treament of malignant tumours and laser-induced fluorescence
(LIF) for tissue characterization.

In PDT, a phaochemicd readion is induced by norionizing eledromagnetic
irradiation in tissue where phaosensitizing agents and ox/gen are present. A
subsequent tisale damage is generated. Porphyrin derivatives have traditionally been
used for this purpose. A new way of sensiti zation was exploited, Wilizing a porphyrin
preaursor, o-aminaevulinic add (ALA), for the induction d endogenous parphyrins,
mainly protopaphyrin IX (PplX). Photodynamic therapy was used in the treament of
nonmelanoma malignant skin tumours, mainly basal cdl cacinomas (BCCs). A
randomized, clinicd trial was conduwcted in the treament of BCCs, where PDT was
compared to cryosurgery.

Laser-induwced fluorescence (LIF) can be used for nornrinvasive, red time
spedroscopic charaderization d biologicd tisaue. Laser light in the nea-ultraviolet or
ultraviolet region is utilized for fluorescence ecitation. The fluorescence signal in
pre-malignant and malignant tissie exhibits some daraderistics that deviate from
those of normal tissue. In addition, the contrast cen be increased by administering
fluorescent tumour markers. Laser-induced fluorescence measurements were
performed in malignancies of the skin and benign, pre-malignant and malignant
lesions in the head-and-ned region. As a phaoadive agent, ALA-induced PplX was
utilized, bah for PDT and LIF. The Kkinetics of the PplX build-up and
photodegradation was also studied.

Anocther noninvasive, red time method for tissue diagnostics is laser-Dopper
imaging (LDI). Laser-Dopper imaging deteds the blood flow in superficia tissue. In
the present work, the modality has been used in conredion with ALA-PDT of non
melanoma malignant skin lesions, for diagnosing lesions prior to treament and to
identify residual or reaurrent tumours during the foll ow-up period. It was also used to
charaderize the vascular effeds induced by the ALA-PDT. In conredion with the
clinicd trial that was conduwcted, LDI was used as an oljedive measure of tisaue
healing after treatment.
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1. INTRODUCTION

The basis of this thesis is that the interadion d light with tissue and certain cancer-
spedfic agents can be exploited and uili zed in the enormous human struggle ajainst
cance diseases. Today we live in aworld o high techndogy, also within medicine.
We have 100yeas of experience with the powerful tod of ionizing radiation, and we
are standing on the border of a revolution in diagnostics and therapeutics of many
diseases with the help of new knowledge within the fields of immundogy, moleaular
biology and genetics. It is truly fascinating that such a seemingly subtle and harmless
phenomenon as visible light rays can contribute in this armamentarium.

The laser adion was demonstrated in 1960.An important principle of the laser
that separated it from any other light source d that time, was the possbility of
choasing in principle only one single wavelength, i.e. colour, or frequency. The
coherent nature of laser light made it posdble to introduce it into opticd fibres for
transportation over longer distances. Understandably this became an invaluable todl in
many fields of science In medicine, the alvantages of the laser were ealy understood
and exploited.

The utili zation d lasers in medicine has reated an overwhelming extent during
the last decales. Due to the posshility of having its biologicd impad varied, through
the seledion d wavelength, ouput power and ill umination time and mode, the laser
has foundits way into many clinicd-, pre- and paradinicd spedaliti es. It is mainly the
thermal interadion d laser light with tisaue that has been exploited. From being a tool
in the hands of the pioneasin optthalmology, it is now a autting todl in most surgicd
spedalities and is used for all kinds of incisive procedures. Still though, for quite
obvious pradicad reasons, lasers have far from taken over for the traditiona “cold
knife”. The latest news is the posshility of performing microscopicd laser surgery on
single cdls with the so-cdled microbean, together with opicd tweezers. Other
examples of thermal tisaue interadion, are the alation d superficial tisaue layers and
the seledive destruction o certain parts of the tissue. These ae widely used by
dermatologistsin, for instance, the treament of haanangiomas and ggmented lesions.
Laser light is also used for inducing hyperthermia.

This thesis considers two nonthermal regimens of utilizing light within
medicine that are, in a natural way, conreded. First, phatodynamic therapy (PDT)"in
the treament of malignant tumours, is discused. Seowondy, laser-induwced
fluorescence (LIF) for tissue charaderization, ore modality of what often is termed
“optical biopsy”, is discussed.

In PDT, tisaue is $nsitized to light by suppdying phaosensitizing agents, i.e.
phaosensitizers. Following the nonionizing eledromagnetic irradiation, a
phaochemicd readion is induwced. The modaity can be @mpared to the
phaosynthesis in green plants, the phaosensiti zers used, being similar compounds to
chlorophyll. As oppased to the phaosynthesis which works in a surroundng spedally

" A comprehensive list of abbreviations used in this thesis can be found 0B&age



designed to hande the medhanisms involved in the energy transfer (the phaiosynthetic
readion centre), the phaosensiti zers are intruders in biologicd tisaie. When excited
by light, the phaochemicd readion d the phaosensitizers will, therefore, generate
tissie damage. Oxygen is a prerequisite for obtaining this effed. Eradicaion o
malignant tumours can be obtained by several mecdhanisms. The optimal treament
light wavelength for PDT is dependent on several fadors; the @sorption profile of the
phaosensitizer and howv translucent the tisale is at the wavelength chosen, are the
most important. Red light penetrates deeper than bue light, and light matching an
absorption maxima of the phaosensiti zer in the red wavelength region, is most often
used. Relatively large phadosensitizing moleaulles, mainly for intravenous
administration, have been used for this purpose, the first phaosensitizers being
porphyrin derivatives. A new method d induing endogenous porphyrins, mainly
protoparphyrin IX (PplX), by supdying a porphyrin preaursor, é-aminolevulinic acd
(ALA), has been exploited clinically for the last 8 years.

Laser-induwced fluorescence provides nornrinvasive, red time monitoring of
biologicd tisale. The technique is based onmeasurements of signals from fluorescent
moleaules within tissue. These signals are related to moleaular concentration and
micro-environment. Laser light in the nea-ultraviolet or ultraviolet region is most
often used as an excitation light source, and the fluorescence signal achieved from the
tisae is subjed to spedroscopic analyses. The fluorescence signals recorded from
pre-malignant and malignant tisaue exhibit some cdaraderistics that deviate from
those of normal tisale. This endogenows tisale fluorescence is often cdled the
autofluorescence, and the diff erence between namal and dseased tisaue is due to an
ateration in the composition d various naturally occurring tisue fluorophaes, i.e.,
fluorescent moleaules. In addition, increased contrast can be obtained by fluorescent
tumour markers, which are highly fluorescent moleaules that to a cetain degree
acaumulate seledively in pre-malignant and malignant tissue. These tumour marking
agents are mainly the same substances as the phaosensitizers used for PDT, bu the
doses are considerably lower.

Taken into acount the plurdity of conventional diagnostic and therapeuticd
modaliti es for oncologicd diseases, ore question that will naturally arise, is whether
there is a nea for alternative methods. The question will partly answer itself, when
considering the fad that cancer is gill a disease that claims many lives, often at an
ealy age. In addition to the dinicd concepts, also the question d cost eff ediveness
has to considered. Some specific features of PDT and LIF are described below.

Concerning PDT, it isalocd treament modality, which in its nature has sveral
potential benefits. The main advantage is the fad that PDT is comparably seledive.
There ae two aspeds behind this. One is that phaosensiti zers preferably acamulate
in malignant tisaue, and the other is the spatial confinement of the light irradiation to
the vicinity of the malignant tumour. The result is less aring; something that is
particularly important when treaing epithelia lesions. So far, in contrast to the
conventional treament modaliti es of, e.g., ionizing radiation and chemotherapy, ore
has no strong reason to believe that PDT has any major mutagenic cagpability. Since
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normal tissue remains almost undamaged, there is no red limit to hav many times
PDT can be repeaed. There is also the posshility to uilize PDT in the treament of
primary or reaurrent tumours in patients who aready have receved maximum
treament of surgery, ionizing radiation a chemotherapy. The future niches for PDT
have not yet been fully established. In certain cases PDT might be the “treament of
chaice”, and in aher situations it can be used as an adjuvant or pali ative treament.
This thesis will discuss one niche where PDT has already proven to be particularly
useful, namely, in certain skin cancers.

Looking at the diagnostic modality of LIF, this is primarily a method for
investigation d the surfaceof the skin and bod/ cavities. This is where the major part
of al malignancies arises. In conredion with conventional endascopic examinations,
LIF can provide guidance for the biopsy sampling for subsequent histopathologicd
analyses. The methodis therefore often referred to as “opticd biopsy”, being exploited
mainly for ealy tumour detedion. Idedly, the mmbined imaging techniques, of
ordinary examination uncer white light and LIF, can incresse the value of the
investigation concerning sensitivity and spedficity. There is also a patential of being
able to reduce the number of biopsies in vulnerable organs, for instance in the vocd
cords.

This thesis pays gedal attention to the use of ALA-induced PplX as the
phaosensitizing agent and fluorescent tumour marker, bah for PDT and LIF. The
badkground and dscusgon focuses, therefore, on this mode of tissue sensitization.
Lessemphasisis put on the description the other types of phaosensiti zers, that are not
produced from preaursors. These ayents will , for the sake of simplicity, be termed pre-
formed phdosensiti zers. Another commonterm for PDT is phaochemotherapy (PCT).
Although this designation may have awider definition (see Sedion 3.1.2), it is often
preferred, partly because it better refleds the adual mechanism involved, i.e, the
phaochemistry. However, throughou this thesis, the term phaodynamic therapy will
be used.

Anather noninvasive, red time method for tissue diagnostics is discussed,
namely, laser-Dopper perfusion imaging (LDI). Laser-Dopder imaging monitors the
superficial tissue perfusion. In the present work, the modality has been used in
conredion with PDT, utilizing ALA-induced PplX phaosensiti zation (ALA-PDT), of
nonmelanoma malignant skin tumours. The measurements were performed prior to
treament, to charaderize the perfusion d the lesions. The method was also used to
follow the heding process and to evaluate if it was possble to identify residual or
reaurrent tumours. The type of vascular effeds induced by ALA-PDT, was also
monitored by means of LDI.

One main part of this thesis is constituted of a Phase Il clinicd tria in the
treament of basal cdl carcinomas (BCCs). The therapeutic potential of ALA-PDT,
was in thistrial evaluated in a objedive and clinicdly controlled way, by randomizing
the BCCs to treament with either ALA-PDT or with cryosurgery. In conredion with
the treaments, L1F measurements were performed to foll ow the build-up d PplX from
ALA, and the phaodegradation duing ill umination. Laser-Dopper imaging was here
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also used as an oljedive measure of the tissie heding, when comparing the two
treatment modalities.

The introduwction d new techniques into medicine is always a callenge. The
overal godl is, of course, to consider their usefulnessin view of the medicd situation
into which they are to be implemented. When working with laser-based methods, a
certain spedrum of knowledge of the biologicd, biophysicd as well as the physicd
aspeds, is aso required. In the following chapters, some information deemed useful
from a physician’s view, is presented. After this, eight papers with ariginal scientific
material can be found.

12



2. LIGHT INTERACTION WITH BIOLOGICAL TISSUE

The interadion d light with such compli cated matter as biologicd tisaue is a growing
field of reseach."* Knowledge @ou the basic principles of light-tissue interadion is
important in al situations where laser-based techniques are utili zed within medicine.
In this chapter, the basic aspeds of thisfield are presented in a simplified manner with
a few examples of applications.

2.1.  Light

Visible light constitutes a narrow band d the dedromagnetic radiation spedrum that
can be perceived by the human eye, with a bandwidth of in total abou 400 rm (1 nm =
10° m). The dedromagnetic spedrum ranges from wavelengths lessthan 10™ m to
more than 10 m. The visible part of the spedrum lies in the range of 400-780 rm; the
numbers are goproximate sincethere aeindividua variations. The e/e can distinguish
the various wavelengths in terms of bands with a width of abou 20-160 m, i.e., the
colours. Thus, colour is nat a property of the light itself, bu a subjedive human
physiologicd and psychdogicd resporse. Colours in a cetain band can aso be
evoked by mixtures of frequencies/wavelengths lying in ather colour bands. Values for
the colour wavelength bands are given below.

Colour Wavelength range
(nm)
Violet 400-455
Blue 455-492
Green 492-577
Yellow 577-597
Orange 597-622
Red 622-780

The visible wavelength region baders ultraviolet (UV) in the lower part and the nea
infrared in the upper part. The term, “light”, is also at times used when referring to
irradiation in the UV and the infrared region. The wavelength o light (A), isinversely
propationa to the energy (E) of individual light phaons, i.e., the quanta of light
energy:

A=hx c/E h=Planck’s constant

and to its frequency{:
A=ch c=the speed of light
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2.1.1. LASERS AS LIGHT SOURCES

The designation, LASER, is an aconym for "light amplificaion by stimulated
emissgon d radiation,” which is a short description d the mncept of this urce of
radiation. Laser light is charaderized by being monachromatic, coherent and
concentrated. The monochromatic quality implies that the light contains only one, or a
narrow range of wavelengths. This is in contrast to conventional light sources, that
emit light over a much kbroader wavelength range. For instance, a normal light bulb
emits over much of the visible and infrared spedrum. The light waves coming from a
laser are in phase, a phenomenon cdled coherence Thisis aunique quality for a laser
beam. This beam is concentrated, i.e. it has a minimal angle of divergence, and laser
light can easily be focused into opticd fibres and transported over long distances.
Various types of lasers have been utili zed for medicd purposes. A short description d
some lasers used in phdodynamic therapy (PDT), together with a description o other
possible light sources, can be found in Sec3dn

2.2.  Basic physical aspects of light-tissue interaction

Upon irradiation with light, several processes can occur when the phaons pass
through the tissue, as ill ustrated in Figure 2-2. The various processes of absorption,
refledion, scatering, transmittance and fluorescence can be utilized for medicd
purposes. In connedion with the following description d these opticd phenomena,
some examples of their exploitation within medicine are given.

2.2.1. ABSORPTION

If an incoming phaon caries an energy that matches the gap between two energy
levels in a molealle, it can be ésorbed. A chromophae is a moleaule asorbing
visible light resulting in a mloured compound.Here we will extend the definition to
moleaules absorbing in the nea-UV, visible and rea-IR region. The &sorption
coefficients in various tisale dromophaes, are shown in Figure 2-1. The visible
wavelength regionis locaed in a band where the strong absorption o water is amost
absent. The main chromophaes in hiologicd tissie ae haemoglobin (Hb) and
melanin. The “tisaue opticad window” is the wavelength range between abou 630 rm
and 1300 m. In this range, the blood absorption hes fallen dof, and the penetration o
light into biologicd tisaue is at its deepest, with an increased penetration at longer
wavelengths. Within this range the scattering coefficient (se below) is dominant, being
considerably larger than the absorption coefficient for most tissues.

The stable groundstate of most moleaulesis, in moleaular physics nomenclature,
cdled the singlet state (S in Figure 2-2). This gate is charaderized by the lowest
posshle energy in that particular moleaule. This is obtained by configuring all
eledrons in such a way that al eledron spins are paired, i.e. no ungired eledron
spins exist. The triplet state (T*), isfor most moleaules, an urstable excited state with
an increased internal energy, charaderized by two unmired eledron spins. Oxygen is
ore of the rare substances that is in the dedronic triplet state in its normal ground
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state. Excited moleaular oxygen in its snglet state, is important in the phaochemicd
reaction occurring during PDT (see Sect®8.2).
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Figure 2-1 Diagram showing alsorption coefficient versus wavdength for major chromophaes, present
in biological tisaie. The \Jsible wavdength region covers the area between the dotted lines. The area
marked with grey orresponds to the tisaue optical window. In this region the water absorption is very
low and the blood alsorption falls off, but the melanoma in the skin still absorbs rather much. The
absorption curve for Photofrin™ with its 5 peaks, is also shown. Emisson waveengths for some lasers
used within medicine are inserted; the Nd: YAG laser (Aem = 1064 mm) and the CO, laser (Ae, = 10 600
nm) used for surgical procedures and tissue ablation. (Adopted from J.-L. Bo@Inois).

Asillustrated in Figure 2-2, after the absorption d a phaon and the subsequent
excitation d the asorbing moleaule to a higher energy level (S*), the moleaule
relaxes down to alower energy level (S*) by anonradiative process The singlet state
is short-lived, generally much lessthan 1 us. After the generation d the lowest excited
singlet state, several proceses can take place namely, nonradiative decay,
fluorescence, and intersystem crossing.
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Figure 2-2 An energy-leve diagram of a moleaule with a presentation d the happenings that might occur
after the absorption o a phdon (upper parel). S corresponds to the ground state energy leve of the
moleaule, whereas, Si* and S* are exdted, higher energy levds. T* corresponds to atriplet state. Same
possble medical apgications of the various light-tissue-interaction ptenomena ae ill ustrated (lower
panel).

Excited moleaules will frequently return nonradiatively to the ground state in
collision processs, yielding hed to the tissue. Thisis utili zed in thermal |aser therapy
modaliti es. An example is the seledive destruction d haemangiomas or of pigmented
skin lesions that occurs when tisaue is irradiated with high intensity light at a
wavelength with strong absorption in blood or in melanin, respectively.

2.2.2. REFLECTION, SCATTERING AND TRANSMITTANCE
Light scatering is an important process for light transport in tisue. A certain
percentage of a phaon beam that impinges onto a tisaue surface will be re-emitted
from the surface This phenomenonincludes true, speaular refledion from the surface
and light diffusely bad-scatered from the sub-surfacetisaue layers. In PDT, some of
the treament light will, therefore, be lost from the tissue by diffuse scatering.
However, due to badk-scatering from deeper tisaue layers, the light intensity at the
outer layers of biologicd tissue subjed to irradiation at wavelengths used for PDT,
will be higher than the intensity of the incoming phaon beam. Thisis particularly true
if the tissue has an intad epidermal compartment, which is an example of a highly
scattering tissué.

Only part of the light that is transported into the biologicd tissue, will be
transmitted. The rest will either be &sorbed or scétered, leading to attenuation, i.e.
diminution d the light intensity. The dtenuation d the beam is, therefore, dependent
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on the asorption (L) and the scatering (Us) coefficients. Scattering in the tisaue is
due to several optical effects:

i. refledion a refradion from interfaces between histologic materials having
different refractive indices

ii. refledion d light by discrete particles in the tissue ranging from organic moleaules
to whole cells

iii . absorption d light rays by atoms and moleaules and re-radiation at the same
wavelength but in other directions.

These scatering proceses are cdled elagtic, indicaing that light only changes
diredionin the scatering process thus, hoenergy lossisinvolved. Inelastic processes,
such as Raman scétering, will not be mnsidered in this thesis. However, it shoud be
mentioned that the scatering processes involved in laser-Dopper measurements,
utili zed for deteding tissue perfusion, as described in this thesis (see Chapter 2),
involve asmall change of energy. In laser-Dopper measurements, a laser bean is
spedrally broadened, i.e. the frequency is dightly shifted (Dopper shifted), when
diffusely badk-scatered from the moving blood cdls. This energy change is very
small, with a frequency shift of typicaly 10" times that of the incident phaton beam,’
and this type of scattering is often termed quasi-elastic scattering.

The diffusely badk-scatered light escgping the tiswue, is lost for treament
purposes, bu can be utilized for tisaue diagnostics. Elastic-scattering spedroscopy
(ESS is a modality for tisaue daraderization ceteding light that is badk-scatered
from sub-surface tissue layers. Differences in the badk-scatered light can be seen
between nama and dseased tisaue. The differences are partly due to changes in
scattering properties and partly aresult of atered absorption propertiesin the diseased
tisaues. These variations are partly caused by architedural changes at the cdlular and
sub-cellular level, induced by pathological conditibhs.

Ancther diagnostic modality utilizing light scattering in tiswue, is opticd
tomography with time-resolved spedroscopy. Due to the high degree of scattering in
biologicd tisaue, transillumination d an argan dces nat creae sharp shadows when
deteding the light that has been transmitted. However, if a fast detedor is used, it is
possble to analyse the light with the shortest pathlength through the medium, i.e. the
light that has passed straight through the tissue withou being much scatered, the
“early light”. If a tumour with scatering and absorption properties that are dtered
from those of the surroundng normal tisaue, is present in the transill uminated volume,
a “shadow” of the tumour can be seen in an image that only visualizes the ealy light.
The modality has mainly been examined for use in conredion with mammography,
and is then termed optical mammography’.

2.2.3. FLUORESCENCE
Emisdon d fluorescenceis one of the posdgble processes that can accur when light is
absorbed in moleaules. As mentioned ealier, foll owing the asorption d a phaonand

17



the subsequent excitation d the asorbing moleaule, the moleaule relaxes down to the
lowest energy level within the S; state, by a nonradiative process (Figure 2-2). From
here, it can release its extra energy by emitting a phaon as it relaxes down to the
lower S energy state. This emisson is cdled fluorescence Due to the energy lossin
the nonradiative part of this process the fluorescence phaon will cary a lower
energy and, thereby, have alonger wavelength than that of the asorbed phdon. The
relaxation from the higher level can end in any level in the lower S energy band,
leading to a total fluorescence anisson composed of several wavelengths. This
explains why fluorescence is charaderized by a wide wavelength dstribution and nd
by a sharp pe&. The shorter the excitation wavelength, i.e. the more towards the
ultraviolet region the fluorescence ecitation accurs, the more of the visible spedrum
can be contained in the resulting fluorescence signal.

A fluorophae is a moleaular structure that gives rise to fluorescence Such
moleaules are frequently charaderized by the presence of a series of conjugated
double bonds,e., alternating single and double bonds.

In addition to the eamisson wavelength, fluorescenceis al'so charaderized by its
lifetime. The lifetime is dependent on the surroundngs of the fluorophae. The
lifetime for endagenous and exogenous fluorophaes, is in the order of nanosecnds

(ns).

2.2.4. EXCITATION OF PHOTOSENSITIZERS

Photosensiti zers are moleaules that uponirradiation with light in the visible region can
induce damage, if present in hiologicd tisue (the biologicd aspeds of
phaosensiti zers are discussed in Sedion 3.2). It is the longer-lived triplet state, T*
popuated through intersystem-crosdng from an excited singlet state, that is the
phaoadive state involved in the phaochemicd generation d cytotoxic spedes during
PDT. The excitation efficiency of a phaosensitizer is defined as the triplet state
quantum yield (@r), which is the probability of the triplet state formation per phaon
absorbed. Ideally, this should be one for a photosensitizer.

2.3. Effects of ultraviolet light on the skin

The wavelength range of UV radiation (UVR) lies between 280 m and 400 m. In
older terms, the range 200-300 nm was cdled the far UV and the range 300400 rm
was cdled the nea-UV. Due to more knowledge éou the physicd and hologicd
effeds of UV light, it is now common to dvide UV light into three aeas, namely,
200280 M, 280320 and 320400 mm, termed UVC, UVB and UVA, respedively.
When dscussng the dfeds of UVR onthe skin, it is particularly the solar UVR range
(295400 rm) that is relevant.* Nordic summer sunlight contains about 5% UVR out
of which about 95% is UVA and 5% UVB.

Ultraviolet radiation aff eds the skin in several ways, most of which are harmful.
The physiologicd effeds indwced by UVR are eythema, pigmentation,
hyperkeratosis, and D-vitamin produwction. Erythema is a readion indicaing that
damage has been induwced. Pigmentation and development of hyperkeratosis are
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defence medhanisms, whereas production d D vitamin is purely beneficial. Ultraviolet
radiation also causes the pathdogicd effeds of immuno-suppresgon and skin cancer.
In addition, UVR can cause therapeutic dfeds on certain skin diseases due to an anti-
inflammatory effect.

An adion spedrum is a representation d the dficiency of diff erent wavelengths
toinduce cetain bhiologicd effeds. These dfeds vary for the threewavel ength ranges.
The best known readion d the skin is the eythema readion, which is a well-known
readion to UVB radiation, particularly in the region 286300 m."™ The adion
spedrum of nonmelanoma skin malignancies in humans, as estimated onthe basis of
measurements performed on mouse skin, has been shown to resemble the adion
spedrum of erythema'® The potential of UVA radiation to indwce eythema is
considerably smaller. However, it seems that UV A isimportant in the development of
mali gnant melanomas,"’ something that has been recognized relatively recently and
has possble implications for the use of sunlamps'® as well as the use and the choice of
sunscreen¥.

A strong chromophae in the skin is DNA, that has its major absorption at abou
260 rm (UVC), a lower one & abou 300 rm (UVB) and a wedk absorption ek at
abou 350 mMm (UVA).** Photoprodicts induwced by UVR in the skin, such as
pyrimidine dimers, might subsequently be foll owed by mutations. Other chromophaes
in the skin are melanin and its intermediates. They have been related to the
phaocarcinogenesis of malignant melanomas by ading as phaosensiti zers within the
melanocytes when irradiated by UVA, with subsequent effects on the'®RA.
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3. PHOTODYNAMIC THERAPY - BACKGROUND

Phaotodynamic therapy (PDT) is an investigational modality for locd treament relying
on the presence of a phaosensitizer and ox/gen. The subsequent irradiation d
phaosensitized tissue with nonionizing radiation generates tissue damage. Besides
the nonrionizing nature of the treament, the main advantage with the modality is
considered to be its locd and seledive damage of tumour tissue. Two aspeds pertain
to the sdledivity; a seledive acemulation o the phaosensitizer in malignant tissue
and the spatial confinement of the irradiation to the vicinity of the tumour. This
chapter will briefly describe the historicad development of PDT. Theredter, the basic
knowledge of phaosensitizers, light sources and delivery modes, as well as the
mechanisms behind the tissue damage achieved, will be presented.

3.1.  Historical aspects

The use of light for therapeutic purposes can be traced far badk into ancient times.
Ambient sunlight has been a universal light source, utili zed in many old cultures and
throughou the history to trea all sorts of medicd conditions varying from vitili go to
psychosis. Sometimes light irradiation hes been used in combination with plant
extrads. The spedficity of the treament has increased in parallel with the refinement
of the light sources and knowledge &ou the chromophaes and mechanisms involved.
Today, treament moddliti es that are dependent on light, are often categorized as
phaotherapy or phaochemotherapy. Photodynamic therapy belongs to the latter
group.

3.1.1. PHOTOTHERAPY

In phdotherapy, the treament consists lely of light within various wavelength bands
and intensities. A heterogeneous group d mechanisms are involved. In this case, the
light interads diredly with the tissue withou prior administration d an adivating
drug.

Abou 3000yeas ago, the Greeks pradised full body sun expaosure, later termed
heliotherapy. At the end d the last century, Niels Finsen started the Finsen Ingtitute in
Copenhagen. He treded a substantial number of patients auffering from Lupus
vulgaris, i.e. cutaneous tuberculosis, with nea-UV and UV light exposure®* He
receved the Nobel Prize in medicine in 1903and was adknowledged as the founder of
modern phototherapy.

Today, phdotherapy is mostly used within dermatology? for certain types of
dermatitis and for psoriasis. Within paediatrics, it is important in the treament of
jaundce in new-borns. A new and expanding field is within psychiatry, where
encouraging results have been ohtained treaing seasond affedive disorders (SAD)®
and sleg disturbances.* In this case, the treament affeds the central nervous gystem,
and the medhanisms involved are probably quite cmplicaed and dverse. Light
readies the retina and signals pass through tractus retinohypothalamicus to nucleus
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suprachiasmaticus, which is essntial in the regulation d the drcadian rhythms
(pertaining to the endagenous biologicd rhythms with approximately 24-houly
repetition). Effeds of light exposure have been olserved aso in bindindividuals. The
effed on depresgonis partly ascribed to a subsequent upgrading of the serotonin level
of the brain. Exposure to light leads to an arousal of the reticular adivating system and
an interference of the drcadian rhythm. If the light exposure is given at the right point
in the sleg-awake rhythm, a beneficial dislocaion can be obtained and wsed in the
treament of sleg dsorders and to overcome jet-lag. The hormonal control systems
are dso affeded, and the release of the slegr-awake hormone melatonin is considered
to play a major role in the treatment effect.

3.12. PHOTOCHEMOTHERAPY AND PHOTODYNAMIC THERAPY
In phdochemotherapy (PCT), the treadment consists of two parts; the administration o
an exogenouws agent, which sensitizes the tisale, and a subsequent irradiation, i.e.
chemicdly enhanced phdotherapy. Among the oldest known drugs for
phaochemotherapy are psoralens, which in combination with UVA irradiation
constitute what is known today as PUVA therapy, frequently utilized within
dermatol ogy, mainly for the treament of psoriasis. In the psoriatic plagues, the PUVA
treament affeds the DNA and reduces the cdl turnover in the gidermis. Psoralens
can be extraded from avariety of plants. It is known that the treament was utili zed in
old cultures. In India and Egypt, psoralens were oltained from Psoralea corylifolia
andAnmi majusrespectively, and used for re-pigmentation of vitiliginous skin.
The epresdgon, phdodynamic therapy (PDT), is often used for a type of
phaochemotherapy which is dependent on the presence of oxygen. The introduction
of the term phaodynamic, and several important discoveries within the field, accurred
aroundthe turn o the century. In 1898,the medicd student Oscar Ragb discovered by
chancethat the toxicity of the dye acidineto parameda was dependent on the ambient
light when performing the experiments, rather than to the cncentration d the drug.
The work was performed in the laboratories of Herman von Tappeiner in Munich. Von
Tappeiner continued the work, and together with Jodbauer, it was reported in 1904
that the presence of oxygen was required to achieve an effed. With this, he first
minted the term phaodynamic therapy to describe the phenomenon d oxygen
dependent phaosensiti zation. Together with the dermatologist Jesoniek, he was the
first to perform PDT on humans, reported in 1903,treding skin cancer, lupus of the
skin and genital condylomas, with eosin as a phaosensitizer. In 1908,the first studies
of the biologicd properties of hematopaphyrin were performed by Hausmann in
Vienna who sensitized mice The first report on sensitization in humans was in 1913,
when the German Meyer-Betz injeded himself with 200mg of hematoparphyrin and
remained phdosensitive to light for two months. Together with a German chemist
named Fischer, Meyer-Betz investigated the importance of the porphyrin structure on
the PDT effed. Fischer continued the reseach on paphyrin chemistry, and much of
his work was conreded to patients with paphyria. From patients suffering from the
porphyrias, phdosensitization d the skin was well-known due to the acamulation o
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various porphyrins and their preaursors (d-amindevulinic agd, paphoblinogen,
porphyrinogens) in the skin (see Sedions 3.1.3and 3.3.1). The seledive locdization
of porphyrins in tumours was observed in Lyon in 1924 ly Policard, who excited
fluorescencein atumour with a Woods lamp with UV emisson and attributed it to the
acamulation d endagenous porphyrins. Asin the cae of many fields, World War 1l
halted further development for some time. In 1948,Figge showed seledive retention
and recognized hematopaphyrin derivative (HPD) as an important substance for
cancer detection” Pioneaing work on the locdizing properties of various porphyrin
mixtures was performed by Schwartz et al. with the original interest to study the
protedive/sensitizing effea of porphyrins in conredion with ionizing radiation
therapy. He found the acéic add-sulfuric add derivative of hematoparphyrin
hydrochloride (HPD) to be agood tumour locdizer. Lipson et al. performed much
work in the 1960s with HPD. He tried to adopt endoscopic systems for tumour
locdi zation by HPD fluorescence® and succeeled in the treament of a human breast
cancer with HPD!

The history of PCT and PDT has been presented in review papers, where
references to the above mentioned work can be fGmhé’

3.1.3. THE PORPHYRINS

Porphyrins constitute agroup d pigments with a gclic tetrapyrrole maaocycle® as
the esential part, and the metal complexes are of fundamental importance in the
ontogenesis of terrestrial life, due to their role @ mediators in hiologicd oxidation
readions. The dlorophylls are Mg**-porphyrin complexes that are centra in the
transformation o solar energy in baderia, algae ad dants. The haams are Fe**-
porphyrin complexes resporsible for the oxygen carying properties of haeamnoglohin
and myoglohin. Haem is aso the prosthetic groupin the gstochromes, resporsible for
eledron transport, reduction o oxygen and hydroxylation readions. Vitamin By, is a
Co®* complex of a compound related to haem.

Thereis a natural link between the research in the field of PDT and the research
on the various porphyrias.®*®** Porphyria is a hereditary disease with a heterogeneous
panorama of expresgons and symptoms. The cmmon fador in the different types of
porphyrias is an erratum in ore of the enzymatic steps of the haem biosynthetic
pathway, mainly due to the expresson d agenetic defed. The liver and erythropdetic
tissue ae the two main locations resporsible for most of the haem synthesis in the
human body. The porphyrias are usualy classfied as either hepatic or erythropadetic,
acording to the principal site of expresson d the spedfic enzyme defed. In patients
with erythropdetic protopaphyria, the fluorescence of porphyrins is well-known,
sincethe discovery in 19537 of strongly fluorescent erythrocytesin such patients. This
is due to an acawmulation d protopaphyrin IX (PplX) in the eythrocytes sndary
to a defect in the enzyme ferrochelatase (see Se&:8o1).
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3.2. Photosensitization of tissue

The term phaosensitization covers all readions in which a substance ativated by
light causes a biologic €fed. Much of the work on phdosensiti zers originates from
the work on paphyrins. Most of the ealy work on phdosensiti zation was performed
using porphyrins and their relatives. However, other and qute different moleaular
structures have been investigated in seach of substances which best med the demands
of the ided phaosensitizer. Most phaosensitizers are large, relatively complex
moleaular structures, that usually have to be aiministered by intravenous injedion. An
exception to this is d-amindevulinic add (ALA), which is a preaursor of the
phaosensitizing compound, PplX. This mode of sensitization will be separately
described in Sectio®.3.

3.2.1. COMMONLY USED PHOTOSENSITIZERS

The field o reseach onvarious phaosensiti zers is now quite extensive. Only some
main groups of phaosensitizers which have been utilized in pre-clinicd and clinicd
studies will be mentioned here. The main feaure of phaosensitizing agents is light
absorption in a wavelength range where the surroundng biologicd tissue is relatively
transparent. Most phaosensiti zing compounds absorb light in several bands within the
visible wavelength range. To read a deeper penetration, the absorption peaks in the
red region are used. The most common phdosensitizer within the field of PDT,
haematoparphyrin derivative (HPD), has an absorption pedk in the red wavelength
region at abou 630 M. The research within the field aims at finding compound
which absorb far out in the red wavel ength region, towards the borders of the infrared,
where the penetration depth of the treament light is at its maximum (Figure 2-1).
Larger tumour volumes can then be treaed. Ancther important feaure to consider is
that the triplet states energies are lower for dyes absorbing in this region, and that
there is an upper wavelength limit for the generation d singlet oxygen viathe Type I
mechanism (see Sedion 3.6.2. This means that dyes absorbing at longer wavelengths
than approximately 800 n cannd be used. In addition, a useful phaosensiti zer
shodd have a rather narrow absorption band, with little ébsorption at other
wavelengths within the solar spedrum. This is to deaeese the side dfed of skin
photosensitivity.

Other basic properties that charaderize an ided phaosensitizing compound,
besides the &sorption wavelength, are a high quantum efficiency, seledive
acamulation in malignant tumour tissue, a fast cleaance ad a low toxicity. The
guantum efficiency is, apart from the phaophysicd properties, also dependent on the
aggregation state of the dye, its locdization at the time of light adivation and onthe
locdized concentration d endogenous quenchers. The fast cleaance rate shoud
idedly include dl normal tisaues, also the liver, kidney and spleen, bu the deaance
from the tumour tissue shodd be slow. The toxicity of a phaosensitizer is partly
conreded to the seledivity of the aent, meaning that phaosensitizers which
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acawmulate mainly in tumour tisuue lead to less effeds on namal tiswes.
Photosensitizing compounds can be classified into three major gfoups:

i. hydrophobc phaosensiti zers, that bea no charged peripheral substituents. They
have negligible solubility in water or alcohol

ii. hydrophili c phaosensitizers which have threeor more dharged substituents and are
freely soluble in water at physiological pH

iii . amphiphili c phaosensiti zers which have two or less charged substituents and are
soluble in alcohol or water at physiological pH

The structure of the porphyrin main core is arelatively flat, tablet-like moleaular
structure with a width of about 7 A.>* A spatium in the middle of this gructure can
acommodate ametal ion. Partly due to this gructure, the ayents easily aggregate by
piling on top d ead aher. One main challenge when synthesising phatosensiti zers,
has been to produce mmpound which stay mainly in the monameric form in solution.
The haanatopaphyrins were the first phaosensitizers qudied more in detail. The
seond generation d phaosensitizers includes compound from other chemicd
groups. A brief description d several of these groups, with some examples of
individual agents, are given as follows.

Porphyrins The main core of a porphyrin compoundcan be seen in Figure 3-1. The
principal porphyrin-based drug used in bah preclinicd and clinicd work is
Photofrin”. Photofrin” is a refined form of HPD, bu still it contains an inhamogenous
distribution d monamers, di- and digomers. The &sorption spedrum for Phatofrin”
has five pe&ks, the strongest at abou 400 rm (the Soret band) and the wedkest at abou
630 mm.** Protoparphyrin IX is, presently, ore of the most utilized phdosensiti zers.
Following the administration d its preaursor d-amindevulinic agd (ALA), PplX will
accumulate in malignant tumour tissue as described in detail below.

Chlorins Chlorins congtitute a group d moleaules very similar to paphyrins, as
shown in Figure 3-1, illustrating the main core of a porphyrin and a dlorin.
Chlorophyll belongs to this group. Chlorins can aso be synthesized from porphyrins.
In contrast to paphyrins, chlorins have the strongest absorption pegks in the red part
of the spedrum, which give the mwmpound a green colour.** In comparison to the
porphyrin structure, the dhlorin hes at least one doudde bond missng in the pyrrole
rings. Benzopaphyrin derivative (BPD) is, despite the name, a dilorin, synthesized
from protoparphyrin. Besides the beneficial absorption wavelength at 690 mm, it has a
rapid acawmulation in the tumour, allowing light irradiation the same day as injedion.
It al'so has arelatively short half-life, with skin phdosensiti zation lasting for lessthan
aweek. Chlorin e is a mmpoundthat has a strong absorption peek at 664 m. Like
BPD, it has a very short-term phaotoxicity. Meso-Tetrahydroxyphenylchlorin (m-
THPC) is the most patent phaosensitizer available for clinicd use & present. It has a
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strong absorption peek in the red, at 652 rm. Drug and light daoses utili zed in clinicd
trials, are in the order of 10 times lower than for Phot0ofrin

Porphyrin Chlorin

/

Figure 3-1 The main core of the porphyrin- and chlorin-type phaosensitizers. As can ke seen, the
difference between the mmpoundsisthe lack of at least one doulde bondin ore of the pyrrole ringsin the
chlorin (arrow).

Purpurins Purpurins are similar in structure to chlorins, in the resped that they have
one reduced pyrrole group. The basic purpurin structure has a strong absorption in the
wavelength region 630-714 nm. Purpurins are insoluble in aqueous thedia.

Phtalocyanines and Naphthaocyanines Phtalocyanines and rephthal ocyanines
strongly absorb red light with maxima aound 670 m and 770 mn, respedively. When
chelated with metal ions, such as, Zn and Al, they exhibit high triplet yields and longer
triplet lifetimes. The dyes can be sulphoreted to various degrees to enhance the water
solubility. The ceitral maaocycle wnsists of a tetrapyrrole unit, bu in contrast to
porphyrin, the pyrrole sub-units are linked by nitrogen atoms rather than by methine
bridges®®

Porphycenes Porphycenes are porphyrin isomers with high absorption peaks between
550 and 650 nm.

Texaphyrins Texaphyrins are expanded, paphyrin-like maaocycles which complex
large metal cations. The dyes have ahigh absorbance pedk in the nea infrared, 730
770 m. Due to the absorption profile, treament light at these longer wavelengths can
be used to oltain an increased penetration depth. These phaosensiti zers can be used
for thicker lesions and pdentially also for pigmented lesions, such as, melanomas due
to the deaeased absorption d melanin in the nea infrared.®” One wmpoundthat has
reached clinical trials, is lutetium texaphyrin (LUTRIN

Other phaosensitizers that can be mentioned, are Pheophabides and Nile blue
derivatives, the latter being an example of a non-tetrapyrrolic agent.
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3.2.2. INTRAVENOUS DRUG ADMINISTRATION- DISTRIBUTION, SELECTIVITY AND
DRUG DELIVERY REGIMENS

Intravenous injedion is the traditional way of administering phaosensitizers when
they are utilized in the dinicd situation. There exist severa theories to explain how
phaosensiti zers with a relative seledivity acaimulate in pre-mali gnant and mali gnant
tisale, and severa studies have been performed that suppat the various aspeds of
them. When dscussng this topic, the seledivity for the malignant cdls towards the
surroundng normal tissue shoud be anphasized, since many other tisaies in the
organism also acawmulate high levels of phaosensitizers, particularly organs with
large reticulo-endcthelial compartments, such as the liver, spleen and kidneys.®®
However, this acaumulation is of lessimportance in PDT, since these organs will not
be irradiated with treament light. The aped of seledivity is presumably represented
both in the uptake and in the retention d the agents in the malignancies. Most of the
mechanisms believed to be resporsible for the seledivity are general morphdogicd
and plysiologicd fedures of malignant tisaue, as will be discussed below. The full
pharmacokinetic description of photosensitizing agents is not discussed.

Uptake Photosensiti zing compounds are thought to be taken upin the malignant tissue
both by adive and by passve paths. In general, the fast angiogenesis of tumour tissue
results in vessEls of a lower quality that have a tendency to le&, allowing
maaomoleaules to pass into the interstitial compartment, which dften is larger in
malignancies. In the cae of malignant tumours growing in the brain, this is
particularly important. The phaosensitizer can easily access the tumour area where
the normal blood-brain barrier is broken davn, while an intad barrier keeps it out
from the normal tissue, lealing to a rather high seledivity.*® The various
phaosensiti zers differ in lipophili city, and thereby, solubility in the aqueous part of
the biologic compartments. Lipophli ¢ sensitizers are known to bind preferentialy to
lipoproteins and hydrophilic sensitizers to serum proteins mainly albumin, after
systemic administration.*® There seans to be a increased seledivity with lipophlic
sensitizers.*' The lipophilic sensitizers bound to lipoproteins distribute within the
various types of lipoproteins.”*® Tiswe with high mitotic adivity, including
malignant tumour tisaue, expresses an increased amourt of low-density lipoprotein
(LDL) receptors on the cdl surface The uptake of sensitizer moleaules associated
with the receptor-mediated endocytosis of LDL can therefore be of importance The
sensiti zer moleaules presumably solubili se within the lipid moiety of the lipoprotein
particle and shoud thereby nat interfere with the receptor-mediated uptake process
From this, it appeas useful to enhance the fradion d the sensitizer carried by LDL
and the administration d liposomal vesicles as a vehicle for drug administration has
been tried.** This is particularly important with hydrophili ¢ sensiti zers, where the drug
can be delivered to LDL via the sensitizer-liposome complex.

Due to a less efficient oxygen supdy in fast growing malignant tumours, a
lowered pH can be foundin these regions. This is a result of the production d ladic
add in the anagobic condtions resulting from a restricted bood perfusion. In an
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environment with lowered pH, hematoparphyrin derivatives can be protonated, leading
to an increased lipophilicity and cdlular uptake. This has been shown in animal
tumour models.*® Producing hyperglycaeamia during administration o the drug prior to
PDT utili Zing Photofrin®, has also been shown to lead to an increased treament effect
and the need for lower light doses in a mice tumour model.*® In this case, glucose was
also administered immediately after irradiation in order to take alvantage of the fad
that a sudden hyperglycaemia can affect the vasculature and lead to hypoxia.

Tissue localization When sensitizers are caried by albumin o globuins in an
aqueous lution, the PDT effed is dominated by vascular effeds, while dired tumour
cel killing dominates when the drug is encapsulated in liposomes or LDL’s.*%*
Malignant tumours often have alarge interstitial spacewhere signs of inflammation
are present. Much of the phaosensitizers can be found interstitialy, particularly the
hydrophilic dyes,*” and in the mononuclea inflanmatory cdls, preferably in the
maaopheges.* The diffusivity of the phatosensiti zer after it has passed into the tissue,
is aso important. Studies with several systemicdly administered phdosensiti zers did
show that the cdlular level of the agent and the dired killi ng of tumour cdls deaeased
with increased distance from the blood suppy.*® An inhamogenos distribution d the
phaosensiti zer was registered in most of these caes. The rate of diffusivity was not
dependent on the degree of lipophlicity. BPD and ALA exhibited the most
homogenous distribution d the compound dudied. For topicd administration, this
feature is particularly important.

Intracdlular localization The intracdlular locdization d phaosensitizing agents has
been studied mainly by biochemicad methods involving differential ultracentrifugation
of homogenised cdls, with examination d the obtained fradions, and by fluorescence
microscopy of morphdogy.® In general, lipoptilic, anionic phatosensiti zers locdize
in membrane structures, i.e. the plasma membrane ad the membranes of
mitochondia, endodasmatic reticulum and nuwleus. Aggragated and hydrophilic
phaosensiti zers can be taken up ly endocytosis and can acaimulate in lysosomes.®*>?
Some cdionic phaosensitizers preferentially acawmulate in mitochondia due to the
eledricd potential gradient aaossthe mitochondia membrane. In vitro studies with
some of these phaosensitizers, namely rhodamine and cyanine dyes, led to highly
selective damage of the mitochondria in tumour, as compared to normal, célt lines.

Retention In order to take advantage of the preferred retention d phaosensitizers in
malignant tissle, ore waits for some time dter administrating the agent, before
performing the light irradiation. For HPD, the period most commonly applied is 2-3
days. For newer sensiti zers, this period is dgnificantly shortened. For certain second
generation phdosensitizers it is just a mude of hous. The medchanisms behind a
seledive retention o adive substances, are not fully known. One suggested
explanation is that malignant tumour tisaue often has a poa lymphatic drainage. The
elimination of photosensitizers along the lymphatic route might therefore slow down.
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3.3. Endogenous photosensitization with d-aminolevulinic acid

When the mode of tisale phaosensitization with endogenous porphyrins was
introduced, it started in certain aspeds a new era within the field of PDT. In this case,

the target tumour tisaues can themselves produce the phaoadive protopaphyrin 1X

(PpIX) for sensitization following the aministration o the preaursor, o-
amindlevulinic add (ALA). Thisis basicdly a different concept requiring other types
of knowledge aou the porphyrin bhiochemistry. Much o this knowledge has been
gained through studies related to paphyric diseases (see Sedion 3.1.3. In 1956,
Berlin et al. studied the pharmakokinetics of ALA in humans (including the authors)

and rats by radio-labelled ALA.>*** Malik et al. induced PDT in leukemic cdls by
ALA-indwed PplX sensitization in 1987°° In 1990, El-Far et al. discovered a
seledive tumour locdization o endagenous porphyrins induced by ALA.>" The full

treament potential of the methodwas reaognized by Kennedy and Pottier, who started
to trea malignant tumours in the skin of humans by administering the ALA topicdly,

and pulhished their initial resultsin 1990and 1992°**° After this pioneaing work, the
field of PDT experienced a new uprising due to the many advantages of this modality,

as discussed below.

The work performed in Lund within this field started in 1991and as sich was
guite ealy. The number of groups that today are working with ALA-mediated PDT is
continuouwsly increasing and a substantial number of papers has been pubished onthe
topic.

3.3.1. BASIC PRINCIPLES

ALA is a naturally occurring, 5-carbon, straight-chain amino add. It is eaily
disolved in water, and in a large variety of solvents and/or emulsions. At
physiologicd pH, it takes the form of a zwitter-ion. At a pH around 5and even lower,
ALA ischemicdly stable, bu can read irreversibly and norenzymaticdly to several
condensation products at higher pH valtfes.

ALA is a preaursor in the synthesis of haan, which is the porphyrin molealle
PplX with an iron atom in its ferrous (Fe**) state incorporated into its core. The haem
biosynthetic pathway takes placepartly in the mitochondia and partly in the gytosol
as illustrated in Figure 3-2. All mammalian, nwleaed cdls can synthesize haem, the
haem cycle being expressed to various degrees. Cells in a proliferative state express
the g/cle to a higher degree the principal production sites being the haamatopaetic
system and the liver. In this process a total of eight straight ALA molealles are
transformed to the tetrapyrrolic maaocycle of PplX.°* ALA itself is formed from the
condensation o glycine ad sucdnyl-coenzymeA (CoA), caadysed by o
amindevulinic add-synthetase (ALA-S). This enzyme is locaed in the inner
mitochondial membrane and has been considered to have amain regulatory function
in the synthesis. Theredter, the formation d aring structure takes placein the oytosol.
In thefirst step, two ALA moleaules form one pyrrole ring structure, parphobili nogen.
Four of these moleaules are in turn pdymerised, forming the tetrapyrrole maaocycle
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uropaphyrinogen 1ll. Several steps of decaboxylations and oxdations then occur
when the moleaule re-enters into the mitochondia, where the protoparphyrinogen is
finaly oxidised to PplX by the ezyme protopaphyrinogen oxidase.
Protopaphyrinogen can also dffuse into the gytosol and there be mrnverted to PplX
by non-spedfic oxidation pocesss. The last step has a major rate-limiting function,
which is the incorporation o Fe* into PplX by the ezyme ferrochelatase.
Ferrochelatase spans the inner mitochondial membrane with its adive site towards the
matrix. In situations with iron depletion (for instance when iron-chelators are alded to
induce PplX acaimulation), ferrochelatase can insteal incorporate zinc into the PplX
moleaule, yielding the fluorescent Zn-protoparphyrin. All enzymatic steps in the
processare irreversible. There is a negative feedbadk in the system, acaomplished by
the final product, namely haen. Haan exhibits a negative feadbadk on the enzyme
ALA-S at severa stages. There is an adion dredly on the final protein product, as
well as on the stages transcription, translation and transport into the mitochondria.

Mitochondria Ferrochelatase
l"
Oy
Glycine H \ J Protoporphyrin X
- wx@ (PpIX)
Saminolevulinicacid ~ JCdnyl-CoA 9
s/nthase _____ > ‘ < T

Cytosol .
Protoporphyrinogen 111

!

Porphobilinogen Coproporphyrinogen 111

Porphobilinogen ,/"\ .
deaminase  “” ! Negative feedback

Uroporphyrinogen 111 “

-==p Enzyme adive d thislevel

Figure 3-2 The synthesis of haem: The enzymatic steps that are important for the accumulation o PplXin
cancerous tisaue are shown. The moleaular structure of ALA and asketch of the tetrapyrrolic main-core
of PplX, are shown. The negative feedback performed by haem is also marked.

When supdying ALA in excess the negative fealbadk in the system is
bypassed. One dso excedls the cagadty of the ferrochelatase. In addition, in some
preemalignant and malignant lesions, the ewzyme caalysing the third step,
porpholilinogen deaminase (PBGD), has been shown to exhibit an increessed
adivity,®*® and ferrochelatase has been shown to have areduced adivity.®****” The
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result is a relative seledive acemulation d porphyrins, mainly PplX, in malignant
tisue.®®®® Protoparphyrin IX has a natural “cleaance mode” by its subsequent
transformation to haem, bu this is restricted to the PplX available & substrate for
ferrochelatase, i.e. mainly PplX locdized in the mitochondia. Chemicdly, PplX is
best charaderized as an lipophli ¢ structure. In an agueous environment, it exists as
dimers and aggregates.®® The PplX-related fluorescence in tiswue has a dual pes at
abou 635and 705 m (Papers 1V, VI and VII). When dsslved in human plasma one
of the absorption peaks of PplIX is in the red wavelength region, at about 635 nm.

3.3.2. KINETICS

One of the main advantages with ALA-induced PplX for phaosensitization besides
the possbility of topicd administration, isitsfast cleaance Thisis also the cae when
ALA is given systemicdly. Much effort has been pu into finding the best timing for
both PDT and laser-induced fluorescence (LIF) for tissue diagnostics.

Berlin et al. foundthat radio-labelled ALA, given in an aal dose of 35 mg/kg
b.w. to a human, was subjed to rapid excretion through the kidneys, with about 50%
excreted duing the first 8 hous.™ In four patients receving an aral dose of 60 mg/kg
bw., pe&k plasma levels of PpIX were readed after 8-12 hous.”* The dimination
showed first-order kinetics with a half-life of 8 hous. After various routes of ALA
administration, Rick et al. founda peg plasma level of PplX to occur 6.7 hous after
an oral dose (40 mg/kg b.w.), 4.1 hous after inhalation (500 mg) and 2.9 hous after
intravesicd installation (1 g).”* After oral administration, the PplX level was a 100-
fold elevated, after the inhalation and ingtill ation it was comparable with reference
values. Neither ALA nor PplX was detedable in the plasma dter ALA applicéaion on
the skin. Plasma ALA pe&ked 30minutes after the oral dose and was badk to baseline
levels in less than 8 hous. Measured by fluorescence the PplX level in the skin
following the oral dose peded between 6.5 and 9.8 hows.”” When administering
treament doses of ALA (30-60 mg/kg b.w.), PplX levels as deteded by fluorescence,
pesked later than 4 hous.®®"® Utili zing low dases of orally administered ALA (5 and
15 mg/kg b.w.), we found a pe& PplX level, as deteded by LIF, to occur after 3-4
hous in nama skin and in mucosa of the ea-nose-throat region (Paper 1V).
Measurements dowed that a squamous cdl cacinoma (SCC) in the ora cavity,
showed higher levels for alonger period d time. After 24 hous, in al tisaes, PplX
was hardly detectable with the system used.

The PpIX deteded in tisaue is considered to be mainly generated in situ. Thisis
based onsevera observations: When ALA is applied topicdly on the skin, a cetain
level of PpIX is aso bult upin namal epidermis (Paper V). PplX is generated so
quickly in malignant and namal tissues after oral administration, that a transport from
other sites of production can hardly be paossble on this timescde (Paper 1V).
Furthermore, the tumour-to-normal ratio of PplX fluorescence does often na vary
significantly between oral” as compared to topicd administration (Paper V1), bu the
plasma levels of PplX are significantly different in these two situaffons.
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3.3.3. TISSUE SELECTIVITY
With ALA-PDT, the situation regarding uptake and retention d the phaosensiti zer is
different from when uili zing traditional phatosensitizers. This is due to the fad that
the aministered agent, the small amino add moleaule of ALA, is sgnificantly
different from the large pre-formed phdosensiti zers, and thus might take other routes
to reat the malignant tissue. In addition, the uptake seems to be of lessimportance
What is important for the acamulation d PplX, is to what degreethe haem cycle is
adive in cdls and the degreeto which it is altered. As discussd, the generation o
PplX can be seen in proliferative cdls. Besides the liver’® and haematopdetic system,
the normal tissues diown to produce PplX following ALA administration are the
tissue lining the internal organs and the skin. Most epithelia tisues have been shown
to generate some levels of PplX, i.e. the epidermis,”® the urothelium,”®’” and the
gastrointestinal trad.”® However, it is always restricted to these mvering tisaue layers
superior to the basal membrane.

In the case of topicd applicaion d ALA to skin malignancies, the penetration o
ALA into the tumour is usualy simplified. Thisis due to a tumour-induced damage of
the egoidermal comporent of the skin, particularly the outermost protedive keratin
layer, which isthe main barrier for the penetration d ALA. Thisis often referred to as
the “le&ky roof” phenomenon,and it isimportant in the seledive build-up o PplX in
skin lesions. Protopaphyrin 1X can be found in the mitochondia, where it is
generated, making this organelle one of the primary sites of damage.

3.34. PORPHYRIN GENERATION IN MICROORGANISMS

When suppying ALA, several baderia can generate porphyrins and also be subjed to
subsequent phaoinadivation. Haemophl us parainfluenza, in contrast to Haemophilus
influenza, was shown by van der Meulen et al. to produce porphyrins with a maximum
fluorescence a 617 mm, following incubation with ALA. Illumination with red light

led to badericidal effeds.”® Seen in the perspedive of a growing baderia resistance
against antibiotic treatment, there are possible clinical implementations in this field.

3.4. Light sources

Both coherent (see Sedion 2.1.1) and noncoherent light sources can be utili zed for
the therapeutic PDT irradiation. The laser is a wherent light source, while filtered
lamps and light emitting diodes (LEDs) are non-coherent. As will be described below,
the different sources have both advantages and disadvantages.

Lasers The laser has been considered the ided light sourcefor PDT. Thisisdueto its
monachromatic and coherent nature. The monachromacgy permits the light to match
exadly an absorption band d the sensiti zer in the aeawhere the penetration in tissue
is at its largest (see Sedion 2.2.1), and thus avoid heaing the tisaue with light that is
not adive in the phaochemicd readion. The awherence dlows the light to be eaily
focused into ogticd fibres and transported into the body cavities or through the lumen
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of neadles into tissue for interstitial ill umination. Traditionally, lasers operating in the
red wavelength band reeded for HPD-PDT have been originaly produced for
scientific or industrial purposes, i.e. argon-ion a copper-vapou lasers pumping dye
lasers, or gold-vapou lasers. The disadvantages with these lasers are the size and
complexity of management. The avantage with dye lasers is the posshility of
changing the dye, and thereby also the eamisson wavelength within a cetain region,
making it possble to use the same laser in combination with various phaosensiti zers.
Later, frequency-douded Nd:YAG (Neodynium: Yttrium-Aluminum-Garnet) lasers
have been used as pumping lasers for dye lasers. Thus, such a system aqquired in 1991
(repetition rate 5 MHz, pusewidth 100 rs), has been extensively used in Lund, mainly
for ALA-PDT employing an emisson wavelength of 635 rmm. Still, this was a
relatively expensive and voluminouws laser with a weight of abou 300 kg. It has
generally been adknowledged that regarding the light source much smaler and
chegper sources are needed before PDT can become atreament modality for common
use.

As for monochromatic light sources, the diode lasers are the most interesting.
Diode lasers have been onthe market for many yeas, bu just very recently, units with
the right wavelength and sufficient output power for ALA-PDT have bewmme
commercially available. The first of these diode lasers emitting at 633 rm for PDT,
was aquired to Lund in January 1998.This is a continuows wave (CW) laser with a
total output power of 1.52 W, weighing only 15 kg (Ceralas PDT635, CeramOptec
Bonn, Germany). For the pradicd, clinicd situation thisis a significant improvement.
Besides having a convenient size, diode lasers are also reliable and easy to use.

Lamps and LEDs Filtered lamps are other posshble light sources in PDT, which have
arealy proved to be very useful, particularly in the treament of skin lesions with
ALA-PDT.>"% The glvantages are alow price and small size. In principle, lamps
can orly be used for superficial ill umination. Although filtered, the wavelength band
achieved is also quite broad. Bands of 50-130 rm have been uili zed.”*® The emitted
light outside the ésorption band d the sensiti zer, was ealier thought to have no aher
purpose than indwing hyperthermia. This hyperthermia might give an increased
tumouricidal effed as has been shown with HPD-PDT in animal models.®* In Lund,
we have mostly tried to avoid the induction d simultaneous hyperthermia during PDT
in order to be ale to separate the dfeds of PDT from hyperthermic dfeds. However,
more and more focus is now put on the phaoproducts generated duing the
illumination, garticularly in the cae of ALA-PDT (seeSedion 3.6.6. Utilizing alamp
as alight source makes it passble to simultaneously excite dso the phaoproducts and
utili ze their possble phaosensitizing capadty. In Lund, a filtered lamp has been
avail able since 1994.This lamp can be filtered in the blue (bandwidth 383450 rm),
green (bandwidth 520590) and red (bandwidth 583720 mm) regions, with an
additional irradiation in the IR (12001700 mm) region for the green and red filtered
modes. The IR band can be used for adding hyperthermia, bu can aso easily be
removed with asimple water filter. The red band has been used for clinicd ALA-PDT,
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but no controlled comparison has been performed between the lamp and the laser as
light sources.

Light emitting diodes (LEDs) are dso noncoherent light sources that can be
used for PDT; however, urtil now they have not been widely used. They emit in
wavseélength bands that are much wider than those from a laser, typicdly around 25
nm.

3.5. Dosimetry

Penetration depth The limited penetration depth of the treament light has usually
been seen as one of the most important limiting fadors in PDT. For light in the red
regionaround 630 m, a “rule of thumb” isthat abou 2-5 mm of tissue can be treaed,
depending on the opticd properties of the tisaue, and the dosimetry used. On the other
hand, there ae situations in which a limited penetration depth of the light is exadly
what is needed. One example is in the treament of the superficial, intraeoithelial
lesions of dysplasia and carcinoma in situ (cis) in hdlow organs, such as the urinary
bladder or the wlon. In these organs, there is a risk of extensive damage with
subsequent shrinkage, and also always a small risk of penetration d the organ wall. In
these cases, treament with green light might be sufficient. When ALA-PDT is applied,
the sensitization d the tisaue itself sets the limits, as only the tissue over the basal
membrane is ensitized. Due to the light scatering in tissue (see Sedion 2.2.9, the
fluence rate in the outermost cdl layers, can be several times the fluence rate
originating from the light source. Predicted values of light penetration in skin tumours
at 635 mm, utili zed for ALA-PDT, indicae that treament effeds can be readed to a
depth of at least 3 mm.” When ALA is applied topicdly for 3-4 hous, fluorescence
microscopy studies of BCCs have reveded that the deeper layers of the lesions, are not
sensiti zed.”>®® With such regimens of topicd applicaion with ALA, this means that
the limitations in the treament are due to the penetration d ALA, rather than to the
light. A mathematicd definition o penetration depth is where the light has been
reduced to 1/e = 2.72 of the incident level.

Pulsed versus continuows light The dficagy of continuows wave (CW) light has been
compared with that of pulsed laser light with high peak power. Some experimental
work has been performed uili zing HPD as phaosensitizer. Cowled et al. found no
differences in vitro and in vivo between pused and CW irradiation®* Shikowitz found
in vivo, that pulsed irradiation gave a better initial tumour resporse, bu did nd
improve the overall cure rate. Theoreticd analysis performed by Sterenbag et al.,
predicted that pulsed excitation with pea fluence rates below 4 x 108 Wm’?, is
identical to CW irradiatioff’

Sdit dose therapy There ae resultsindicaing a possble superior treament effed by
splitting up the irradiation procedure. Various explanations are possble, partly
depending on the length o the dark periods. Re-oxygenation d areas where the
oxygen was depleted by the phaochemistry is probably the most important effed. The
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re-oxygenation is partly due to dffusion d oxygen from the caill aries and partly by
relaxation d vasculature that has been subjed to vasoconstriction, the latter taking
longer time than the first. In atumour model, light deli very with 30seconds on-and-off
exposure, gave increased PDT effeds.®® Mesanann et al. foundthat in the normal rat
colon, sensitized with ALA-induced PplX, the introduction d a bre& of abou 150
seconds markedly incressed the volume of neaosis, and the total light dose given
could be reduced ¥’ A redistribution o the phatosensiti zer has also been discussed as a
contributing fador. Ancther explanationin the time-scde of minutes, can be that of re-
perfusion injury.

Fluence rate The use of lower fluence rates has been shown in several studies to
increase the treament effed. With high fluence rates, there is a risk to deplete the
oxygen in situ, when it is consumed faster than it can be replenished and thereby stop
the phaochemicd readion. This is avoided by using lower fluence rates.
Mathematicd modelling of oxygen consumption and dffusion duing PDT with
fluence rates of 50 mW/cn’, estimates that cdls sufficiently remote from a caill ary,
may reside & oxygen levels low enough to predude or minimise damage mediated by
singlet oxygen. This effea will be more pronourced with higher fluence rates.?® In
vitro studies with Photofrin® showed a significant improvement when reducing the
fluence rate from 200to 25mW/cm?.2 In vivo studies of ALA-PDT on namal mouse
skin, showed that substantially more tissue damage was induced by 5 mW/cm? than by
50 mwi/cni.®

Total light dose The total light dose measured in Jcm? given duing PDT, is
calculated as the product of the fluence rate and time:

Total light dose (J/cf) = fluence rate (W/cf) x treatment time (sec)

For PDT in general and particularly for ALA-PDT, a wide range of light doses has
been implemented, bah when uilizing lasers and filtered lamps, ranging from 30
Jem? to 540Jcm?.>*% Utili zing filt ered lamps, the dose shoud be adjusted so that the
part of the light that adualy can excite PplX, is afficient. In Lund the most
frequently used total li ght dose has been 60 Jcm?. With a fluence rate of 0.1 W/cm?,
this implicates a typicd treament time of 600 seconds for one aea The general idea
is that one shoud illuminate & long as there ae phaosensitizer moleaules left. The
presence of phaosensitizer moleaules in the superficial tisaue can be deteded by LIF
measurements. In Lund, we have followed the PplX level at the surface with this
method duing ALA-PDT (Paper VI-VII). Utilizing a total light dose of 60 Jcm?, the
PplX-related fluorescence intensity after ill umination was quite persistently 8-10% of
the initial level, regardless of the level before the ill umination. From this, we know
that the dose is probably not unrecessarily high, bu the measurements do nd include
information on the PplIX level in the deeper layers.
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Application modes The most common light application mode is by ill umination from
the surface either on the skin (Figure 3-2-a) or in the body cavities. In the body
cavities, there ae several ways of delivering the light, depending on the geometry of
the organ. For locdized treament, spot irradiation can be used, as for the skin (Figure
3-3-b). Tube-formed structures, like the oesophagus, are suitable for side ill umination
utili zing diffusing fibre tips or spedally designed dffusers (Figure 3-3-c). For organs
with an approximately spericd shape, sphericd ill umination with a microsphere & the
end d the fibre might be used (Figure 3-3-d), bu shoud doften be exchanged for
spedaly designed light applicaors (see below). Interstitial ill umination through
several fibres allows illumination of larger tumour volumeiggre 3-3e).

L abye

Figure 3-3 Various light appgication modes for PDT. a) Superficial (microlens). b) Intracavital
superficial. ¢) Intraluminal superficial. c) Intracavital superficial. e)Interstitial.

An evenillumination over the whole treament field, i.e. “top het” distribution, is
necessary to be aleto perform areasonable dose planning. For focd ill umination, this
can be obtained by utilizing fibres with a microlens on the tip. Ancther way is to
image apdlished fibre tip orto the tissue through a microscope objedive. The latter
has been uili zed in Lundwith an oljedive of 20x magnificaion. Dose-planning with
the other variants depicted in Figure 3-3 (b,c,d,e) is more complicaed. Thisis mainly
due to the badk-scatering from the oppdasite organ wall s which means that lower total
light doses are neaded. Ancther complication is that the body cavities are far from
being perfedly cylindricd or sphericd, bu are often rather asymmetricd and folded.
Severa applicaors dhaped after the cavities and with systems for diffusing the light,
have been prodwced, in order to get a more homogenous light distribution® Such
applicators can fadlit ate ill umination in, for instance, the oral cavity, the uterus and
the bladder. In the latter case, it might aso kee the organ dstended, avoiding an
uneven light distribution in a folded mucosa.

Understandably, the dosimetry can be quite cmplicated in many cases.” Thisis
also true for intergtitial treament. To solve these problems, various g/stems for
deteding the in situ fluence rate and/or light dose, have been developed.®*®® They
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alow red time ajustment of the illumination, so that all areas receve the same
planned treatment dose.

3.6.  Mechanisms in photodynamic therapy

There ae three esentia condtituents in the PDT readion; the phaosensitizer
moleadle, light with appropriate wavelength and the presence of oxygen. The
interadion among these three onstituents is the main part of the treament effed. The
mechanisms involved when utilizing ALA-induced PplX as the phaosensiti zer are the
same & when utili zing pre-formed agents. In the foll owing, the treament effeds will
be divided into dred cdl damage and secondary effeds, mostly for didadic purposes,
since the medhanisms are dependent on ead aher and presumably interad in a
complex way. The various effeds may also be different for the various classes of
photosensitizers.

3.6.1. MOLECULAR ASPECTS OF THE PHOTOSENSITIZER

Sensitizer moleaules can be found as either monamers or in aggregated states. The
relative propartions vary and can be deteaed by measuring the fluorescence lifetime
that deaeases in the aygregated state.®* The phaochemicad properties of monamers
and aggregated states of the phaosensiti zers are different. The monameric fradionis
the one that can participate in most phaochemicd readions, sincein this case, all the
molecules can easily come in contact with the surrounding oxygen.

3.6.2. PHOTO-OXIDATION AND GENERATION OF TOXIC OXYGEN SPECIES

The most important messengers in the processes causing cdl damage during
phaodynamic therapy, are oxygen spedes in various toxic states. In vitro studies have
shown that during de-oxygenation d the surroundngs, phdoinadivation is totally
halted *>°" From this asped, PDT can be paralleled with ionizing radiation therapy,
where well oxygenated tisale is more prone to destruction. Limitation in oxygen
content can occur during treament, either as a result of vascular damage or by
depletion o the locd oxygen concentration in the tissue during PDT (see Sedion
3.6.9.

Moleaular oxygen in an excited state is the spedes considered to play the most
important role. This is generated in a process usually referred to as Type |l
phaosensiti zation, where the phaosensitizing moleaule in its excited triplet state (T*)
transfers energy to moleaular oxygen resulting in singlet moleaular oxygen (*O.). To
aqjuirethis, thetriplet state energy of the phaosensiti zing compoundshoud be higher
than the excitation energy of the triplet state of O, (7900cm™). Experimental evidence
for the predominance of the Type Il mechanismisin vitro studies, showing that singlet
oxygen scavengers auppress the phatocytotoxic efed.’®®® Singlet moleaular oxygen
reads rapidly and indiscriminately with eledrophilic biomaterials (R), such as
unsaturated lipids, proteins, nucleic adds etc. The sequence of readions will be &
follows:
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Type Il reaction T*+0, - Sp+'0;, (1)
'0,*+R - photo-oxidation 2)

A highly efficient phaosensitizing compound las a singlet oxygen yield that
approades the triplet state yield. After the transfer of energy from the triplet state to
oxygen, the phaosensitizer may go bad to its ground state, and the ¢ycle can be
repeated as indicated in (1).

The diffusion length o singlet oxygen before it is quenched o reads in a
biologicd tissue has been estimated to be @ou 0.01-0.02 um, correspondng to a
lifetime in the order of 0.01-0.04us.*® This value mrresponds to lessthan ore percent
of a red bood cdl diameter (approximately 7 um). The lifetime and solubility of
singlet oxygen is considerably shorter in a cdlular compartment as compared to in
solutions.® From these mnsiderations, the locdization d the sensitizer in a
surroundng where it can cause lethal damage is probably as important as the total
concentration of sensitizer molecules.

Typel reaction A Typel readionisthe other possble way of energy transfer from the
phaosensiti zer. In this type, the energy is also transferred from the metastable triplet
state of the phaosensitizer moleaule, but not via oxygen. In this readion, there is a
dired interadion between the phaosensitizer and the substrate, which can involve
hydrogen abstraction or electron transfer.

3.6.3. SUB-CELLULAR AND CELLULAR DAMAGE

The degree of lipophilicity of the phaosensitizers determines locdization, and
therefore site and type of damage of the cdls. In general, lipophli c phaosensiti zers
acamulate in the membranes of the cdl and its organelles. Photooxidation o lipids
and poteins in the cdl membranes triggers an adivation d membranous
phosphdipases, leading to a fast degradation d damaged phasphdipids, changes in
fluidity and a rapid loss of cdl integrity. There is crosslinking of amino lipids and
paypeptides, and inadivation d membrane-asociated enzyme systems and receptors.
The cdl membrane depoarises with a fast collapse of the ionic balance®*'%
Hydrophili ¢, as well as aggregated states of phaosensiti zers, are likely to be taken up
by endoacytosis and pinocytosis with subsequent locdization in lysosomes and
endosomes.>>*? Foll owing light exposure, lysosomal enzymes will be released to the
cytosol. Photosensitizers locdized in the oytosol can bind to tubdin, where
phaodamage leals to a de-pdymerization d the microtubui with acaimulation o
cdlsin mitosis, and subsequent cell deah.”* Inhibition o microtubui formationis aso
the mechanism involved for some demotherapeutic drugs. The probability of cdl
inadivation per quantum of absorbed light, is generally lower for hydrophilic
phaosensiti zers than for li pophili c ones, indicaing that the membranous gructures are
the most vulnerabl&*
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3.6.4. SECONDARY EFFECTS

Foci of viable tumour cdls that escape the dired cdl toxicity during PDT may be
subjed to sewmndary effeds of phaodamage. The mecdhanisms usualy attributed
significance ae dfeds on the blood suppy of the tisaue, initiation d apoptosis,
inflammation and induction of an immune reaction towards the tumour.

Vascular effeds PDT causes major effeds on the microvasculature of the tumour,
usually leading to vascular stasis.’’ Since the phaochemistry is dependent on oxygen
suppy, the induction d tissue hypoxialanoxia may theoreticdly “cut baoth ways’. On
ore hand, it can increase the PDT effed by hypoxic cdl damage, while on the other
hand, the phaochemicd process can be halted duwe to insufficient oxygen suppy
resulting in sublethal damages only.

With systemic administration d the phaosensitizing compounds, the first site
for acaimulation seams to be the endahelia cdls. After systemic administration d
most phaosensitizers apart from caionic compound, the mgor determinant of
vascular phatosensitivity seems to be the level of circulating phatosensiti zer.'*® Cell
studies utilizing ALA-induced PplX as phaosensitizer have shown that endahelial
cdls are sensitive to PDT-induced cytotoxicity when proliferating, asisthe caein the
tumour micro-environment.®® In the same study, vascular smooth cdls produced
enough PplX to be sensitive to PDT. When studying human umbili cd vein endahelial
cdls (HUVEC), Yang et al. have shown that several tumour cdl lines saete
angiogenic fadors that increasse HUVEC proliferation and sensitivity to PDT with
aluminum-sulfonated pttalocyanine (AISR).'*” Damage to the endathelial cdls results
in thrombogenic sites along the ves=l walls, with exposed basement membrane,
initiating a cacade of physiologicd responses leading to vascular stasis. Permeahility
and leskage of albumin are increased over the damaged vessl wall,'® which lead to
oedema in the treaed area Reduced perfusion in PDT treded tissue with systemic
phatosensitizer administration, is due to thrombosis formation.”*** It is also duwe to
genuine vasoconstriction, which mainly takes placein the aterioles, and oy at higher
doses of phaosensitizer (Photofrin®) in the venules'®® Release of a number of
vasoadive substances has been asociated with PDT.* Fingar et al. have studied the
eicosanoid substances, and shown a raised thromboxane B, level in conredion with
PDT with Photofrin”, in humans and rats.**" In rats, a raised leukotriene B, level was
also seen. In the rats, thromboxane inhibitory agents, indamethadn and imidazole, led
to a deaeased treament effed in tumours.™* Microvascular observations in rats have
also shown that indamethadn can inhibit the PDT-induwced vasoconstriction® From a
treament point of view, this might be considered if anaesthetic agents are to be given,
avoiding to use the non-steroidal anti-inflammatory drugs (NSAIDs).

By utilizing laser-Dopger imaging (LDI) to detea the blood flow of tumour
tissue, we have observed a diff erence between systemic and topicd administration d
ALA for PDT (seeSedion 7.2.7). In arat liver-tumour model sensitized systemicadly,
the perfusion ceaeased,*'*? whereas in BCC lesions in humans with topicd
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applicaion, the bloodflow increased, in tumour and surroundng tisue immediately
after PDT (Papers | and VIII).

Apoposis In addition to dred cdl deah through neaosis, the fast induction o
apoptosis, i.e. programmed cdl deah, is thought to play an important role in PDT.***
During apoptosis the genetic goparatus of the cdl starts a program to destroy damaged
cdls without involving the inflammatory system. The injuries lealing to apoptosis are
usually less pronourced than those initiating neaosis. Morphdogicdly, there is a
condensation o the ostoplasm with subsequent disintegration o the cdl into
membrane-bound vesicles that subsequently will be phagocytised by neighbouing
cdls. The degradation processis charaderized by an intad function d the membranes
and the organell es, which means that minimal amourts of inflammatory mediators, e.g.
lysosomal enzymes, are released. During apoptosis, there is atypicd fragmentation o
DNA, which is usualy deteded by gel eledrophaesis showing a typicd "ladder”
pattern. Cancer cdl popuations that through mutations have defeds in the goptotic
programme, are known to be resistant towards chemotherapy and ionizing rdéflation.
An apoptotic resporse dter PDT was first shown by Agarwal et al. in 1991)* and hes
been observed for PDT both in vitro****® and in vivo.'” There is an asciation
between phdodamage of the mitochondia and an apoptotic cdl resporse."™ In ALA-
PDT, where the prodwction site of the phaosensitizing agent PplX is the
mitochondia, apoptosis is expeded. This has aso been shown in vivo,"*" and in
vitro."® In the latter studies by Noodt et al., the goptotic resporse was sown to be
cell-line dependent.

Inflammation/imnmundogy PDT usualy initiates a strong inflammatory readionin the
tisaue treaed. Thisis visualised in Paper Ill, Figure 4, showing an ALA-PDT treaed
BCC lesion onthe &daminal wall of a patient. Diredly after the treament, there is
erythema and cedema dso affeding the tissue outside the ill uminated area and being
limited by the dermatome in which the treded lesion is sStuated. The phaotoxic
damages in the cdl membrane leal to the release of metabdlites of membrane lipids
that are strong adivators of the inflammatory readion. Maaopheges are one of the
important cdls in the immediate inflanmatory readion, and in a tumour model in
mice, the PDT effed was increased when locdized treament with GM-CSF
(granulocyte-macrophage colony-stimulating factor) was performed prior ta'2DT.
The treament also starts an extended immune readion that probably is important in
the long-term control of the tumour, through a sensitization o the immune system
towards the tumour cdls. Transplantation studies of immunacadive tisaie between
immunocompetent and immunodficient mice™® have shown that an intadt immune
system is necessry for achieving a full tumour cure &ter Photofrin®-PDT.
Furthermore, memory cdls of the immune system, i.e. lymphacyte sub-popuations,
could be remvered from distant lymphdd tissues after PDT. Sensitization d the
immune system towards even lessimmunagenic tumour types, theoreticdly gives the
opportunity of systemic cancer treatment at distant metastatic locations.
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3.6.5. HYPERTHERMIA IN CONNECTION WITH PHOTODYNAMIC THERAPY

When performing PDT, the question d simultaneous hyperthermic efeds will arise
naturally, sincethe treament light can be aljusted to fluencerates aufficient for light-
induced hyperthermia (in biologicd tissue crrespondng to atemperature rise to abou
41-47°C). In general, adding hyperthermia to the treament regimen would be
interesting as long at it leads to an additive or synergistic dfed. Due to the
dependence of PDT on oxygen, there is a limitation in the system at the level where
tissue perfusion is compromised by hyperthermia.

To be ale to dscriminate between phdochemicd effeds and hyperthermic
effeds and to perform controll ed studies, many groups like ours, have utili zed fluence
rates that are below the threshod o hyperthermia. At 514 mm, it has been
demonstrated that for power densities lessthan 150mW/cm?, no typerthermic efeds
are ontributing.’** Warloe et al. deteded the skin surfacetemperature during ALA-
PDT with laser light at 630 m. With a fluence rate of 100150 mW/cn?, a
temperature rise to 3940°C occurred duing the first minutes, followed by a
stabili zation at 37-38°C."* Delivering light of 200 mW/cm? from a non-coherent light
source including approximately 25% infrared light to human skin and skin tumours,
did lead to a temperature incresse to 39.542.5°C in tumour and to 4243.5°C in
normal tissue.”® These temperatures can possbly add an effedt of mild hyperthermia
When irradiating at high fluence rates, there is a possbility that the excitation d
phaosensiti zers overrides the avail able level of oxygen. The phaosensiti zers can then
be phaodegraded (see Sedion 3.6.6 withou contributing to the phaodestruction o
the tisaue. Considering this fad, it has been proposed that when performing a
combined treament regimen, phdoadivating light of a moderate intensity shoud be
used together with wavelengths incapable of exciting the phaosensitizer, preferably
infrared irradiation. The hyperthermic light shoud na be given before, but together
with o diredly after the PDT light, in order not to compromise the oxygen suppy
needed for PDT2*'%

3.6.6. PHOTOBLEACHING AND ROLE OF PHOTOPRODUCTS

Several studies utili zing laser-induced fluorescence in vivo (Paper VI) and in
vitro'®® have demonstrated that the drug is degraded duing the PDT procedure,
resulting in a deaessed dug-related fluorescence a phenomenon cdled
phaobleating or phaodegradation. In pardlel, when uilizing porphyrins as
sensiti zers, agents fluorescing at other wavelengths have been ndiced to appea
transiently during the illumination pocedure. These gents are usualy termed
phaoproducts. The therapeutic inadivation d the sensitizer moleale ad its
transformation to phdoproducts is oxygen dependent and results from the interadion
of the sensitizer with adivated oxygen spedes, mainly '0,%*! Also, the
phaoprodcts are thought to be degraded in the same way."***** Photoproducts emit
fluorescence in the red visible region and are thowght to be of a dlorin type. %
When uili zing HPD, a phaoproduct absorbing about 640 rm has been observed,*?*
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and duing PDT with ALA-induwced PplX as ensitizer, an evident phaoproduct
emitting fluorescence at around 670 nm has been repdfted.

The phaobleadting effed has traditionally been considered to play a protedive
role in namal tiswe in close vicinity to the tumour that is illuminated. A certain
amourt of lethal/sublethal incidents are necessary to induce cdl deah. In anormal cdl
where the anount of sensitizer moleaules present are insufficient to generate cdl
damage, phaobleading can clea the cdl for further damage. Subsequent ill umination
to deliver enowgh light to the deeper layers will then have no further effed on the
normal tisaue. To what extent the phaoproducts can be phaoadive and contribute to
the treament effeq, is gill not clea. What has been verified is that they seem to be
quite short-lived before they again are subjed to phdodegradation. In the cae of
ALA-induwed PplX sensitization, much interest has been peid to the phaoproducts
due to the fad that many groups are using broadbanded light sources for PDT in skin
lesions. Various lamps (see Sedion 3.4) are used that cover the wavelength regions
where the phaoproducts absorb, and could pdentialy simultaneously excite several
agents. During illumination with 635 m of PplX in tisae, we have observed
photoproducts appearing in-between the two peaks of PplX, at about 670 (PaperVl).

3.6.7. MUTAGENICITY

The question d possble mutagenic efedsinduced by PDT is of extreme importance
as with al treament modaliti es. This question is also important since the treament
potential of PDT is under investigation for noncancerous diseases. Comparable
treament modalities besides surgery, for various malignant diseases, are ionizing
radiation and also to a cetain extent, chemotherapy. Both these modaliti es have the
potential to inducing secondary malignancies in patients who live for several decales
after their primary disease is cured.

First of al, PDT is favoured by being a locd treament modality, meaning that
small volumes of normal tisale ae dfeded, generaly, considerably less than those
affeded by treament with ionizing radiation. In general, the risk of induing
mutagenic dfeds by PDT is considered to be low, bu shoud be taken into
consideration. Most of the phaosensitizers used are lipoplilic and anionic and are
thereby nat retained in the cdl nucleus, boundto the DNA. Due to the short diffusion
length of the adive spedes generated duing PDT, the posshility of dired adion on
the cél DNA is limited. Studies of the genatoxic potential with such phdosensiti zers
indicate alessgenctoxic potential as compared to ionizing radiation, partly depending
on the cdl type aad DNA repair capability.”***** Fiedler et al. have in cdl studies
shown a genotoxic potential due to dark toxic efeds after ALA-induced PplX
sensiti zation, which can be ascribed either to PplX or to ALA. The latter is thought to
be mediated through auto-oxidation o ALA, which generates readive oxygen spedes
(ROS), O,", H,0, and OH"."** Porphyric patients experience a increased risk of
developing malignancies and parall els have been drawn between an increased level of
ROS in cdls with an altered haan synthesis and the initiation o carcinogenesis.®
However, compared to the porphyric diseases that are dharaderized by elevated levels
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of the various prodwcts in the haem synthesis, for longer periods of time,
photosensitization in PDT is a transient “porphyric-like” event.

Concerning the treament light only, the possble risks of DNA damage by UV
light are avoided since preferably light in the red region is used dwe to the tissue

penetration considerations, instead o in the UV/nea-UV region, where severa
photosensitizers have strong absorption peaks.



4. NON-MELANOMA MALIGNANT SKIN TUMOURS

The main skin lesions treaed with phdodynamic therapy in Lund have been non
melanoma malignant skin tumours, ou of which the majority was basa cdl
carcinomas (BCCs). In addition, squamous cdl carcinomas (SCCs) of thein situ (SCC
in situ and Mb. Bowen) and the micro-invasive type have been treaed, as well as ome
cutaneous T-cdl |lymphamas and extramammary Mb. Paget lesions. In this chapter, a
concentration onBCCs will be made, since they constitute the focus for PDT in this
thesis.

4.1. Basal cell carcinoma

Basal cdl cacinoma, synoryms basalioma or basal cdl epithelioma, is the most
common cancer of the skin with its appendages.”*® Due to the inddent behaviour, BCC
isthe only malignancy that is not reported to the cancer registry in most courtries. Still
it can cause significant problems due to its locd invasive growth o muiltifocd
existence in a single patient. The old terminology of the disease was "rodent ulce™,
which describes a lesion that has been growing for alonger period d time. Even today
some lesions can becme quite large before they are crredly diagnosed and treaed,
mainly due to petient delay. In some patients the treament can cause asignificant
problem with high morbidity.

41.1. CLINICAL APPEARANCE

Clinicdly, BCCs are usualy divided into five dasses acording to their morphdogicd
appeaance™’; 1) ulcero-noduar type, 2) pigmented type, 3) superficia type, 4)
morphea-like, sclerotic or fibrosing type, and 5) fibroepithelioma.

The ulcero-noduar type is the most common, and in this group we find the dasscd
BCC appeaance a lesion with a demarcaed pealy, elevated bader with
teleangiedatic vessls on the surface ad central ulceration. At times it can be less
typicd with some parts of the lesion elevated, some parts flat and some parts
ulcerating. The superficial lesions are eaily misdiagnosed as eczema with their red,
slightly scdy surfaces. Thisis aso the cae when the lesions are highly inflamed, bu
not ulcerated and even on hstopathoogicd examination the BCCs can be wrongly
diagnosed and all owed to developinto quite large lesions. The morphealike BCCs are
the most difficult to tred sincetheir borders can extend bdh verticdly and laterally far
beyond what can be observed visualy, due to an infiltrative growth pattern. These
lesions typicdly present with an indurated and shiny, pale surface due to epidermal
atrophy.

All BCCs can have periods with higher adivity, when they present transient
ulceration, crust formation and itching, followed by a phase with fewer symptoms. For
this reason, it can be wrongly diagnaosed as an eczema or a psoriatic plaque. A residual
or reaurrent tumour can often be reagnized by its irritative itching. Metastasizing
BCCs are extremely rare and are from a pradicd point of view nonexisting, though it
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aways has to be kept in the mind d the physicians. The incidence of metastasis has
been reported to be 0.00280.5%% depending on whether the statistics are from a
dermatology patient popuation a a surgicd centre.*® Once the BCC turns into a
metastasizing tumour, its behaviour becomes extremely aggressive.

412. HISTOPATHOLOGY
Histopathdogicdly, the BCCs grow in nests with qute uniform cédls that show few
anaplastic feaures. They resemble the basal cdls of the guidermis but have ahigher
nucleus-to-cytoplasma ratio and lack desmosomes. An idiosyncrasy for BCCs is the
pali sading phenomenon, i.e. that the cdls at the periphery of the tumour nests tend to
form pali sades radially to the centre of the tumour nodue. Another charaderistic is the
production d mucins that causes an artificial retradion ptenomenon after fixation.
Undifferentiated BCC growth isthe most common and wsually denoted as solid growth
BCC. In superficia lesions, small nodues of BCC cdls are seen attadched to the inner
surface of the epidermis. In uceo-noduar lesions, the noddes are larger and
penetrate deeper into the dermis. The BCC growth pattern can also show
differentiation d growth, uwsualy into three types of patterns, named after the
structures they simulate. Those ae the oystic, keratotic, and adenaoid, resembling
sebaceous glands, hair structures or apocrine/ecaine glands, respedively. Pigmented
BCCs are noddo-ulcerating lesions, where &nama melanocytes are seen
interspersed in the lesion. There seans to be aresistancein the tumour cdlsto take up
melanin, resulting in an acawmulation d melanin granules in tumour-related
melanocytes. Such lesions can in some caes be mistaken clinicdly as melanomas. As
oppased to the ulcero-noduar lesions, morphealike BCCs grow as seds of tumour
cdls, often only two cdl layers thick, infiltrating into the surroundng tisue and it can
resemble aitaneous mammary cancer.”’ In the fibroepithelioma asimilar pattern asin
the morphealike lesions, can be seen, but here the strands of tumour cdls are thicker,
there are more nodules and a palisading phenomenon can exist along the strands.
The growth of BCCsis episodicdly progressng and regressng, causing variable
adivity in the surroundng conredive tissue and various degrees of adivity can even
be observed simultaneously within the same lesion!* This causes the dinicd
appearance of lesions that sometimes ulcerate and sometimes heal.

4.13. TUMOUR BIOLOGY

BCCs are believed to arise from a pluripotent stem-cdl popuation d the basal cdl

layer of epidermis and the outer root sheah of the hair folli cles. The lesionis believed

to arise de novo, since no preaursor lesion has been identified. This is in contrast to

SCCs, where actinic keratosis is considered a pre-malignant stage of the disease.
The interadion between tumour cdls and the wnredive tissle stroma seams to

be important in the growth of BCCs. Tumour growth is always e as nests going into

the dermis or having contad with the dermis. Autotransplants will not survive unless

they are transplanted together with perts of their stroma.**® This lad of autonamy of

the tumour cells is also probably the reason why BCCs in principle never metastasize.
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4.14. AETIOLOGY AND PREVALENCE

The best known etiologic fador in the development of BCCs is radiation with
ultraviolet (UV) light. Suppative for this gatement, is the high prevalence of BCCsin
preferably fair-skinned Caucasians in sun exposed skin aress such as the head/nedk
region, the trunk and the legs. Also the prevalence of BCCs has been shown to
incresse with deaeasing latitude.'®® Individuals with higher levels of skin
pigmentation are less prone to develop BCCs.** In African popuations, BCCs can
behave rather aggressvely when present, and they are over-represented in individuals
with albinism.**' Exposure to UV light, particularly in the UVB spedral range, has
also been shown to induce BCCs in experimental animal models. The UV irradiation
induces DNA damage. In sun-damaged skin, the level of the p53 potein rises,
participating in the cdl repair of DNA damages. Often, the result is apoptosis of the
damaged cdl to hinder such a cdl to proliferate. Mutations in the p53 gene ae well-
known in BCCs,**%'*?|eading to urrestrained growth of the dtered cdl line. If cdlsin
the dose proximity to a done of such atered cdls are subjed to additional UV
irradiation with subsequent cdl de&h, the development of the BCC cdl line is
promoted. This means that both the mutation and the cancer cel promotion, is caused
by the same stimulus, namely UV irradiatigh.

Changes in DNA leading to subsequent development of BCC can be induced in
skin that has been exposed to ionizing radiation wsed as therapy for other diseases,
such as malignancies, haemangiomas etc. The time span after the radiodermatitit s urtil
BCC developsis smilar to that after heavy sun expasure. In traumatised skin, there is
an increased incidence of BCC. This is especially the case with burn scars.

A new group d patients that is arising these days, are the patients in whom the
immune system has been suppressed for a longer period o time. The transplanted
patients constitute the major part of this group. Apart from BCCs they can also
develop large numbers of SCC and viral warts.

415. HEREDITY
Some syndromes cary with them an increased risk of developing high numbers of
BCCs darting in yourg age. The Gorlin syndrome (nevoid besal cdl cacinoma
syndrome) is an autosomal dominant disease with low penetration remed after the
American physician Robert J. Gorlin.*** Sceletal changes are dso dften present in
these patients, primarily jaw cysts. Other extremely rare diseases where BCCs are
present since birth or ealy childhood,are the linea unilateral basal cdl naevus with
one-sided clustering of lesions, and the Basex syndrome with generalized dsturbances
in the follicles of the skin.

Xeroderma pigmentosum is a diseesse charaderized by a defedive DNA repair
following exposure to UV radiation. These patients will also tend to develop BCCs
following comparably low doses of UV irradiation.
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4.16. CONVENTIONAL TREATMENT MODALITIES

Many locd treament modaliti es have been used in the management of BCCs. Often
the choice of treament is based onthe type and locdization d the tumour and the
resources and expertise available. Many lesions can be handed by a genera
practitioner.

The traditionally most widespread method is probably surgery with a simple
excision d the lesion. This method can be sufficient for patients with few lesions, bu
in petients with multiple lesions, the scarring can be significant if they are dl to be
removed in this way. In some caes the excision has to be followed by a skin
transplant. It is also necessary to perform reconstructive surgery after removal of
lesions in, for instance the aea dose to the gye. Particularly during excision d the
morphealike BCCs, it is advisable to examine the resedion baders histologicdly to
ensure that they are freeof tumour growth. Thisis performed duing surgery by frozen
sedion control. The most refined of these methods is the so cdled Mohs aurgery,
named after the American surgeon Frederic E. Mohs***°, In this method, the borders
of the excised tissue ae examined microscopicdly in a systematic way until the
resedion baders are free of tumour growth. Obviously, Mohs surgery is time
consuming and expensive and has to be performed by specially trained surgeons.

Radiation therapy has primarily been performed for BCCs that are large and o
the morphealike type. The treament dose is typicdly 45 Gy delivered in 1020
fradions depending on the locaion d the lesion. The fradionation is necessary to
adiieve an accetable sparing of normal tissue, resulting in typicdly 2-3 weeks of
daily treatment.

Other techniques reading a widespread use ae methods that to a higher degree
spare the normal tissue and are faster to perform. This is of grea value for patients
who have multiple lesions and continuowsly develop rew ones. These methods are
eledrocoagulation and cryosurgery, where the tisaue is damaged by either heding it up
with an eledricdly heaed meta tip o freezing it with liquid nitrogen. Sometimes
curettage is added, i.e. debulking the tumour by a arette. Simple ayosurgery is
probably the fastest technique. The low temperature of the liquid nitrogen has an
anaesthetic dfea on the tisaue, which implies that locd anaesthesia prior to the
procedure seldom is provided. Of al locd treament modaliti es, Mohs aurgery is the
one with the lowest recurrence rate, being less thal 294

Among the systemic treament moddlities, the most used is the ora
administration d retinoids (A-vitamin derivatives). This is used for patients who
develop hHgh numbers of BCCs, espedaly those with the hereditary forms. The
treament will not remove the lesions but can prevent new lesions from developing.
However, due to its toxicity it is not widely used. In cases of metastasising BCCs,
chemotherapy in the form d#,g.,5-fluorouracil, has been given systemically.

It is within these settings that PDT has found its place The alvantages with
ALA-PDT in the treament of BCCs, and the lesions for which this might be the
treatment of choice, are described in Sechiéh8
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9. PHOTODYNAMIC THERAPY - CLINICAL APPLICATIONS

There is a variety of possble gplicaions for phaodynamic therapy (PDT) It can be
used as a primary treament modality, utili zing superficial or interstitial ill umination.
As an adjuvant modality, it can for instance be alded to surgery for “sterilizing” the
surgicd field for micrometastases or remaining tumour cdls. In connedion with
surgery, it can adso be cmnsidered for unresedable tumour growth locdized in the
vicinity of vital anatomic structures. In addition to orcologicd diseases, several non
oncologicd applicaions have been identified. A brief overview of the dinicd status of
PDT isgiven in the following sedion, in which the main focusis put on PDT utili zing
o-aminolevulinic acid-induced protoporphyrin IX photosensitization (ALA-PDT).

5.1.  Clinical status of photodynamic therapy with pre-formed
photosensitizers

5.1.1. ONCOLOGICAL APPLICATIONS

At present, the most exploited pre-formed phdosensitizer in the dinic is
hematoparphyrin derivative (Photofrin”). Intravenous injedtion o Photofrin” has been
utili zed in the treament of basal cdl carcinomas (BCCs),"****° including the handling
of multiple BCCs in patients with the Gorlin syndrome,*** and good results have been
oltained. However, due to the prolonged skin phdosensiti zation, the modality has
never reated any widespread use in the treament of this disease. It is for the
oncologicd diseases with a more life-threaening potential, that this type of PDT has
been most exploited. The first hedth agency approval for PDT, was obtained in 1993
in Canada for prophyladic treament of bladder cancer with Photofrin”. At present,
Photofrin” has been registered for severa indicaions in the United States, Canada,
Japan, and Europe, as outlined able 5-1

Table 5-1 Regulatory status of Photoffi{1998)%*

Country Indication

Canada Prophylactic treatment of bladder cancer
Early stage lung cancer

The Netherlands Advanced oesophageal and lung cancer

France Advanced oesophageal and lung cancer

Germany Early stage lung cancer

Japan Early stage lung, oesophageal, gastric and
cervical cancer
Cervical dysplasia

The United States Advanced oesophageal cancer
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Severa of the second-generation phdosensiti zers have readed clinicd trials Phase II-
1. All these agents have asorption maxima located further out in the red wavelength
region as compared to the asorption peak at 630 mm utili zed for Photofrin® (seeTable
5-2).

Table 5-2 Overview of phaosensiti zers which havereached clinical trials Phase I1-

III. The absorption maximum in the red wavdength region, utili zed for treatment,
is also shown.

Agent Agent Agent Company Absorption
short full name tradename wavelength
name
HPD Hematoporphyrin Photofrif’ | QLT PhotoTherapeutics | 630 nm
derivative Inc., Vancouver, Canada
BPD-MA | Benzoporphyrin Verteporfin| QLT PhotoTherapeutics | 690 nm
Derivative-monoacid Ring Inc., Vancouver, Canada
A
mTHPC | Meso-tetrahydroxyphenyl| Foscafl Scotia Pharmaceutical, [652 nm
chlorin Great Britain
SnET2 Tin Etiopurpurin Purlytin” | Miravant Inc., Santa 660 nm
Barbara, CA, US
Npe6 N-Aspartyl Chlorin e6 664 nm
Lu-Tex Lutetium texaphyrin LUTRIN" | Pharmacyclics, Sunnyvalg732 nm
CA, US

Several reviews concerning the dinicd status of PDT in general'***? and within

various clinical specialitieS*>**°have been published during the past couple of years.

5.1.2. TOPICAL APPLICATION MODE

Some work has been peformed with topicd applicaion o pre-formed
phaosensiti zers, bu the reported results are quite few. One important reason for this
might be, that as ©on as ALA-induced PplX was introduced for phaosensiti zation,
this has been preferred to use for topicad applicaion. McLean treaed several
cutaneous metastasis of breast cancer (¢ = 0.5-1.5 cm) with intralesional injedion d
Photofrin® and oliained complete resporse (CR) after one or two treament sessons
(personal communicaion).**® Some pre-formed agents have shown to be caable of
penetrating skin malignancies, to such a degreethat they can be used as ®nsiti zers for
PDT. Sacdini e al. have treged BCCs with topicd applicaion o
tetraphenylporphine sulfonate (TPPS in a vehicle substance Lesions with a thickness
of lessthan 2 mm were successully treated.®” Recently, the porphycene dye ATMPn
has been subjea for topicd studies. The dye was shown to be caable of penetrating
into BCC cdlslying in the deg dermis after 6 hous of applicaion. On thistime-scde
the penetration into the perilesional skin was restricted to the upper epifrmis.
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5.1.3. NON-ONCOLOGICAL APPLICATIONS

The pronourced effea of PDT on vesls (see Sedion 3.6.4 can be exploited in the
treament of age-related maaular degeneration (“wet” type) and dabetic retinopethy.
These @mndtions are charaderized by ale&y neovascularization in the reting, and are
common causes of blindress Presently, Phase Il trials have been completed in the
United States and Europe in the treament of age-related maaular degeneration!*
Low-doses of BPD-MA were utilized and the light irradiation was performed very

shortly after injection, at a time when the dye still was confined to the vé¥sels.

5.2.  C(linical status of photodynamic therapy utilizing,
d-aminolevulinic acid-induced protoporphyrin IX

Before PDT was clinicdly introduced as an aternative treament modality for cancer,
naturally multi ple studies of the dficiency, toxicity, mecanisms etc., were performed
in cdl li nes and animal tumour models. However, when ALA-PDT was introduced, it
foundits way more eaily into the dinicd setting. There ae several explanations for
this. In addition to the pre-clinicd studies on ALA, a large anourt of pre-clinicd
testing had already been performed on PDT with pre-formed phdosensitizers and
ALA-PDT was assumed to be similar in these aspeds. Also, ALA is considered as a
relatively harmless agent since it is a naturally occurring substance in the body.
Information about plasma levels, toxicity etc. aready existed, partly from the research
on paphyrias. Furthermore, the topicd administration was introduced from the very
beginning, and with this applicaion mode the risks of possble systemic side-effeds
and phdosensitivity of the skin are small. The possbility of utili zing afiltered lamp as
a light source meant that ALA-PDT of skin lesions could be performed in hospitals
where traditional PDT treament lasers were not avail able, and thus a more widespread
use was possible.

5.2.1. APPLICATION MODES

A variety of applicaion modes has been uili zed for the alministration d ALA. This
includes the alministration o ALA in treament doses intended primarily for PDT as
well as the administration d ALA for diagnaostic purposes (see Sedion 6.4). Since, in
principle, all body cavities can be readed by topicd administration, this applicaion
mode has been extensively exploited. Solutions of ALA have been instilled in the
bladder,"®*'®* and the uterus.®” For lesions in the oral cavity, ALA solution can be
gurgled. Inhalation hes been performed for fluorescence diagnostics in the bronchial
tree'® The fad that ALA is easily absorbed from the gastrointestinal trac makes oral
administration a very attradive way of supplying ALA systemicaly.'***®® The process
of absorption, dstribution and PplX build-up is very fast. When administering ALA
oraly in low-doses for diagnostic purposes, we deteded a build-up d PplX by means
of LIF aready after 15 min (Paper 1V). Intravenous administration hes also been
performed?
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522. TREATMENT OF NONMELANOMA PRE-MALIGNANT AND MALIGNANT SKIN
TUMOURS

Actinic keatosis Not too seldom, patients presenting with squamous cdl carcinomas
(SCCs) and BCCs, aso show pre-malignant lesions of adinic keratosis (AK). Several
authors report on the treament of AK with PDT. Complete resporse rates in the order
of 80-100% have been ohtained,®%°*°**" with a follow-up d 3-36 mornths. Fink-
Puches et al. treded AK lesions with various modes of non-coherent light. At long-
term follow-up d 36 mornths, there was a significant difference between treament
with filtered light and treament with full-spedrum visible light, in favour of the
|atter."®® Due to the frequent presence of multifocd disease in the face ad scap, and
the superficd nature of these lesions, a spedally designed lamp has been produced
that can simultaneously treat this whole region with blue light after ALA applic&tion.

Basal Cell Carcinoma (BCC) The amphasis in the dforts within the field of ALA-
PDT, onskin malignancies, has been placed onthe treament of BCCs. Multiple pil ot
studies have been presented, and the results have been variable but overal very
promising.>®,>98090122167189 paner ||1) Peng et al. have presented areview of 12 clinicd
studies in the treament of BCCs with ALA-PDT. The are rates, given as weighted
averages, were 87% for superficial lesions and 53% for noddar lesions (foll ow-up
time 2-36 months).” From the initial study at our clinic, we experienced a100% CRin
superficial lesions and 6446 CR in noduar lesions after one treament sesson. After
one alditional treagment sesson, 1006 CR was aso oltained in the noddar lesions
(Paper 1lI). A subgroup d patients had lesions on the eyelids and in the periocular
region (Paper I1). Following in median 3 treament sessons, complete respornse was
sean in 420 (8/19), partia resporse in ancther 42% (8/19) and noresporse in 16%
(3/19). Minimal scarring and loss of cilia were induced by the treament of the eye-
close lesions, which is particularly important in this anatomic site.

Morphealike BCCs have shown a mnsiderably lower resporse to HPD-PDT
than the other BCC subtypes.’*® We have had the same experience when treaing some
of these lesions with ALA-PDT. Fluorescence microscopy has reveded that after
topicd ALA applicaion, morphealike BCCs exhibit a spotty and inhamogenous
PplX-related fluorescence dter 12 hous of applicaion.””> Whether this is due to a
lower potency of generating PplX, or that the uptake is hindered by the fibrous groma
characterizing these lesions is not clear.

Squanous Cell Carcinoma (SCC) Most squamous cdl carcinomas of the skin treded
with ALA-PDT, have been o the in situ type (SCC in situ and Mb. Bowen). Our
experience with these lesions is that they respond equally well to the treament as
BCCs of comparable thickness and can often clea after one treament sesson. In a
small series, complete response was e in 90 (9/10), with a foll ow-up time of less
than 14months (Paper I11). Other studies of in situ or ealy invasive SCC, including 5-
20lesions ead, have dso shown comparable results, with CR rates in the range of 75
10092901819 g|low-up periods were 2-36 months.
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Cutaneous T-cdl lymphama lesions In Lund, we have experience with the treament
of threepatients with this diagnosis. All patients had several lesions. In ore patient, al
lesions have resolved on 13 treament sesgon (parts of these result are presented in
Paper 1II). The lesions of the seacond atient were considerably thick, 7-9 mm, and dd
not respondto the treament (Paper Il1). The third petient had lesions located in the
eye-close region, which resolved on 1-4 treatment sessions (Paper II).

5.2.3. RANDOMIZED CLINICAL TRIALS
At present, only two randamized, prospedive dinicd trials have been performed with
ALA-PDT. Both trials concern the treament of malignant skin lesions with topicd
ALA-PDT and cryosurgery, as the treament arms. Morton et al. conduwcted a tria in
patients with Mb. Bowen. In total 40 lesions were included. A filtered lamp was used
as light source (70 mW/cm? and 125Jcm?). With cryosurgery a single freeze-thaw
cycle technique was used. They foundthat the probahility for the lesions to clea after
one treament sesgon, was greaer with PDT. Twenty-five percent of the lesionsin the
PDT group ted to be re-treated with PDT. At one yea follow-up, noPDT treaed, bu
10% cryosurgery treaed lesions reaurred. There was more pain in conredion with
cryosurgery, as well as occurrence of the adverse effects of ulceration and iffction.
We mnduwcted a Phase 11l clinicd trial in the treament of superficial and noduiar
BCCs (Paper V). In total 88 patients were included, all on the basis of onelesion. The
other treament arm was cryosurgery with a dual freeze-thaw cycle technique. Abou
one fourth of the lesionsin the PDT group hed to be re-treded orce (2 lesions nealed
more than ore re-treament). In conclusion, the preliminary evaluation d the dinicd
study showed that the dficades of ALA-PDT and cryosurgery are statisticdly
comparable with atendency of a small advantage for the latter modality. However, the
healing time and the cosmetic outcome strongly favoured ALA-PDT.

5.2.4. TREATMENT OF BENIGN SKIN LESIONS

Psoriasis Psoriasis is a quite common skin disease. There is not so much written in
the literature, bu ALA-PDT has been performed and been shown to give an effed in
psoriatic plague.””™ We have experience with a few patients in which we culd oktain
partial resporse and thereby reduce the symptoms in a similar way as with the
conventional treatment modalities.

Acne In 1942 Figge noticed that comedores in medicd students showed an intense
red fluorescence when excited with UV light. He predicted the presence of porphyrins
in the material within these structures.'” Orenstein et al. deteced endagenous PplX
fluorescencein ame with a fluorescence imaging system.*” The normal skin baderial
flora, for instance propione baderium amae constituting parts of the baderia
comporent of ame, stores porphyrins and treament of ame with blue light has been
performed-"
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525. SOME TREATMENTS PERFORMED WITHIN VARIOUS CLINICAL SPECIALITIES
Gynaemlogy Dysplasia and carcinoma in situ (cis) are quite cmmon in the lower,
female genital trad, primarily in younger women. One of the main etiologic fadorsis
viral infedion. Martin-Hirsch et al. reported on the treament of high-grade cevicd
and vulval intraeithelial neoplasias (CIN and VIN, respedively) with topicd ALA-
PDT. With ore treament, the are rate was 50% in the CIN groupand 3®%6 in the VIN
group. Simultaneously performed fluorescence microscopy studies howed PplX
fluorescence throughout the whole epithelial layer after 4 hous of applicaion!”™ We
have treded some patients with extramammary Mb. Paget, in which aher treament
modalities had failed or coud na be performed. The treament resulted in partia
resporse of the lesions and a significant reduction d the symptoms. Fluorescence
studies after ALA instalation in the uterus, have reveded a rather seledive build-up
of PpIX in the endometrium as compared to the myometrium,*®* and ALA-PDT has
been propaosed as an aternative modality for endametrial ablation. We have foundthat
oral administration o ALA in low doses induced very high levels of PplX
fluorescence in condylomas of the female genital and such lesions can thereby be a
possible indication for ALA-PDT®

Urology Stenzl et al. reported on a 10-16 months tumour-free follow-up, in 56
patients recaving ALA-PDT for reaurrent cis of the bladder. The treament was
performed after instillation d ALA for 30 minutes together with 20 min of
eledromotive diffusion.®* Initial resultsin Lundin the treament of cis of the penis are
promising.

Otorhindaryngdogy The ea-nose-throat region is easily accessble for PDT.
Squamous cdl carcinomas of the oral cavity are often multifocd and for this reason
PDT has been considered a very interesting modality. Fan et al. treaed pre-malignant
and malignant lesions in the oral cavity after oral administration d ALA. They found
it to be an efficient treament for the pre-malignant, dysplastic lesions."’”’ Stender et al.
treaed a few patients with adinic cheiliti s, a pre-malignant condtion d the lips and
obtained CR (follow-up 612 months)."”® In Lund, some treaments have been
performed ofis of the vocal cords, and the results have also here been promising.

Sugery Barett's disease is a mndtion with metaplasia of the githelium, from
sguamous to columnar epithelium, in the lower oesophaegus, with subsequent high risk
of developing dysplasia and adenocarcinoma. Barr et al. treded five of these patients
with ALA-PDT (oral administration). High-grade dysplasia awuld be eadicaed in all
patients. Squamous epithelium regenerated, bu sometimes on top d columnar
epithelium, which required continuows surveill ance of these patients. No reaurrence of
dysplasia was e at follow-up d 26-44 morths.'” Only superficial neaosis was
obtained after treament of benign and malignant tumours in the gastrointestinal trad,
with orally adminstrated ALAR®*®
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Hematology Some of the very ealy work in the field of ALA-PDT, showed that
erythroleukaemic cells could be destroyeditro.*®

52.6. SIDE-EFFECTS

Dysesthesia and pan ALA-PDT of skin lesionsisusually performed onan ou-patient
basis and very seldom in the operating theare during general anaesthesia. One of the
major obstades towards the treament has been identified as an intense pain that
occurs in some patients and in certain anatomicd locations. During light exposure,
most patients have some sort of dysesthesia on the treament site. The darader of
these sensations is usually described as a feding of prickling, stinging or itching that
can turn into a really painful sensation in its crescendo.

Ancther major comporent is the sensation d warmth that varies on the scde
from a omfortable warm feding to a burning sensation. This $oud be seen in the
context that almost all treaments are given with light fluence rates well below the
threshold for hyperthermia. Fijan et al. naticed an increased pain requiring locd
anaesthesia, when uili zing possble hyperthermic fluence rates of 200-250 mW/cm?
from a filtered lamp.*®” Orenstein et al. illuminated bah namal skin and ALA pre-
tresed skin tumours with 100 mW/cm® from a noncoherent light source A
temperature increase to 39.542.5°C in tumour and 4243.5°C in nama tisue was
observed. The patients noticed a burning sensation in the tumours, bu nat in the
normal skin orly subjed to irradiation. They concluded that the light itself could na
be aprobable source of the dysesthesia'®® Presaure in the tissue is ancther sensation
we have naticed. There is alarge inter-patient variation onthe degree ad charader of
the dysesthesia. Treament in well innervated anatomic regions is more prone to give
rise to dysesthesia and pein, i.e. the face hands and the perined region. Open wounds
in the treament area dways lead to more pain, something that partly can be explained
from the generation d more PplX due to the eay access of ALA to the tisale.
Furthermore, we have experienced that a few patients treaed in the head and reck
region and onthe chest report referred pain. Often, it can be quite difficult to predict
the degreeof dysesthesia. When present, the dysesthesia or pain, is more intense in the
beginning of the treatment session, declining throughout the illumination procedure.

After seven yeas of experience with topicd ALA-PDT for skin lesionsin Lund,
utili zing light fluences below the threshold for hyperthermia, the general impresson
based onempiri and aganized registrations, is that it is rather seldom that dysesthesia
takes the charader of unbeaable pain and becomes a problem for the patient and the
physician. However, most patients have some sort of dysesthesia (Papers II,lll and
V).’8%18! Several efforts have been undertaken to reduce the pain when present. All
sorts of locd anaesthesia, e.g., infiltrating and spraying with lidocain, a applying
EMLA" cream for transdermal delivery of lidocain and rilocain have surprisingly not
given any significant improvement. For these reasons, locd anaesthesia has naot been
routinely used. Thisindicates that the pain induction from the phaochemicd readion
is of quite another charader than that, from for instance, a surgicd procedure. What
we have foundto be the most efficient approach onthe treament site, is to spray with
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isotonic saline or water. In arder not to compromise the oxygen suppy by causing
vasoconstriction, a temperature of 15-20°C has been used. This added stimuli reduces
the @nception d the dysesthesia induced by the treament. The dfed of the water
stimuli is shown in Figure 5-1. In this investigation, the patients were instructed to
indicate the feding of pain ona 10 cm visual analogue scde (VAS) during the light
exposure. Zero on the scde indicated "no pain” and 10 cm indicated "unbeaable
pain”. Treament was performed with two dfferent diode lasers, ore @mntinuows wave
(CW) at 635 rm and ore & 652 rm utilized in two dfferent light delivery modes, a
CW and a pused (PU). In general, the conception o pain was not severe, bu
accetable for the patients, being < 3-4 cm (3-4 cm corresponds to "slight pain”).'®*
Light exposure & the wavelength of 652 rm, which is off the main absorption peek of
PpIX generated lesspain, but also hed a lower treament efficag.'®” The same dfed
of deaeased pain when switching to wavelengths that are off the various absorption
pesks for PplX, was experienced by Fink-Puches et al.'®® One explanation might
therefore be a less pronourced phdochemistry. In ou case, the water had an
immediate dfed, reducing the sensation d pain by two urits, from moderate to dlight
pain.

Pain - CW (635 nm)
- CW (652 nm)
—— PU (652 nm)

VAS units (max 10) 9
o N W A O (o)

0 25 50 75 100
Applied energy (J/cm?)

Figure 5-1 Comparison d pain sensationin patients (shown as mean values + SEM accordingto a 10cm
visual andogue scale) with dfferent wavdengths and light irradiation modes (635 M n=13, 652 mm
pulsed =19, 652 rm CW n=17). In dl threegroups there were lesions with the diagnasis of BCC, SCC
in situ and atinic keatosis. Duringirradiation a 635 rm water was apgied after a light dose delivery of

5 Jien? in 10'13 lesions, whereas at 652 rm it was not needed neither with continuous nor pulsed light

delivery?®!

Photodynamic therapy can also be performed with anaesthetic nerve blocking.
When performing anaesthesia on a higher sensory level, as for instance digital nerve
blocking and Hocking of the penile nerve roats, satisfadory anaesthesia has been
obtained. It can also be mentioned, that when anaesthetic agents are needed in
conredion with o after PDT, it has generally been anticipated that such agents as the
nonsteroidal anti-inflammatory drugs (NSAIDs) shoud be avoided. This is because
the inflammation caused by the treament is considered important for tumour

54



eradicaion. In addition, such agents have been shown to deaease the PDT-induced
vasoconstriction and the treament effed in conredion with systemic
photosensitization (see Sectigr6.4.""

A very interesting finding is that the treament with topicdly applied ALA pro-
drugs, i.e. esterified ALA moleaules for increased lipopfilicity, leads to less pain
during ALA-PDT°

Systemic dfeds after systemic administration Acute intermittent porphyria is a
disease dharaderized by elevated ALA levelsin the blood. Well-known manifestations
of the disease ae dtadks of abdaminal pain, vomiting, tachycardia, and hypertension.
It is also charaderized by peripheral or sometimes central neuropathy, and psychiatric
manifestations®® Only a few of the less ®rious of these symptoms, have been
observed in patients recaving single, high doses of ALA. In a group d patients
recaving oral administration d ALA in dcses of upto 60mg/kg b.w., transient nausea
and vomiting was naticed in 15-30% of the patients, and 2530% developed temporary
changes in various liver function te&t3%

Cutaneous phaosensitivity When kept in subdied light, patients recaving up to 60
mg/kg bw. ALA, did na develop any cutaneous phatosensiti vity.™®* In Lund, we have
the same experience with patients receving 45 mg/kg b.w, who were exposed to
ordinary indoa light levels, bu kept away from strong lamps and sunlight. When
given in low doses (< 15 mg/kg b.w.) for diagnaostic purposes during winter time, no
light restrictions were gplied and there were no complaints of itching or other
symptoms of skin phdosensitivity. Very low levels of PplX could be deteded in the
skin by means of laser-induced fluorescence and after 24 hous it was hardly
detectable (Paper V).

5.2.7. TREATMENT REGIMENS FOR IMPROVED CLINICAL OUTCOME

Several approaches for improving the dinicd outcome of ALA-PDT have been
introduced in the dinic. The dm is to increase the bio-availability of ALA by
increased penetration and ugdake in cdls, and to stimulate to increased production and
acamulation o PplX. Improved ALA penetration following topicd administration,
can lead to a significant reduction in the interval between application and light
exposure, due to the fast bio-conversion d ALA to PplX. The time asped is of major
importance, for pradicd reasons, in the dinicd situation. When administering ALA
systemicdly, a more homogenots distribution o PplX is obtained in tumours™ and
might be the best administration mode in certain seleded cases, as for instance when
there are thicker or multiple lesions.

ALA penetration andPplX accumulation Prior to topicd ALA application, malignant
skin lesions are usualy prepared by removal of crusts and debris and aso of the
stratum corneum of the skin (Figure 6-1), if it still is intad. For thicker lesions,
debulking of the tumour mass has been performed by curettage.” Furthermore, lipids
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can be removed from the superficial tisaue by cleansing with luke-warm ethandl. The
application time of ALA is of outermost importance Theoreticd modelling’ and
clinicad experience'®* have shown the benefit of alonger applicaion time. The various
methods described in the following can probably reduce the application time.
Drugs that potentially work as porphyrin production inducers are the ironion chelators
ethylenediamine tetraacéic add (EDTA) and desferrioxamin. Both deaesse the
amourt of PpIX transformed to haam by depleting the intracdlular level of Fe2+. The
effed of EDTA on PplX acamulation hes been evaluated when suppied together
with dmethylsulphoxde (DM SO), where an increased level of PplX was achieved at a
degoer level in the tumowr.?® The EDTA molealle done has a rather shallow
penetration in skin as sown in mouse skin."®> When ALA was applied together with
desferrioxamine, a more intense red fluorescence was adiieved in skin tumours as
compared to supplying ALA alorié’

Increased penetration d ALA has been reported after chemicd and ptysicd
manipulation and is usually evaluated as the intensity of PplX fluorescence in the
tissuie layer of interest. DMSO is a well-known vehicle for increased skin
permeability. In addition, it is uppcsed to induce cdl diff erentiation and initi ate haem
biosynthesis. A significantly incressed penetration d ALA in skin tumours was
achieved when adding DMSO to the ALA formulation® and it gave asignificantly
better cure rate in thicker lesions.”® Similar results have been achieved in vitro bath
with DMSO + ALA aone and in combination with a porphyrogenic drug, alyl-
isopropyl-acdamide (AIA).**® A new and very interesting drug-formulationis obtained
by manipulating the ALA moleaule to increase its lipophili city. Thisis dore by adding
for instance various esters to the diemicd structure. Such compound have sometimes
been termed ALA pro-drugs. Immediately locdized intracdlularly, esterases will
remove the ester-part, leaving the ALA in its original form and thereby increasing the
bio-avail ability. Incressed PplX formation has been reported in vitro and in animal
tumour models with such pro-drugs.”®*®’ In human BCCs, a better seledivity was also
observed?

lontophaesis and phonophiesis are physicd methods utili zed for transdermal
delivery of various drugs. In iontophaesis one utili zes the ionic nature of the ALA
moleaule in solution. An eledric aurrent in the order of 0.1-4 mA can be gplied for
more than ten minutes withou induwcing pain o skin damage. Typicd areas of the
delivery chamber and the d@tachment pad of the other eledrode, that are in contad
with the skin, are 4 and 12cm?, respedively. When coupling a delivery chamber with
ALA/sterile water solution to the anode, ALA is driven through the stratum corneum
of the skin and further into the tissue. Rhodes and co-workers evaluated the methodin
normal skin of voluntees, utilizing the PplX fluorescence intensity deteded at the
surface and past-irradiation erythema @ a measure of delivered ALA dose. A total
charge of upto 120mC, utilizing a aurrent of 0.2 mA, was used. They founda dired,
positive crrelation between delivered charge and PplX fluorescence as well as
between delivered charge and erythema dter irradiation with a filtered lamp.*®® For
thicker tumours in the skin, particularly when treding some aitaneous metastasis of
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breast cancer, we have used currents of 1-4 mA for 10-15 min and total delivered
charges in the range of 600-3600mC (total charge, mC=current, mA x time, sends).
A similar regimen was applied in conredion with ALA-PDT in the bladder after ALA
instill ation for 30 min. A iontophaesis eledrode was placed in a caheter and 20mA
current was applied for 20 min.*** The theories behind phonophresis are that the
vibrations induced by the gplied dagnastic ultrasound(1-3 MHz) induce growth and
oscill ations of air pockets in the keratinocytes of the stratum corneum. The subsequent
conformational changes of the lipid hilayers in the stratum corneum fadlit ate the
passge of moleaules. With utrasound d diagnostic and lower frequencies,
transdermal delivery in animal models was successul for proteins such as insulin and
erythropdetin'® and the anti-inflammeatory drug indamethadn.**° In Lund,someinitial
studies have been started to evaluate the dfea of applying ultrasound ¢ 3 MHz in
connection with ALA-PDT of thicker lesions.

Light delivery Optimizing the treament light concerning wavelength, fradionation
and fluence rate might be beneficial, as discussed in Se8tibaad3.5.

Repeated treatments Treament with ALA-PDT can be repeded at various time
intervals. One of the mgjor advantages with the methodis the fad that concerning side
effeds and toxicity, there ae no red upper limits for the number of repeaed
treaments that can be performed. After PDT, there seems to be a continuows
enzymatic corversion d ALA to PplX. From our fluorescence measurements
performed during the first two hous after light irradiation, we have seen that PplX is
re-generated (Paper V11). Theoreticdly, ore can apply a new light exposure dter such
are-generation. Orenstein et al. have dso reported on deteding such re-appeaance of
PplX-related fluorescence in malignant skin tumours in humans, after ALA-PDT with
topicd applicaion. Re-appeaance was only seen in the thicker lesions. They
performed a seaond illumination o the lesions where the PplX fluorescence re-
appeaed. That an improved treament outcome can be obtained with such repedaed
irradiation, have been shown in conredion with bah topicd™*® and systemic'®* ALA
administration, in an anima tumour model. Repeaed treament sessons with new
ALA applicaion can also be gplied at nealy any time dter the initial one. At present,
there ae no red standards for which schedules to use. Pradicd circumstances also
influence to a certain degree.

5.2.8. CONCLUSIONS

Concerning ALA-PDT as a treament modality for norrmelanoma malignant skin
lesions, alot of experience has been gained in Lundas well asin several other clinics.
Asdiscus=d in the precaling sedions, ALA-PDT can lead to treament results that are
comparable to the cnventional modadlities. Certain lesions need repeded PDT
sesgons. The treadment spares normal tisaue and gives very little scar formation. As
discused in Sedion 5.2.7 there seem to be many, easily implemented, small
improvements for ALA-PDT which can increase the dficag/, and simplify the
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treament regimen. Each of these suggested improvements, hasto be studied separately
and in combination, to find the optimal treatment protocol.

From these mnsiderations, there is at least one dea niche where PDT plays a
very important role & treament modality. This is in the treament of superficia
tumour growth when it coverslarger areas or is Stuated in areas where function (Paper
II) or cosmetics is important. PDT can also be performed when ather modaliti es are
excluded, for instance, when a full daose of ionizing radiation hes been given, surgery
canna be performed, o the patient has a poa general condtion. A good example of a
lesion in which ALA-PDT is an ided treament modality, can be seen in Paper V
(Figure 1b). This is a large superficial BCC, situated in the pre-tibial areg in which
both surgery and ionizing radiation are modaliti es that can be difficult to perform, due

to the proximity to the underlying bore, tight skin covering and generally poa blood
perfusion.
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6. [LASER-INDUCED FLUORESCENCE FOR TISSUE DIAGNOSTICS

The term “optical biopsy” is frequently used for opticd spedroscopy methodk, like the
fluorescence technique, used to charaderize tisaue. The methods have mainly been
developed and wed for oncologicd applicaions, though, ancther field under
development is the detedion d arterial plagues. This chapter will be restricted to the
diagnosis of oncological diseases.

Laser-induwced fluorescence (LIF) for tissue dharaderization is a technique
developed as a natural courterpart to PDT. A brief overview of the history of the latter
is given in Sedion 3.1 LIF is a nonrinvasive method that can be performed in red
time. The technique is based on spedroscopic analyses of tisaue fluorescence,
following excitation with light. In LIF, the fluorescence from either native tissue
fluorophaes, or from an exogenous fluorescent tumour marking agent, added to
increase the mntrast between tumour and namal tisaue, can be utili zed. In the latter
case, the exogenous fluorescent tumour marking agents have so far mostly been the
same & the phaosensitizers used for PDT. This is the main reasson why these two
techniques have been so closely related. Below, exogenous agents used for LIF will be
caled fluorescent tumour markers, while the adive substances used for PDT will be
referred to as photosensitizers, even though they frequently are the same substances.

Compared to the volume imaging based on ionizing radiation and magnetic
resonance techniques, fluorescence diagnostics is a method for inspedion d surfaces,
as the fluorescence ecitation light only penetrates the superficial layers of biologicd
tissue. As a majority of malignant tumours, besides kin malignancies, starts in the
epithelium of the body cavities, ealy detedion dten relies on techniques to deted
tissue dnomalities on a surface This is best performed with highly sensitive
endaoscopic methods. Today, the most frequently used conventional techniques, are
visual inspedion wsing white light illumination and bopsy sampling. The latter isin
certain cases, randamly performed. The LIF method is meant as a suppgement to the
ordinary white light investigation and can be performed together with all endoscopic
examinations to increase the diagnostic sharpness In the ealy reseach work, pant
monitoring was used, bu the ultimate goal for carrying the technique into the dinic is
to develop imaging systems. A handful of groups have developed and worked with
prototypes for imaging. Among these prototypes, a system developed in Lund
appeared earl{/* 1%

6.1. Clinical context and indications

Point monitoring tedhniques give the full spedral information at ead measured site,
as compared to imaging tedhniques where, for technicd reasons, only a small fradion
of the spedral informationis normally utili zed. On the other hand, the latter technique
enables the simultaneous investigation o alarger area The ultimate goal isto develop
the technique for full tisaue dcaraderization with the posghility to clasdfy the
diseased state of tissue, which adualy is the true meaning of the term “optical
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biopsy” . At present, thisis nat aredity, andthereis dill aneed for a histopathologicd
diagnasis for correlation d the fluorescence signal. On the other hand, LIF can at
present be avery useful red time guide in the sampling of tissue for histopathol ogy.
The method is particularly useful in situations where the dternative is a randam
biopsy sampling, and in situations where the possbility of removing tissue is
restricted. Examples of the first situation include regular examinations of patients with
condtions that predisposes for developing malignancies. The number of patients in
this caegory is quite large and includes, for instance, patients with ucerative liti s,
Barrett’s oesophagitis, familial adenomatous palypaosis, as well as patients with a
history of ealier colo/bladder/ENT malignancies. Examples of the second situation
are the examinations of the vocal cords and the cervix.

So far, most studies within the field have been focused onevaluating the antrast
between known malignancies and namal tisae. In this phase, it is of extreme
importance that the fluorescence spedra and images are rrelated to the
correspondng histopathology, so that the fluorescence daraderistics of various types
of tisue can be remgnized. The next step is to see whether the method can
differentiate anong the various sages of dysplasia and, maybe even more importantly,
to dfferentiate dysplasia towards benign inflammatory condtions. To be ale to find
and reaognize the fluorescence daraderistics of tisale in these various dates, a large
number of patients has to be investigated.

Anather field where LIF might function as a tod for improving the outcome of
the procedure, is in the examination d resedion baders in conredion with surgery.
This is particularly interesting in situations with dffuse tumour growth, multiple
lesions and when operating in the vicinity of vital structures. An important example of
the latter is the removal of malignant tissue in the brain.

Laser-induced fluorescence is aso a very useful tod in conredion with PDT
dosimetry. The level of phaosensitizer, its phaodegradation and accurrence of
phaoproducts can be monitored. The timing of the illumination and dasage of
treament light can be evaluated in red time, making it posgble to interad and
optimize eat single treament procedure. In conredion with this, it shoud be
emphasized that deteding the intensity of the fluorescence signal does give alot of
information abou the level of phdosensitizer present, athough it canna be
interpreted dredly as the quantity of the phaosensitizer in the tisaue. Thisis because
the fluorescenceis affeded by avariety of fadors, such as the aggregation state of the
phaosensiti zer, the micro-environment of the fluorescing moleaule @ncerning, for
instance, pH and the presence of fluorescence quenchers, as well as the tisaue opticd
properties determining how well light is transported through the tissue.

Much of the initia studies on fluorescence have been performed in vitro. Care
shoud be taken when comparing such data with in vivo measurements, due to
differences in the biochemicd environment, structure, and presence and locdization d
blood, that will eventually affect the signal.
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6.2. Fluorescence detection modes

The various aspeds of fluorescencethat can be studied, are the fluorescence intensity,
the spedral shape and the lifetime. Individual excitation and detedion modes may be
required for ead clinicd applicaion, and most clinicdly adapted systems are built to
examine one of these parameters.

The fluorescence spedral shape can be studied in several ways. Excitation
spedra ae ohtained by varying the excitation wavelength and keeping the detedion
wavelength fixed. Differences in excitation spedra for normal and malignant tissue
can be utili zed for diagnostic purposes. For obtaining emisson spedra, ore deteds at
all emisson wavelengths, whil e kegoing the excitation wavelength fixed. This method
yields a fluorescence anisson spedrum as a superposition d fluorescence spedra of
al the fluorophaes present within the tissue volume probed. For fluorescence
diagnostics utilizing the spedral shape, it is usualy the emisdon spedra that are
detected.

Variations in fluorescence lifetime can be deteded when utili zing fast detedors,
cgpable of rewording the fluorescence intensity as a function d time. Tiswe
fluorescence has a lifetime in the order of nanoseconds (ns).

6.3. Tissue autofluorescence

After excitation, peferably in the UV and rea-UV region, several compound, i.e.
fluorophaes, in namal tissue will fluoresce constituting the tissue autofluorescence
in the visible wavelength region. The main groups of fluorophaes are thase assciated
with the structural matrix of tissue and those involved in the cdlular metabalism.
Collagen and elastin are mainly resporsible for the fluorescence from the first group.
The strong fluorescence of these mmpoundsis due to the aosslinking of amino adds.
In the second group, ore finds nicotinamide alenine dinucleotide (NADH) and the
flavins. Thefirst of these, NADH has been considered as very important in conredion
with ealy development of cancer due to an altered NADH/NAD+ ratio where the
reduced form, NADH, is highly fluorescent (see Sedion 6.10.'%%'" Other
fluorophaes of importance ae the aomatic amino adds, e.g., tryptophan, tyrosine,
phenylalanine, the lipodgments, and the endagenous porphyrins. The main excitation
and emisson pedks of various native tisale fluorophaes, are extraded from the
reference§®'****°and shown imable6-1.
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Table 6-1 Fluorescence data from some endogenous tissuue ciromophaes. The fluorescence exdation
and emission measurements were performed on the various substances in the form of solution or powder.

Fluorophore Main excitation peak Main emission peak
(nm) (nm)
Collagen 340 395
270 395
285 310
Elastin 460 520
360 410
425 490
260 410
NADH 350 460
Flavin mononucleotide 440 520
Tryptophan 275 350
Beta-carotene 520
HPD (similar to endogenous | 400 610
porphyrins) 675

The locdization d the fluorophaes varies in namal tissue. This is particularly
evident in hdlow organs and skin which have a haraderistic layered structure, where
eat layer has dgnificantly different compasitions of the various fluorophaes. A
cross dion d intestinal tissue with atypica layered structure can be seen in Figure
6-1. The figure dso shows the epidermis of the skin, which, compared to the intestine,
has a thicker and stratified epithelium. It is the changes in these structures, conneded
to malignant transformation, that can be identified by LIF. Alterations in the
concentrations of the tisaue fluorophaes take place prior to major structural tissue
changes, and this is where LIF can contribute in deteding very ealy malignant
transformation.

As mentioned above, the fluorescence deteded is naot only dependent on the
fluorophae amisdon in the tisale volume sampled, bu also on chromophaes
absorbing the light. The excitation light impinging on the tissue surfaceis atered
and absorbed by the tissue. The properties of the tisaue, related to transportation o the
excitation light, will determine the volume of the tissue ntributing to the
fluorescence signal. Fluorophaes excited (within this volume) emit fluorescence
charaderistic for ead fluorophae. To be deteded, this fluorescence light has to be
transported through the tisaue bad to the surface During this transportation, part of
the light will be reabsorbed by various chromophaes within the tisaue, i.e. filtered.
Some dromophaes have dharaderistic asorption bands in the visible wavelength
region. The spedral shape of the fluorescencewill, due to this absorption, ke distorted
during its transportation to the detedor. The deteded signal will thus be a
superposition o distorted fluorescence emisson spedra of the fluorophaes
contributing to the tissue fluorescence An interesting asped of this is, that some re-
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absorption fedures in the deteded tissue fluorescence emisson may be useful for
diagnostic purposes.

Haamoglobin (Hb) is such a strong absorber and can, therefore, strongly
influence the fluorescence spedrum. The presence of Hb can deaease the overal
fluorescenceintensity by absorbing the excitation light. It can aso change the shape of
the amnisgon spedrum due to its grong absorption at certain wavelengths, leading to
dips in the specrum®® and the ill usive presence of false pe&s. In addition to a strong
absorption at abou 420 i, two absorption pedks for Hb in the visible wavelength
region for oxygenated HbA (adult human haemoglobin), are situated at 541 and 577
nm and for de-oxygenated HbA it is situated at 554137

Epithelium

Lamina propria

Muscularis
mucosae

Submucosa

Figure 6-1 Sketches of two types of epithelial linings that have different optical properties. The one-cdl
layer lining d the gastrointestinal mucosa (left) is e together with the underlying structures. In the
skin (right) only the multi-layered epithelial lining, the epidermis, is gown, resting onthe underlying
dermis. The eidermis consists of seveal layers: stratum corneum (1), stratum granuosum (2), stratum
spinosum (3) and stratum basale (4). The outer layer, stratum corneum, contains norn-nucleated
keratinized cells.

6.4. Fluorescence diagnostics enhanced by fluorescent tumour
markers

As mentioned above, there &ists a posgbility to increase the diagnostic patential of
fluorescence diagnostics by adding a fluorescent tumour marker to the tisaue.
Frequently, the same substances have been used to enhance the diagnostic sharpness
of LIF and for sensitizing the tissue for light during PDT. The possble medchanisms
behind the seledivity of these substances in malignant tissue ae described in Sedion
3.2.2 Tumowr markers that fluoresce @ longer wavelengths, as for instance
phtal ocyanines,”® are interesting from the aped that the peak fluorescence of the dye
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overlaps less with the autofluorescence Its fluorescence can therefore be extraded
more eaily. To avoid the skin phdosensitization conreded with the drug
administration, low drug doses have been given. Ancther way of avoiding the skin
phaosensiti zation is to uili ze fluorescent tumour markers edally designed for LIF,
withou any phdosensitizing properties. The caotenopaphyrins are such agents
which have caotenoid pdyene groups added to a porphyrin main core?®*?®> The
caotenaid part of these moleaules can quench the triplet state of the phaosensiti zer
and thereby the generation d cytotoxic singlet oxygen (see Sedion 3.6.2. This
situation mimics what happens in the phaosynthetic readion centres in green plants.
Other such tumour locdizing fluorescent agents withou the ¢ytotoxic potential, are
some chlorin derivative®?

For tumour marking in conredion with fluorescence diagnostics, ©o-
amindevulinic add (ALA)-induced protopaphyrin IX (PplX) has also been exploited.
PpIX has a dharaderistic dual-peked fluorescence eamissonin the red spedral region,
with ore high and rarrow ped& at abou 635 rm and ore smaller and wider ped at
about 705 nm.

In Paper 1V, we examined the kinetics of the PplX build-up, by means of LIF,
after oral administration o low doses of ALA given for diagnastic purposes (5 and 15
mg/kg b.w.). The build-up in namal mucosa of the head and redk region was pe&ing
after about 3-4 hous. Skin fluorescence was also measured at the same time, feauring
a onsiderably low overall PplX fluorescenceintensity, bu also pe&king after abou 3-
4 hous. The kinetics of the PplX fluorescence deteded in ore malignant tumour of
the oral cavity was much faster in the build-up and slower in the decgy. Similar
measurements were performed on Iasal cdl carcinomas (BCCs) of the skin, after
topicd applicaion d ALA as described in Paper VII. The pe&k of the PplX
fluorescence level was foundto occur after about 4 hous for the noddar BCCs. For
superficial BCCs, PplX fluorescence intensity continued to increase up to the last
measurement, 6 hous after application. The build-up was faster in malignant tumour
tisaue. From these results, it seems advisable to perform the measurements at a quite
ealy stage dter the ALA administration, before the normal tisuue has darted to
generate detectable levels, in order to obtain the best demarcation tumour to normal.

6.5. Choice of excitation wavelength

As mentioned previously, most clinicdly adapted systems for fluorescence diagnaostics
are based on analysis of fluorescence amisson properties. This is mainly due to
technicd reasons, as sich a system is normally less complex than systems based on
fluorescence citation a lifetime daraderistics. Thus, when uilizing solely the
autofluorescence, a single excitation wavelength in the UV region is usually used. A
UV wavelength is often preferable, due to the better excitation o the native
fluorophores in this wavelength region.

An excitationremisson matrix (EEM), is a matrix which contains the
fluorescence intensity as a function d excitation and emisson wavelength. Such
matrices can be formed from a series of emisgon (or excitation) spedra wlleded for a
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range of excitation (or emisgon) wavelengths. The EEMs can be used to find the
excitation and emisson wavelengths where the contrast among normal and various
diseased states is highest.”*"*® In work performed with Photofrin” sensitization d a
tumour model, an excitation wavelength of abou 370 rm was foundto be optimal .**®
There is a lower limit for the dhoice of wavelength at abou 320 m, due to the
potential risk of inducing DNA damage when using such short wavelengths. At the
same time, it shoud be mentioned that the energy in the excitation light utili zed for
LIF, particularly in the cae of point monitoring, is  low, that the risk of inducing
such damage is minute. When adding a phaosensiti zing agent, there is usually a need
to use a longer wavelength (typicdly > 400 mm) to be &le to excite the
phaosensiti zer. When excited at this longer wavelength, the autofluorescence mostly
constitutes a wide and urcharaderistic fluorescence distribution, and lessinformation
can be extraded from the autofluorescence. The main information in such a spedrum
is the overall intensity, which is lower in pre-malignant or malignant than in namal
tissue. This has primarily been related to an altered NADH/NAD+ ratio (see Sedion
6.10.

With an excitation wavelength in the UV or nea-UV region, the probing depth,
i.e. the depth of tissue ntributing to the fluorescence signal, is rather shallow due to
the high absorptionin tisaue. A depth in the order of a wupe of hundeds of um can
be sampled. This corresponds primarily to the goithelia layer, depending on the organ
examined. The gidermal layer of the skin, can for instance vary in thicknessfrom 75
to 600um, whereas the one-cdl layer thick columnar epithelium of the stomadc only
has a thickness of 20-40 pum (Figure 6-1).*° When a thinner mucosa is detected, the
signal will obviously also be influenced by the underlying structures, where, for
instance, highly fluorescent fibrous tissue may be present. The detedion in the skin
will be affected by the presence of the stratum corneum (see SedtipA™

6.6. Point monitoring

Frequently, the fluorescence diagnostic methods are divided in padnt-wise
measurements and imaging techniques. Point monitoring, means the analysis of tisaue
fluorescence from a single position at the tissue surface usualy recorded as a
fluorescence amisson spedrum. A clinicdly adapted opticd multichannel analyzer
(OMA), has been used for the measurements described in Papers 1V, VI and VII (some
data ae dso presented in Papers Il and lll). The system is described in detail by
Anderson-Engels et al.?*? The set-up o this g/stem is outlined in Figure 6-2. The
excitation light source is a compad nitrogen laser emitting at 337 rm and with a
repetition rate of 10 kHz. The nitrogen laser can also be used to pump a dye laser
when a phaosensiti zer is used. For the latter purpose, the wavelength of the dye laser
can be tuned to the optimal excitation wavelength, which in the case of PplX, is abou
405 m. At this wavelength, the pulse energy in ou system is abou 1-2 uJ. The
excitation light is transmitted through a 600 um opticd quartz fibre, which is held
perpendicular to the tissue under investigation in light contad. The anitted
fluorescence light is captured through the same fibre, transported badk through a
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dichroic mirror transmitting the fluorescence light. Furthermore, it passes a ait-off
filter and is focused orto an entrance dit of a paychromator, in which the light is
spedrally dispersed. The full fluorescence spedrum, ranging from 450to 800 m with
aresolution d 5 nm, is then ceptured by an image-intensified CCD camera, thermo-
eledricdly coded. The spedra ae displayed on a computer screen and saved for
further evaluation.
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Figure 6-2 Schematic ill ustration d the point monitoring OMA system utili zed in Papers II-1V, and VI-
IIV. A description is given in the running tex. The ill ustration envisions an examination d a reseded
breast cancer spedmen. The two areas marked D and® in the sketch correspondto namal breast tissue
and infiltrating kreast cancer, respedivey, after correlation with histopathology. The crrespondng
fluorescence spectra recorded in the siteand @, are shown ifFigure 6-3

6.7. Evaluation of spectral information

The primary aim of our fluorescence investigations has been to classfy if thetisaue is
diseased or hedthy. One @uld also have used the fluorescence data to, for instance,
obtain information regarding fluorophae wncentration in the tisaue. In any case, the
spedral fluorescence data recmrded dften have to be cndensed to an indicaion d
diseased o nondisessed o to a number. In ddng this, bah spedra shape and
intensity shoud be cnsidered in the analysis. If measurements are made & one
wavelength orly, the liability of the data is quite restricted. This is caused by alarge
inter-patient variation, as well as by variationsin detedion geometry and in the system
itself. Also, even though the spedral information is utilized in an ogtimal way, some

66



inter-patient variation dten remain. It is thus of interest to evaluate the information
relative to something varying in a similar manner. The best “standard” for such
measurements, is provided by the patients themselves, i.e. it is optimal to use the
normal tisaue & reference and judge the donamal tissue in relation to the normal. As
mentioned ealier, tisue fluorescence has a rather uncharaderistic shape with
contributions from many chromophaes. The contribution from ead chromophae will
also vary with excitation wavelength, and the data evaluation shoud be alapted to the
excitation wavelength, the organ under investigation and the expeded mali gnancies to
be found. Much work has been performed, trying to extrad as much useful data &
posshle from measurements where the histopathologicd diagnosis is available.
Severa approaches can be used, d which the more advanced canna be performed in
real time, at present.

One way of evaluating data is down in Figure 6-3. In this case, the
measurements were performed in vitro on a reseded breast cancer spedmen’®®
Twenty-four hours prior to surgery, the patient recéved a low dose of Phatofrin®. To
be &le to excite the porphyrins, an excitation wavelength of 405 rm was used. The
porphyrin-related signal can be seen as a fluorescence dual-pedk with maxima & abou
630 and 690 m. Prior to evaluation, the spedra were rreded for the spedral
sensitivity of the detedion system. The anisson from a cdibrated ad body radiator
was recorded, and all fluorescence spedrawere arreded with the experimental curve.
The porphyrin fluorescenceis evaluated at its highest peak, 630 i (denoted A). The
pure porphyrin contribution at this wavelength is extraded by lifting off the porphyrin
pe&k. Excited at 405 rm, the autofluorescence @nstitutes a wide, uncharaderistic
distribution. It is evaluated around its pedk, in this case & 490 mm (dencted B). A
dimensionless ratio can thus be formed, A/B, which is insensitive to the overal
intensity and thereby to the posdble variations that might occur during the
measurements. As can be seen in the figure, tumour tissue is charaderized by a lower
autofluorescence and a higher sensitizer fluorescence The ratio will therefore be
considerably lower than that in the normal tisaue. A full-size histologicd sedion d the
specimen was later correlated to the obtained fluorescence spectra.

These evaluations have been performed in a spedally designed program.®
When evaluating only autofluorescence, other wavelength peirs can be foundto be
evaluated in a similar way. Utili zing wavelength pairs that are equally influenced by
blood absorption might be beneficia.*®* More mmplex analysis of such deta is
posshle. The ultimate option is to consider many wavelengths at the same time,
performing multivariate analysis,*****° or utilizing techniques employing principal
comporent analysis (PCA).*"?'® The optimal diagnostic aiteria will vary depending
on the various diseases, organs and excitation wavelengths.

4
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Figure 6-3 Fluorescence spedra oltained from a reseded hbreast cancer spedmen. At 24 hous prior to
surgery, a Photofrin® dase of 0.35 mg/kg bw. was given intravenously. The obtained emisson spedra
(exdtation wavdength: 405 mm) were later correlated to a histopahological sedion. Spedrum D was
deteded on namal breast tisaue, whereas pedrum @ was deteded on aninfiltrating kreast cancer. The
ewvaluation d the spedraisill ustrated in spedrum D. The autofluorescence is evaluated as the intensity
at 490 m (B). The porphyrin fluorescence is evaluated as the intensity at 630 mm, lifted off the
autofluorescence arrve (A). A fitted curve is added to the ohtained spedra in order to subtract the
background a& 630 mm (thin full line). The dotted lines are placed a the wavdengths where blood
absorbs, at 540 and 580 nm; particularly at 580 nm a “dip” due to the blood absorption can be seen.

6.8. Point-monitoring measurements utilizing ALA-induced PpIX
photosensitization and detection of autofluorescence

A few series of fluorescence investigations, utili zing ALA-induced PplX sensiti zation
and autofluorescence, have been performed in various clinicd spedalities. Point
monitoring was used with the OMA system described in Sedion 6.6. Two excitation
wavelengths were used, 337 mn for optimal autofluorescence ecitation and 405 m
for optimal excitation of the PpIX.

Twenty-two patients undergoing cystoscopy, were included in a study of the
urinary bladder."*® Most patients had transitional cdl carcinoma (TCC). The diagnoses
cacinoma in situ (cis), dysplasia, cydtitis, and a wlon cancer perforating to the
bladder, were dso found.Six patients had no Badder disease. In ten of the patients, an
1% solution d ALA was instill ed into the bladder 2-4 hous prior to investigation.
Measurements with bah excitation wavelengths were performed on the patients that
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had receved ALA, whereas patients that were not pre-medicated with ALA were only
investigated with 337 mm excitation. The data were evaluated by performing ratios of
the fluorescence intensity (1) at two wavelengths. With 405 m excitation, the pair
1(635)/1(490) was used, correspondng to the highest PplX fluorescence pedak (with
badkground fluorescence subtraded) and a point nea the maximum of the
autofluorescence, respedively. Following 337 rm excitation, the ratios 1(460/1(400
and 1(43D/1(390) were used. The first ratio was chosen, because a shift in the
maximum autofluorescence from abou 400 nm to abou 460 m, could be observed
between the norma and the tumour tissues. The latter ratio is based on two
wavelengths that are egually influenced by the blood absorption o light and therefore
independent on the presence of bloodin the tissie®®* A demarcation function, D, was
also cdculated as D=(m-my)/(0.2+0)"?, where m, and m, are the mean values of the
ratios for the normal and tumour tissue, respedively, and o0, and o; are the
correspondng standard deviations. A correlation was performed between the
evaluated data and the histopathologicd diagnosis of all lesions (tissue mnsidered as
normal was not biopsied).

In conclusion, the best demarcaion between namal tissie and tumour tissue was
obtained when evaluating the autofluorescencefollowing 337 rm excitation, with bah
evaluated ratios being higher in tumour tissue. No reli able demarcation could be found
following the 405 rmm excitation, even though in some patients it worked well.
However, ore wed point identified in the study was related to the fad that several
patients probably did na retain the instilled ALA. The lesions with cis, dysplasia and
cystitis were too few to draw any conclusions frfh.

In another study, we investigated various pre-malignant and malignant lesionsin
the lower female genital trad of 45women undergoing aroutine clposcopy, primarily
for investigation d cervicd infedions and inflammation (cervicitis).”® Forty of the
women were given an oral dose of 5 mg/kg b.w. ALA, 2-4 hous prior to investigation.
Also here, the two excitation wavelengths, 337and 405 m, were used. Data oltained
with the excitation wavelength of 337 rm, were evaluated at 8 wavelengths, 360, 380,
410, 430, 470, 490, 51@nd 580 m. Dimensionlessratios were formed by dividing
the intensities at the various wavelengths with ead aher. Following 405 mm
excitation, the ratio 1(635/1(490) was formed, where (635 represented the
badkgroundfree PplX-related fluorescence intensity at 635 rm. Evaluated data were
correlated with the histopathologicd diagnosis of biopsy spedmens taken (areas
considered by visual inspection as normal were not biopsied).

The results of the histopathdogicd investigations $iowed that most of the
biopsied lesions contained cervicitis, and/or cervicd intragithelial neoplasia grade |
(CIN 1), or grade I-1l (CIN I-II). A few sites showed CIN II-lll . Following 405 m
excitation, it was posdble to separate the diseased tisuue from the normal with a
sensitivity of 77% and a spedficity of 89%. Following 337 nm excitation, uili zing the
two ratios 1(380)/1(360 and 1(430/1(410), it was posdble to deted the diseased tisaue
with a sengitivity of 67% and a spedficity of 91%. However, with bah excitation
modes, it was not passhle to dfferentiate between the various grades of CIN and
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ceavvicitis. However, the number of higher grade CIN were few. One wed&k point in the
study, was that the histopathdlogicd spedmens were large, and some ontained bah
norma and dseased tisaue, making the orrelation to the fluorescence data
uncertain.*”® In comparison, the ordinary colposcopic examination, is characterized by
a high sensitivity and a low spedficity; the numbers depend onthe experience of the
doctor. According to arecently pulished meta-analysis, the sensitivity and spedficity
for differentiating normal tissue towards viral infedion, CIN I-lll and cancer, were
96% and 48%, respedively. For differentiating between CIN II-Il and the other tissue
types of CIN I, viral infedion and namal epithelium, the sensitivity was 85% and the
specificity was 69%"°

In Paper IV, we investigated a number of patients with benign and mali gnant
lesions in the head and redk region. All patients recaved low doses of ALA oraly (5
and 15mg/kg b.w.) prior to the investigation. Apart from continuows fluorescence
measurements of the build-up o PplX in the normal mucosa and skin of 17 patients, as
discused elsewhere (Sedions 3.3.2 and 6.4), fluorescence measurements of the
lesions were performed during endascopy 7-8.5 houss after ALA administration. The
badkgroundfree fluorescence intensity at 635 rm (A) and the ratio between the
fluorescence intensity at 635 rm and 490 m (A/B) were evaluated (see Figure 2,
Paper 1V). One invasive squamous cdl carcinoma (SCC) in the ora cavity and four
out of five spats with squamous cdl dysplasia on the vocd cords, showed values of A
and/or A/B that contrasted to the immediately surroundng mucosa. One spat with cis
failed to demarcae. The benign lesions measured, namely squamous papill oma of the
vocd cord and hypertrophy of the fase vocd cord, showed amost identicd
fluorescence as did the normal surrounding tissue.

During the measurements, the switching between 337 mm and 405 m excitation
took time, and the measurements had to be performed in series. First all interesting
aress were investigated with ore excitation mode, and theredter, with the other one.
The combination d all results from the two modes, tended to increase the diagnostic
sharpness A new system was developed for this reason, with which measurements at
337 mim and in the nea UV wavelength range, can be performed in ore spat diredly
following each other with a total accumulation time in the order of 6-7 seé®nds.

6.9. Fluorescence imaging techniques

Systems that can provide images of a tisaue surface a@e very interesting from a
diagnostic point of view. With such a system it is easy to examine large aeas. They
also automaticdly provide data from many reference locaions adjacent to a susped
area The dallenge from an instrumentation perspedive, has been to develop simple
systems that can utili ze spedral information and nd only the fluorescence intensity at
a spedfic wavelength band. Several such systems for fluorescence imaging have been
developed #?#2%" Recantly, reviews have been presented ?2**° A few examples of
various imaging systems which have been used clinicdly, will be briefly described
below.
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The very smplest technique for viewing fluorescence, is by the investigator's
eyes. Though hardly an imaging technique, it is mentioned in this sdion. In
conredion with endoscopic examinations of hollow organs, it is possble to utili ze the
eye & adetedor when thetissueis snsitized with paphyrins and no adkgroundlight
is present. The tisaue autofluorescence cana be eaily exploited with this method,
due to its low fluorescence yield. Diread visual inspedion d red fluorescence, duing
violet illumination, was one of the first methods in use.*?*° This was at the time when
HPD was investigated for both its fluorescence taraderistics and its phaodynamic
adion. After the introduwction o ALA-induced PplX phaosensitization, visua
fluorescence examination became interesting again due to the simplicity of the system
and the sensiti zation. Following excitation with UV or nea-UV irradiation d tissue
sensitized with ALA-induced PplX, a bright red paphyrin fluorescence ca be seen.
Particularly in the bladder, much work has been performed. Kriegmair et al. performed
such fluorescence g/stoscopy following ALA-instill ation in 104 m@tients with ealy
bladder cancer. A significantly better sensitivity than with ordinary white light
examination was obtained, with no improvement of the specifitity.

The LIFE system (Light-Induced Fluorescence Endascopy, Xillix Tedh. Inc.,
BC, Canada) is a system commercially developed for endoscopic goplicaions. A
continuows wave (CW) light source is used, emitting in the violet wavelength region.
Only tisaue autofluorescenceis deteded and two images, orein the red and orein the
green emisson kand, are synthesized into a composed false-colour image. The system
has © far proved to provide valuable diagnostic information when used in certain
clinicd spedalities, giving an improved oucome when utili zed together with the
ordinary white light examinations. Lam et al. have performed extensive studies in the
bronchi,?2%%*2%%% and the system has also been used in the detedtion o cancers in the
head and neck regid:**

Anacther multi-colour fluorescence imaging system, which can be utili zed
together with fibre-opticd endoscopes, has been developed in Lund!®?'4'%° The
system is based on keam-splitti ng optics, resulting in four images, filtered in different
fluorescence emisson kands. The images are deteded onan intensified CCD camera,
utili zing gated detedion. Computer processng of the images is performed for viewing
a single optimized-contrast-function image. A pulsed light source, an alexandrite laser,
tunable in the range of 720-800 rm has been used as a light source in a frequency-
douled mode, emitting at abou 390 rm. The pulsed excitation and gated detedion
allow for performing fluorescence imaging simultaneously with an ordinary white
light examination. The system has been studied in connedion with investigations of
malignancies in severa organs.'®® In this context, a phatosensitizer (Photofrin” or
ALA-induced PplX) has been used, and threeof the four wavelength bands were used
for the detedion. The sensitizer-related fluorescence in the red (A), the
autofluorescence evaluated in the blue, around 470 m (B) and an image in the green
yellow region (D) were used. The latter image is nealed to be ale to subtrad the pure
sensiti zer-related fluorescence from the badkground autofluorescence. The foll owing
function has been used for the image processing
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Image function=(A-kD)/k;B,

where A, B and D are defined above. The two constants, k; and k,, have different
values for different applicaions. After image procesdng, a false-colour image is
shown onthe computer screen. This false-colour image can also be superimposed on

the ordinary white light image, allowing a direct comparison between the two images.
Figure 6-4 shows an example of an image of a BCC, sensitized with ALA-induced
PplX, captured with a modified version d the system described above. In this case,

only two images were used to processthe final image. Of the two bandpassfilters
used, ore transmitted in the region aroundthe PplX fluorescence (580-750 nm) and

one transmitted much o the autofluorescence (480-580 nm), and the first divided by

the second yielded the processed image.

Figure 6-4 Image of a superficial BCClesion 6 houss after appication d ALA cream (concentration 20%
by weight), utilizing amulti-colour imaging system. The same lesion can ke seen in alifetime image, as
well as in a photographic reproduction frigure 6-5

Systems deteding fluorescence lifetimes can a'so be used for imaging. Cubeddu
et al. have developed such a system. This g/stem is nat yet adapted for endaoscopic
use. Photosensitizers are caraderized by a longer lifetime than that of the
autofluorescence In addition, the fluorescence lifetime is dependent on the micro-
environment. The balance between the short-lived autofluorescence and the longer-
lived paphyrin fluorescence in addition to possble variations in the lifetime of the
sensiti zer, are resporsible for the image contrast provided by this g/stem. A nitrogen-
laser-pumped dye laser is used as an excitation source, emitting at 405 rm. Pulses of 1
ns duration are amitted, and fluorescence is deteded by a gateable intensified CCD
camera, with a gate rise time of abou 2 ns. A cut-off filter is placed in front of the
detedor, suppressng most of the autofluorescence in the blue-green wavelength
region, and transmitting the red fluorescence light. The system is described in detail
elsewhere.?® In Lund, the system has been implemented in the detedion d BCCs in
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conredion with ALA-PDT.?*"?*° |n Figure 6-5, a BCC is imaged by the lifetime
system, 30 minutes after applicaion d ALA in a aean base (concentration 20/ by
weight). With the time-resolving system used in Lund, the best demarcaion was ®e
after a short application time of lessthan an hou, before the PplX built up in the
normal, surroundng skin. That the demarcaion ketween the normal skin and the
BCCs is better after a short applicaion time, is in good agreement with results of the
diagnostic measurements of fluorescence intensity, presented in Paper VII.

D
<
@
E
k)
=
o
=
g
2
i

Figure 6-5 Fluorescence lifetime imaging. A fluorescence lifetime image of a PplX-sensitized BCC
(appication time 30 minutes) is e (right). The greyscale to the right indicates the lifetime. A
photograph of the lesion prior to ALA application is shown to the left.

A Fourier transform multi-pixel spedroscopy system, as described by Malik et
al,*° allows the full fluorescence spedrum to be recorded in ead image pixel. The
system can be @mnreded to a microscope, enabling one to visualize for instance the
sub-cdlular locdization o fluorescent dyes. The detail ed spedra shape of the dye-
related fluorescence, as present in particular cdlular environments can also be studied.
Alternatively, the system can be gplied for imaging of maaoscopic surfaces, and
Orenstein et al. deteded skin lesions with such a set-up!™® A draw-badk compared to
the multi-colour fluorescence imaging system is, that the sample must be kept fixed
during the scan of the Fourier spectrometer mirror.

6.10. Some considerations on tumour-related spectral changes

Tumour growth in mucous membranes is often charaderized by a thickening of the
epithelial layer. An often identified change in fluorescence in tumour aress, is an
overall deaeased autofluorescence This has partly been related to the relatively lower
contribution d fluorescence from the underlying conredive tissue with higher
collagen content.

In the skin, there is a strong fluorescence from the outer keratin layer
(approximately 10 um thick, see Figure 6-1). When stripping off this layer in namal
skin, the overall autofluorescence has been shown to deaease significantly.** In many
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skin tumours, there is a bregk-down of this epidermal compartment by the tumour
growth, which can explain the reduced overall autofluorescence found in these
tumours, as described in Papers VI and VII. In contrast, some tumours, for instance a
the vocd cords, are charaderized by an thickened keratin layer which has a strong
autofluorescence. When low doses of ALA are given, PplX-related fluorescence
canna be seen in such keratinized lesions (C. Eker, personal communicéion).
Furthermore, we investigated several types of normal epithelium also using low doses
of ALA (Paper 1V). Some PplX-related fluorescence ould be seen in al types of
normal epithelium, bu the intensity was lower in the skin than in the non-keratinized
epithelia of the oral cavity and nase, as well as the tongue with partially keratinized
papillae One explanation for this, related to the opticad properties of the tisaue, might
be scattering and absorption of the excitation and emission light in the keratin layer.
As mentioned ealier, of the other contributing chromophaes, the ratio between
NADH and NAD+, has been considered to be particularly important in conredion
with malignant development in tissue. NADH is highly fluorescent with a peg around
460470 rm, which is not the case for the oxidised form, NAD+. An altered balance
between the reduced and the oxidized form in pre-malignant and malignant tumours,
with alower level of the reduced form, has been suggested as an explanation %%’ It is
also known that malignant tumours can contain endogenous porpHyftig®
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7. LASER-DOPPLER PERFUSION IMAGING

Studies of blood perfusion in superficial tissue layers, have been simplified by the
introdwction o opticd tecniques utilizing laser-Dopder measurements. Laser-
Dopper techniques have been used for a variety of applicaions, primarily the
investigation o the microcirculatory resporses to various agents and aher stimuli.?**
248 | aser-Doppler perfusion monitoring (LDPM) systems have been developed for
clinicd use, for paint-wise measurements.”*"**° The technique is based onthe spedral
broadening of monachromatic light after scatering by moving red blood cdls in the
microvascular network. The spedral distribution d wea Dopper shifted comporents
in the diffusely badk-scatered light, can be extraded and used to determine the
perfusion state of tissue. However, the spatial variation o blood perfusion can be
large, and the locd variations of the laser-Dopper signal have been found to be
notable.*® Furthermore, pant-monitoring systems, are usualy working in a @ntad
mode and those systems are designed for deteding temporal changesin single spatson
atisale surface There is, however, arisk of inducing perfusion changes by applying
pressure on the tissue with the probe.

To be @le to anayse the total perfusion state of a superficial tissue aea
imaging techniques for non-contad measurements, are needed. Such a system, for nort
invasive, red time detedion o superficial microvascular blood flow, has bee
developed and is now fully adapted for clinicd use.”** Some aeas of applicaion have
been; to follow the perfusion state of skin flaps in plastic surgery,®* or to follow the
perfusion in pat-wine stains in conredion with laser treaments.?®® The system has
also been used for mapping myocardial perfusionin connedion with coronary by-pass
surgery.* We have evaluated this s/stem in the dinicd situation in connedion with
phaodynamic therapy (PDT) and cryosurgery of malignancies. The system and ou
results will be discussed briefly.

7.1.  Alaser-Doppler perfusion imaging system for clinical use

A commercialy available laser-Dopper imaging system (Lisca Development AB,
Linkdping, Sweden), can be used to scan the superficial blood perfusion. This g/stem
is thoroughly described elsewhere.” The opticd system is composed of a laser
emitting light at 633 mM (Helium-Neon a diode laser), and two scanning mirrors
yielding a probe beam. The estimated probe depth is a @upe of hunded um.?*® In the
skin, this is aufficient for at least probing the blood perfusion in the aitaneous
capill aries that are situated in the dermal papill ae The bean is squentialy scanned
over the tisaue under investigation in a step-wise manner, with a maximum number of
measured sites being 64x64 [xels. The aeaover which the probe beam is sanned is
determined by the distance between the light source and the tissue. The refleded light
from the moving blood cdls is colleded by a phao dode situated next to the light
source in a scanning and cetedion box. The resulting Dopder shift distribution,
yielding signals propartional to the anourt of scatering particles and their velocities,
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is deduced and dsplayed as a mlour-coded image. The images can be stored, re-
displayed, and pinted. In a commercial evaluation program for laser-Dopder images,
basic statisticd toods are avalable for image aaysis (LDISOFT 1.0, Lisca
Development AB, Linkping, Sweden).
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Figure 7-1 The arrangement of the laser-Doppler imaging system.

7.2.  Laser-Doppler imaging in connection with treatment of skin
lesions

Laser-Dopper measurements were performed in connedion with the treament of norn
melanoma malignant skin tumours. The lesions were treaed with either PDT utili zing
topical sensitization with ALA-induced PplX, or with cryosurgery.

A distance of 16+0.5 cm between the scanning and detedion boxand the skin
surfacewas maintained during the studies. The number of pixels used were 40x40 a
60x60, which resulted in a scanned areaof 6x6 cm® or 10x10 cn’, respedively. With
this LDI system set-up, the imaged surface shoud have its normal parallel with the
laser beam. Surfaces with a geometry that is not plane, could na be reliably deteded.
Often, such geometricd problems could be solved by evaluating only parts of an
image. The lesions were often imaged in the ceaitre of the laser-Dopder image,
surrounced by normal skin. When images where taken in connedion with treaments,
untreaed tisaue outside atreament safety margin of 1 cm was aso included. To
achieve this, exceptions to the centrally imaged lesions sometimes had to be made for
BCC regions with large surrounding areas of increased blood perfusion.

The images were analysed by taking an average of the resulting blood perfusion
signal in the BCC area ad the surroundng normal untreaed skin, respedively. The
areas in the images were @rrelated to detailed drawings and phdos made during the
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recordings. The values from the different aress were cwmputed in the evaluation
program for laser-Dopper images. Furthermore, a tissue perfusion ratio was formed
by dividing the average blood perfusionin the lesion with that in the normal untreaed
tisaue. This was performed in order to compensate for patient-to-patient variations in
skin pigmentation and for a passble increase in the tissue perfusion nd correlated to
the treament procedures, bu due to external fadors, such as incressed room
temperature, adivity and stresslevel of the patient, influencing both tisaue regions. A
time delay of ten minutes between the ayosurgery and the blood perfusion
measurements, allowed most frozen aress to regain more or less norma skin
temperature. For some lesions, the cantral parts did na return to namal temperature
when the laser-Dopper image was recorded, resulting in alower blood perfusion. The
average blood perfusion in the BCC area was then based on the peripheral lesion
region orly, with namal tissue temperature and high bood perfusion. This evaluation
approach was also applied when the central lesion was covered with a neaotic aust,
preventing the laser light from probing the blood perfusion underneah, die to its low
penetration depth.

In an initial study (Paper 1), LDI was employed in conredion with the treament
of nonmelanoma malignant skin lesions with oy PDT. Superficial and noduar
BCCsaswell asafew lesions of Mb. Bowen, cutaneous T-cdl |ymphoma or psoriasis,
were deteded. Prior to treament, al lesions were charaderized by an elevated blood
flow compared to namal skin. The average ratios between the lesions and the normal
skin were aou 5:1 for the different malignant skin tumours and 1Q1 (only two
lesions measured) in the psoriatic plague. Immediately after treament, the tissue
perfusion increased strongly in the lesion and the immediate surroundng skin. This
indicates that ALA-PDT with topicd applicaion hes a pronourced dred cytotoxicity
which primes an immediate inflammation in the tisue with incressed perfusion. At
follow-up visits more than 3 weeks after the last treament sesson, all lesions had a
normalized bloodflow ratio between tumour and namal skin. A series of LDI images
and the correspondng phaographs recorded prior to and immediately after PDT, as
well as in the follow-up period, can be seen in Paper | (Figure 2).

The LDI studies were continued in conredion with a Phase Il clinicd tria
(Paper V). In this tria, the time of heding was one parameter determined when the
tolerability of the tredments was evaluated. Monitoring the superficial blood
perfusion employing LDI was used as an oljedive measure on this parameter (Paper
VIII). Laser-Dopper images were recorded prior to and immediately after the
treament, as well as during a follow-up period o one yea. Some lesions were dso
recorded at atwo yeas foll ow-up visit. Before treament, the lesions exhibited a blood
perfusion d 3 (SD=2) times that in the normal tissue. Both PDT and cryosurgery were
shown to induwce a increase in the blood perfusion in the lesions, which slowly
approached namal values in conjunction with successul treaments. The superficial
blood perfusion in the lesions succesqully treaed with phdodynamic therapy, was
shown to approach namal values at two months post treaments, compared to abou
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one yea following cryosurgery. The tisaue perfusion in reaurrent lesions was shown
not to decrease to normal values after the treatment.

7.2.1. CONCLUSIONS

Non-melanoma malignant skin lesions and psoriatic plagues, are tharaderized by an
elevated bood perfusion as deteded by laser-Dopper imaging. In Paper |, we found
the arerage ratios between the diff erent types of lesions and namal skin to be higher
than what we found for the BCCs in Paper VIII. In the latter we included a much
larger number of lesions, thus, this result might be more representative.

When uilizing topicd ALA-induwced PplX as phaosensitizer for PDT, the
haemodynamic readion to the treament was an increassed superficial flow. In
comparison, when ALA was g/stemicdly supgied to rats with inoculated liver
tumours, there was a deaeased superficial perfusion state following the PDT
irradiation.” Also, the dfed on the tumour vascular supdy with subsequent tissue
hypoxia has in general been considered a mgjor treament effed in PDT with systemic
administration d the phaosensitizer (see Sedion 3.6.4. In the cae of topicd
applicaion, a hypoxic treament effed due to immediate vascular effeds amsto be
less probable and direct cellular effects more likely.

Laser-Dopper imaging can be used to follow the heding processin conredion
with the treament of basal cdl carcinomas. The technique can also be used to discover
possible residual or recurrent tumours in the follow-up period after treatment.
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8. SUMMARY OF PAPERS

In Paper 1 the noninvasive diagnostic method d laser-Dopper imaging (LDI) is
discussed. LDI is employed in conredion with the treament of non-melanoma
malignant skin tumours with PDT, utilizing ALA-induwced PplX with topicd
application for phaosensiti zation. Prior to treament, al | esions were charaderized by
an elevated bood flow compared to that of normal skin. Immediately after treament,
the tisaue perfusion increased strongly in the lesion and in the immediate surroundng
skin. This indicates that ALA-PDT with topicd applicaion has a pronourced dred
cytotoxicity, which primes an immediate inflammeatory resporse in the tissue with
increased perfusion. The increassed perfusion in the tumour contradicts ealier
investigations with systemic aministration o both ALA and peformed
phaosensiti zers, where an effed on the tumour vascular supdy with subsequent tissue
hypoxia has been considered a major treament effea. At foll ow-up visits more than 3
weeks after the last treament sesson, al lesions had a normalised bood flow ratio
between tumour and normal skin.

Papers I and Il concern the treament of nonmelanoma mali gnant skin tumours with
ALA-PDT. The first patients with nonrmelanoma skin lesions treaed with ALA-PDT
in Lund, are described (Paper Ill). Superficia basal cdl carcinomas (BCCs) were
resolved with ore treament whilst two treagment sessons were nealed for noduar
BCCs. The resporse rate was asses®d by visual inspedion and palpation, and in 25%
of the lesions also hy biopsy with histopathodlogy. A good cosmetic result was
achieved. A subgroup d patients had lesions on the gelids and in the periocular
region (Paper II). Following, in median, 3treament sessons, complete resporse was
seanin 42 (8/19) of BCCsandin 100% (3/3) of cutaneous T-cdl |ymphama lesions.
In the BCCs, partial resporse was achieved in another 42% (8/19) and noresporse in
16% (3/19). Minimal scarring and loss of cilia were induced by the treament of the
eye-close lesions, something which is particularly important at this anatomic site.

In Paper IV diagnostic measurements and pharmacokinetic studies performed in
seventeen patients with various kinds of malignant, pre-malignant and benign lesions
in the head and redk region, bymeans of point-monitoring laser-induced fluorescence
(LIF), are discus=ed. For marking dfferent types of tisuue, ALA-induced PplX was
used. The PplX synthesis was monitored by means of fluorescence, at different time
intervals after oral administration d ALA inlow doses, 5 and 15mg/kg bw. Besides
the porphyrin-related signal with a pe&k at abou 635 mm, the tissuue endogenous
fluorescence with a broad fluorescence emisson, pesing at abou 490 rm, was
recorded. The evaluated fluorescence data were orrelated to the histopathologicd
tissue investigation. A fall-off in the overal fluorescence intensity evaluated at 490
nm was obtained for al the malignant and pre-malignant areas, as well as an increased
red fluorescence pe&k. A ratio between the red and the blue/green fluorescence
intensities was formed. The lower drug dcse seams to be sufficient to oltain a useful
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demarcaion ratio between nama and dseased tisaie with a very low PplX
fluorescence intensity in the normal tissue. A PplX fluorescence maximum seams to
occur between 3-4 hous in namal tissues, wheress malignant tumour tisaue shows a
higher PplX fluorescence level for a longer period of time.

In Papers V-VIII. data from a prospedive, randomised Phase Il clinicd tria are
presented. Patients with BCCs were randamized to treament with either ALA-PDT or
cryosurgery. In total, 88 patients were included in the trial.

In Paper V. the dinicd outcome of the treaments is presented, with regard to
reaurrence rate and tolerability, i.e. time of heding, pin in conredion with the
treament and final cosmetic outcome. In total 88 petients were included, al on the
basis of one lesion. The other treagment arm was cryosurgery. In conclusion, the
clinicd study showed that the dficagy of ALA-PDT and d cryosurgery are
statisticaly comparable, with a tendency of a small advantage for cryosurgery. On the
other hand, ALA-PDT was followed by a significantly shorter heding time and better
cosmetic outcome.

Laser-induced fluorescence measurements were obtained in conredion with the
ALA-PDT treadments, and the data ae presented in Papers VI and VI
Protopaphyrin IX build-up and phdodegradation were deteded by means of LIF as
the badkgroundfreefluorescence intensity at 635 nm. In 40 @tients, the PpIX levels
were detected prior to, as well as immediately after, a light dose of 60 Jcm” at 635
nm. The ratio of PplX-related fluorescence inside the lesion to that in the normal
adjacent skin was found to be 2.3 (SEM=0.2), six hous after ALA application.
Immediately after light irradiation, the percentage of PplX fluorescence left was
cdculated as a ratio between the PplX fluorescence pre- and past-treament. The
values were foundto be 8% (SEM=1.2%) in superficial BCCs and 106 (SEM=1.4%)
in noddar BCCs. From these results, an eff edive bleading fluence, i.e. the light dose
correspondng to areduction d PplX fluorescenceto alevel of 1/e=0.37 d the initial
value, could be cdculated to be @ou 25 Jcm?. One muld na correlate the PplX
fluorescence level prior to ill umination with the outcome of the treament (Paper VI).
In 15 d these patients the kinetics of the PplX build-up was deteded at 2, 4 and 6
hous after ALA applicaion, aswell as at 2 hous after the light expaosure. Superficial
BCCs dhowed a maximum PplX fluorescence 6 hous after ALA applicaion, whilein
noddar BCCs, the intensity was at its highest level after 2-4 hous. The increase in
PpIX fluorescence was dower in namal skin. Consequently, the wntrast in PplX
fluorescenceintensity deaeases with longer applicaion times, being about 2.5 after 6
hous of ALA applicaion. After light exposure afluorescence ntribution peaking at
670 mm, aswociated with a light-induced phdoproduct was ®en, with an intensity of
2% of the pre-PDT PplX pedk fluorescence values. Two hous after light expasure,
there was a re-acaumulation d PplX, seen as a uniform distribution o PplX
fluorescence in the lesion and the adjacent normal Bkipef VII).

The time of heding was one parameter determined when the tolerability of the
treament was evaluated. Monitoring the superficial blood perfusionin vivo employing
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LDI as outlined in Paper |, gives an oljedive measure on this parameter (Paper VIII).
LDI images were recorded prior to and immediately after the treament, as well as
during a follow-up period d in total 13 to 24 mornths. Before treament, the lesions
exhibited a blood perfusion 3 (SD=2) times that in the normal tissue. Both PDT and
cryosurgery were shown to induce an increase in the blood perfusion in the lesions,
which slowly approached namal values in conjunction with successul treagments.
The superficial blood perfusion in the lesions succesgully treaed with phdodynamic
therapy was dhown to approach nama values at two months post treaments,
compared to abou one yea following cryosurgery. The tissue perfusion in reaurrent
lesions was siown na to deaease to namal values after the treament. This suggests
that the nonrinvasive method d laser-Dopper imaging also can be used to foll ow the
heding processand to discover possble residual or reaurrent tumours in conredion
with the treatment of basal cell carcinomas.

O

0 O

O
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ABBREVIATIONS AND SYMBOLS

ALA
ALA-PDT

BCC
CIN
CIS
CR
CW
)\em
Hb
HP
HPD
LED
LDI
LIF
Mb.
102
OMA
PCT
PDT
PpIX
scc
UVR

98

d-aminolevulinic acid

Photodynamic therapy utilizing ALA-induced PplX as
photosensitizer

Basal cell carcinoma (syn. basalioma)
Cervical intraepithelial neoplasia
Carcinoman situ

Complete response

Continuous wave

Emission wavelength

Haemoglobin

Haematoporphyrin

Haematoporphyrin derivative

Light emitting diode

Laser-Doppler imaging

Laser induced fluorescence
Morbus,i.e. disease

Singlet oxygen

Optical multichannel analyzer
Photochemotherapy

Photodynamic therapy

Protoporphyrin IX

Squamous cell carcinoma

Ultraviolet radiationj.e., wavelength range 200-400 nm
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