
Light and drug dosimetry considerations in 
 porphyrin precursor–based photodynamic therapy 

by

Even Angell-Petersen 

Department for Surgery, Section for Surgical Oncology 
The Norwegian Radium Hospital 

University of Oslo 



© Even Angell-Petersen, 2007

Series of dissertations submitted to the 
Faculty of Mathematics and Natural Sciences, University of Oslo.
No. 633

ISSN 1501-7710 

All rights reserved. No part of this publication may be 
reproduced or transmitted, in any form or by any means, without permission. 

Cover: Inger Sandved Anfinsen. 
Printed in Norway: AiT e-dit AS, Oslo, 2007.

Produced in co-operation with Unipub AS. 
The thesis is produced by Unipub AS merely in connection with the  
thesis defence. Kindly direct all inquiries regarding the thesis to the copyright 
holder or the unit which grants the doctorate. 

Unipub AS is owned by  
The University Foundation for Student Life (SiO)



iii

Acknowledgements 

This work was performed at Department of Surgical Oncology and Department of 
Radiation Biology at the Norwegian Radium Hospital. I am grateful to my supervi-
sor Harald B. Steen for introducing me to biomedical optics, for his advice in scien-
tific writing, and for sharing his instrumentation skills. Furthermore, my work would 
not have been possible without the unfaltering support from my co-supervisor and 
department head Karl-Erik Giercksky. I would also like to thank my co-supervisor 
Johan Moan, the founder of basic PDT research at our institution. As a physicist 
dealing with medical science I am particularly grateful to both Trond Warloe—my 
good friend and closest collaborator at the clinic—and Ana Soler, who have shown 
me how PDT is used in practice to treat patients. Such insight is mandatory for 
clinical studies and encouraging for experimental studies. Special thanks also goes to 
Henry Hirschberg for recruiting me to the experimental studies on brain tumors and 
for enriching my work with his progressive supervision. 

I have much enjoyed cooperating with the coauthors Steen Madsen, Qian Peng, 
Signe Spetalen, Roar Sørensen, Christoph Müller and Cathrine Christensen. Re-
search nurse Anneli B. Madsen has been crucial for the clinical studies, as have the 
involved employees at PhotoCure ASA. I owe a lot to Dag R. Sørensen for providing 
the BDIX/BT4C rat model, giving me training in animal work, and placing his facili-
ties at Center for Comparative Medicine at Rikshospitalet at disposal. Collecting the 
results in this thesis has also depended on excellent technical assistance from Marie-
Therese Strand, Mai Nguyen, Vladimir Iani, and Cecilie Hansen, as well as Jørn 
Iversen and his staff at the instrument workshop. 

Working at Radiumhospitalet has been made pleasant by colleagues such as 
Jostein Dahle, Pål Kristian Selbo, Sigrid Kvaal, Kristian Berg, and all the other nice 
people at Department for Radiation Biology and at the outpatient clinic. Moreover, 
coming home from work is a joy thanks to my dearest friend and wife Kari, who I 
also thank for proofreading this thesis (including the acknowledgements…). Finally, 
I send a greeting to Otto, who by being born offered a most welcome two-week 
break from the tiresome work of finalizing this thesis. 

Oslo, June 2007 

Even Angell-Petersen 





v

Contents 

Abbreviations and symbols: ............................................................................... vi
Glossary:........................................................................................................... vii
List of publications .......................................................................................... viii
1 Introduction................................................................................................. 1

1.1 The fundamentals of PDT..................................................................... 1
1.2 Drug distribution.................................................................................. 3

1.2.1 Porphyrin precursor mediated PDT ............................................... 4
1.3 Light distribution.................................................................................. 6

1.3.1 Light sources ................................................................................. 7
1.3.2 Light dosimetry ............................................................................. 7

1.4 PDT in dermatology ............................................................................. 9
1.5 PDT of malignant brain tumors .......................................................... 10

2 Aims of the study....................................................................................... 13
3 Overview of experimental methods............................................................ 15
4 Synopsis of the results ................................................................................ 19
5 General discussion ..................................................................................... 23

5.1 Porphyrin accumulation in normal and tumor tissues: selectivity of the 
photosensitization ......................................................................................... 23
5.2 Light dosimetry .................................................................................. 25
5.3 Drug and light delivery for PDT of skin lesions................................... 27
5.4 Effects, limitations, and clinical relevance of PDT in the glioma model29

6 Conclusions ............................................................................................... 31
7 Future prospects ........................................................................................ 33

7.1 Optimization of MAL PDT for skin lesions ........................................ 33
7.2 PDT of brain tumors........................................................................... 34

References......................................................................................................... 35



vi

Abbreviations and symbols:

AK  Actinic keratosis 

ALA  Aminolevulinic acid 

BAT  Brain adjacent to tumor 

BCC  Basal cell carcinoma 

CCD Charge coupled device 

H&E Hematoxylin and eosin 

i.p. intraperitoneal 

LED Light emitting diode 

MAL  Methyl aminolevulinate 

PDT  Photodynamic therapy 

PpIX  Protoporphyrin IX 

SD Standard deviation 

SEM Standard error of the mean 

 Singlet oxygen

   Light fluence rate (mW cm 2)

E Irradiance (mW cm 2)

P Radiant power (mW) 

a Absorption coefficient (cm 1)

s Reduced scattering coefficient (cm 1)

Light penetration depth (mm) 
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Glossary:

Action spectrum Spectrum describing for which wavelengths a certain process will 
take place. 

Apoptosis Cell death controlled actively by a “suicide” program. 
Carcinoma Malignant tumor originating from epithelial tissues 
Cytoreduction Decrease in the number of (tumor) cells. 
Dysplasia A pre-cancerous change. 
Endogenous Originating within the organism or cell. 
Endothelium The epithelium lining the interior surface of blood vessels. 
Exogenous Originating outside the organism. 
Glioma Tumor originating from glial cells, the major non-neuronal cell type in the 

central nervous system.  
Gray matter Regions of brain and spinal chord consisting of mainly neurons, cell 

bodies, and capillaries. 
Indwelling  Placed or implanted within the body, as a catheter or electrode. 
Inoculation  Introduction (of for instance tumor cells) into a host. 
Necrosis Death of cells or tissues as a result of external damage. 
Neutrophils Subtype of white blood cells that is much involved in the acute phase 

of inflammation. 
Occlusive dressing An air- and watertight dressing. 
Photobleaching Degradation of a dye as a result of light exposure. 
Pro-drug An inactive substance that is converted to a drug within the body. 
Quantum yield The probability that an excitation will lead to a certain process.  
Squamous cell carcinoma in situ (or Bowen’s disease) An early noninvasive stage of 

cancer originating from the squamous cells in skin or mucosa.
Systemic application Distribution of a substance throughout the whole body 
Thermal penetration depth Parameter related to the range of a local temperature 

aberration in a tissue. (Definition in publication IV.) 
Turbid Cloudy or hazy. 
White matter Regions of brain and spinal chord consisting mainly of neural fibers. 
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1 Introduction 

Photodynamic therapy (PDT) is mediated by a photosensitizer—a substance able to 
absorb energy from light and subsequently transfer it to oxygen, which in its turn
deposits the energy as damage to biological matter. Consequently, the treatment
involves both distribution of a drug (the photosensitizer) and distribution of light 
using an adequate light source. The knowledge of photosensitizing drugs is ancient, 
but it is mainly throughout the last 30 years that PDT has been developed as a 
treatment modality for cancer (Ackroyd et al. 2001). A range of photosensitizers are
currently approved for various indications (Figure 1).

1.1 The fundamentals of PDT 
A good photosensitizer must absorb light efficiently. A molecule absorbs light by 
being excited to a different state, gaining the energy of one photon (Einstein 1912). 
Molecules with chains of conjugated bonds can have electron states matching the 
photon energy of visible or near infrared light. The skeleton of most sensitizers used 
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Figure 1: Chemical structure of photosensitizers approved by medical authorities for
treatment of (a) esophageal dysplasia, (b) head and neck cancer, (c and d) actinic
keratosis, (d) non melanotic skin cancer, and (f) wet macular degeneration. The
prodrugs (c) and (d) are synthesized into (e) intracellularly.
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INTRODUCTION2

in PDT is the porphin (Figure 2), which consists of four 
pyrrole rings joined to a ring structure with a cyclic, conju-
gated system of 18 -electrons. This system has electron states 
matching visible light. Molecules in excited electron states 
may participate in chemical reactions damaging biomolecules
that are vital for the function of a cell. Generally speaking, such reactions do not
depend on the presence of oxygen, but photodynamic effect is defined as oxygen-
dependent reactions exclusively (Blum 1941). 

N

NH

N

NH

Figure 2: Porphin

Most states excited by photoexcitation are short-lived (a few nanoseconds), and 
will return to the ground state by fluorescence or heat-transfer before interaction 
with other molecules can occur. For most molecules, both the ground state and the 
first excited state are so-called singlet states, with all electrons paired so that the only
option for the molecule’s net spin is zero. In general, but almost exclusively in ex-
cited states, molecules can also be in triplet states. Two electrons are then unpaired, 
leaving three options for the net spin component: +1, zero, or 1 (as each electron 
has spin +½ or ½). Processes not conserving the net spin, such as transfer from an 
excited triplet state to a singlet ground state, are relatively unlikely. This means that
excited triplet states can be sufficiently stable to allow interaction with other mole-
cules. Photodynamic effect depends on a high quantum yield for formation of such 
metastable excited triplet states after photoexcitation (Figure 3 a and b). For good
photosensitizers this quantum yield is typically 0.2–0.9 (Redmond & Gamlin 1999). 

The reactions dominating for most sensitizers used in PDT are by the so-called 
type II pathway, where the excited triplet state (3PS*) interacts with molecular
oxygen by energy transfer. The sensitizer returns to the singlet ground state (1PS),
and oxygen is excited to the reactive species singlet oxygen (1O2) (Figure 3c)
(Kawaoka et al. 1967). As illustrated in Figure 3c, oxygen’s unique feature as a 
molecule with a triplet ground state (3O2) makes this a spin-conserving process, 
which is more efficient than non spin-conserving reactions with other molecules.
Good photosensitizers typically have quantum yields for 1O2 formation in the range
0.1–0.8 (Redmond & Gamlin 1999). Singlet oxygen can return to the ground state
by phosphorescence. This is a very slow process, so in non-gaseous environments 

1PS( ) + h 1PS*( ) (a)

1PS*( )
3PS*( ) (b)

3PS*( ) + 
3
O2 ( )

1PS( ) + 
1
O2*( ) (c)

Figure 3: (a) Photoexcitation of photosensitizer (PS) to excited singlet state. As shown
by the arrows both states have paired electrons. (b) Intersystem crossing to a metasta-
ble excited triple state that has unpaired electrons with parallel spins. (c) The type II
reaction, were the metastable triple state excites ground state triplet oxygen into singlet
oxygen by energy transfer. 
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participation in chemical reactions is much more likely. 1O2 reacts with a variety of 
biomolecules, and these reactions are so efficient that the intracellular lifetime of 1O2

is in the nanosecond range, corresponding to a radius of action around 0.01 microns
(Moan & Berg 1991, Niedre et al. 2002). This means that most of the initially 
induced damage is restricted to the subcellular compartment containing the photo-
sensitizer. Consequently, when distributing the photosensitizer, intracellular localiza-
tion may be as important as concentration. Reported estimates of the number of 1O2

molecules necessary to kill a cell has varied with three orders of magnitude from 108

to 1011 in different experimental setups (Niedre et al. 2005). There is some uncer-
tainty in these estimates, but the vast range reflects the fact that PDT inactivation is 
not necessarily a simple matter of acute lethal 1O2 damage. A thorough understand-
ing of the biology is necessary to describe the PDT-induced damage, which may be 
affected significantly by factors such as cell signaling pathways, programmed cell 
death, indirect vascular damage, and effects of the host’s immune system (Dougherty
et al. 1998). 

Photochemical reactions can also be mediated by the type I pathway, where
(unlike Figure 3c) the excited triplet state interacts with a substrate by electron or 
proton transfer. This leads to generation of cytotoxic agents, including reactive 
oxygen species other than 1O2. The prevailing hypothesis is that 1O2 is the important 
cytotoxin in PDT (Weishaupt et al. 1976, Fuchs & Thiele 1998), although additional
effects of type I reactions can not be discounted. It has been reported that reactive 
oxygen species other than 1O2 can dominate for certain sensitizers and environments 
(Vakrat-Haglili et al. 2005). However, for protoporphyrin IX mediated PDT  the 
topic of this thesis  it has recently been shown by direct in vivo measurements of
1O2 phosphorescence that the PDT-induced damage is directly related to the amount
of 1O2 produced (Niedre et al. 2005). 

1.2 Drug distribution
Most photosensitizers used in PDT are applied systemically by intravenous injection. 
Different photosensitizers, formulations and application schemes can target different 
tissues. Typically, short drug–light intervals (down to minutes) lead to vascular
damage, while direct damage to tumor cells can be achieved using longer drug–light
intervals (up to several days). The localization is also strongly dependant on the 
physiochemical properties of the drug, and in some cases of its ability to bind to 
specific targets in endothelial or tumor cells (Chen et al. 2006). The photosensitizer, 
the drug administration, and the drug–light interval should ideally be optimized to 
achieve sufficiently high accumulation of photosensitizer in the target tissue and 
acceptably low accumulation in the surrounding normal tissues. Properties of tumors
that make selective photosensitizer uptake possible include: a leaky vascular system,
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poor lymph drainage, large extracellular volume, high amounts of collagen, de-
creased pH, and deviating cellular receptors and uptake mechanisms (Dougherty et 
al. 1998). Still, the selectivity achieved with systemic photosensitizers is often not
better than around a factor of two (Moore et al. 1997). A major exception is brain 
tumors, where at least one order of magnitude of selectivity can be achieved for 
photosensitizers that to a low degree penetrate the blood–brain barrier (Chopp et al.
1996, Obwegeser et al. 1998, Lobel et al. 2001). Maximum selectivity is always 
desirable, but the degree of damage that can be tolerated in the surrounding normal
tissues varies substantially. In some cases—like for m-tetrahydroxyphenylchlorin
mediated PDT for head and neck cancer—severe necrosis following PDT can heal up 
well without unacceptable scarring (Hopper et al. 2004). In other areas—like the 
esophagus, brain, or retina—damage to normal tissue can be dangerous. 

1.2.1 Porphyrin precursor mediated PDT 
As an alternative to direct administration of a photosensitizer, it is possible to make
an organism photosensitive by administering drugs that are not photosensitizers 
themselves. The naturally occurring compound aminolevulinic acid (ALA) can be
used as a pro-drug to induce accumulation of endogenous porphyrins that act as 
photosensitizers (Peng et al. 1987, Malik & Lugaci 1987). The porphyrins are syn-
thesized intracellularly by the heme synthesis pathway as shown in Figure 4. The rate
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Figure 4: The heme biosynthesis that takes place in eukaryotic cells. Excess of ALA will lead to
accumulation of PpIX, the immediate precursor to heme. For several neoplastic cell types this 
accumulation is enhanced due to increased activity of porphobilinogen deaminase, decreased
activity of ferrochelatase, or increased transport past the mitochondrial membrane due to
abundant expression of the peripheral benzodiazepine receptor (Collaud et al. 2004).
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limiting step of this pathway is the synthesis of ALA. If an excess of ALA is supplied 
exogenously, the insertion of iron into the porphyrin ring to form heme becomes the 
rate limiting step. This leads to accumulation of the photosensitizer protoporphyrin 
IX (PpIX). 

Systemic application of ALA is possible and is used for experimental therapy of
various indications including esophageal dysplasia (Pech et al. 2005), but local drug
application with topical formulations is most common. Local drug application is a 
great advantage as it eliminates the obvious problems associated with general photo-
sensitization of the whole patient. Topical ALA PDT was introduced by Kennedy et
al. in 1990. Since then, a variety of skin disorders have been treated using ALA or 
other porphyrin precursors. The transport of ALA through tissues and into cells has
been reported to be suboptimal (Peng et al. 1995, Martin et al. 1995, Wolf & Kerl
1995). ALA esters, which are more lipophilic porphyrin precursors, were introduced
to overcome this limitation and to improve the bioavailability (Peng et al. 1996, 
Kloek & Beijersbergen 1996). Differences between ALA and its esters have been 
shown for a variety of key issues, including uptake and porphyrin production in cells 
(Gaullier et al. 1997, Rud et al. 2000, Gederaas et al. 2001, Perotti et al. 2004), 
transport through tissues (de Rosa & Bentley 2000, Bigelow et al. 2001, van den 
Akker et al. 2003), ability to induce porphyrin production in tissues (Fritsch et al.
1998, Lange et al. 1999, Perotti et al. 2002), effects of drug formulations (Casas et 
al. 2001, Lopez et al. 2004), systemic uptake (Moan et al. 2001), and pain felt 
during PDT (Wiegell et al. 2003, Kasche et al. 2006). 

A vide variety of tissues are photosensitized by porphyrin precursors, but certain
tissue types have a low ability to produce endogenous porphyrins. These include 
cases where damage would be critical such as connective, muscle, and brain tissues
(Fukuda et al. 1992). This represents a useful selectivity enhancement, but it can also
limit the efficacy of the treatment for certain tumors that has a low ability to pro-
duce endogenous porphyrins (Morgan et al. 2004). Successful indications for por-

a   b 
Figure 5: Porphyrin fluorescence from cancer in (a) bladder mucosa (Berg et al. 2005)
and (b) skin after local application of hexaminolevulinate and methyl aminolevulinate,
respectively.
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phyrin precursor mediated PDT mostly include premalignant lesions or low-grade
non-invasive tumor types. Porphyrin precursors can also be of diagnostic value as a 
contrast agent, utilizing PpIX’s characteristic fluorescence (Figure 5). This is most 
widely used in urology, where hexaminolevulinate (the hexyl ester of ALA) is ap-
proved for fluorescence-guided detection of bladder cancer (Jocham et al. 2005). For 
malignant brain tumors the usefulness of ALA-based, fluorescence-guided resection
has recently been demonstrated in an extensive phase III clinical trial (Stummer et al.
2006).

1.3 Light distribution
The targeted application and limited penetration of light makes PDT a local treat-
ment modality. Transport of light through tissue is limited by absorption and scatter-
ing. These processes result in an approximately exponential decrease in the fluence
rate (i.e., the light intensity inside the tissue) as the light penetrates tissue. For an 
infinite planar geometry, the light penetration depth ( ) is the distance at which the 
fluence rate has been reduced by a factor e ( 0.37) (Star 1997). As shown in Figure
6a, the light penetration depth is strongly dependent on wavelength. Most porphin 
based photosensitizers have their absorption maximum in the blue region around 
400 nm, but the hemoglobin found in most tissues limits the penetration depth of
blue light to about a tenth of a millimeter. The photosensitizers most commonly used 
in PDT (Figure 1, page 1) absorb also in the red region, where the penetration depth 
is 2–3 mm for most tissues (Cheong 1995). The best light penetration is found in the
near infrared region from about 750 to 850 nm where penetration depths can reach 
5–6 mm. The sensitizers motexafin lutetium (732 nm) and Pd-bacteriopheophorbide
(TOOKAD®) (762 nm) absorb in this region and are used for experimental PDT of
prostate cancer (Zhu et al. 2005, Weersink et al. 2005). 
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Figure 6: a) Absorption coefficients ( a) and reduced scattering coefficients ( )

typically found in tissue, based on spectra published by Jacques et al. (1998). The

resulting light penetration depth ( ) is calculated as
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saa31 . b) Absorption

spectra of the photosensitizers porfimer sodium and m-tetrahydroxyphenylchlorin
(Triesscheijn et al. 2006a).
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1.3.1 Light sources 
Vast amounts of light are required during PDT. Tissues are typically exposed to 
irradiances around 100 mW cm 2, which is comparable to the maximum total solar 
irradiance in southern Norway (Huld & Suri 2006). The treatment modality has to 
some extent been limited by the availability of adequate light sources providing 
sufficient output powers of red light. However, reliable semiconductor-based light 
sources have become available during the last 5–10 years. Such diode lasers and light 
emitting diodes (LEDs) are currently the dominating light sources in PDT. 

Laser light with a wavelength matching the absorption maximum of the photo-
sensitizer provide the most efficient excitation. When using a laser it is also possible 
to couple the light into an optical fiber to illuminate sites such as the esophagus, 
prostate, oral cavity or brain (Figure 7c). In cases where the use of fiber optics is not 
necessary, sufficient excitation may in many cases be achieved using broadband light 
sources such as LEDs or filtered incandescent lamps (Figure 7 a and b) (Brancaleon 
& Moseley 2002). Systems based on arrays of high power LEDs are currently domi-
nating for PDT in dermatology in Europe. Compared to diode lasers, LED systems 
are cheaper, more compact, and do not represent any risk for retinal injury (ICNIRP 
1997).

1.3.2 Light dosimetry 
The simplest way to describe the light dosimetry of a PDT session is to specify the 
amount of light delivered to the tissue. When treating a surface, the dose is then 
specified as the time integral of the irradiance. The irradiance, E, has unit W cm 2

and is defined as the radiant power entering a surface, divided by the surface area. 
When treating with an indwelling applicator, like a fiber tip embedded in the tissue, 
the dose can be specified as the total radiant energy delivered from the applicator. 
More sophisticated light dosimetry involves calculating the actual fluence rate distri-

a   b   c 

Brain

Skull

Skin

Fiber coupled

to laser source

Figure 7: Light sources developed for PDT: (a) a filtered halogen lamp and (b) an LED lamp for light 
delivery to skin. c) Indwelling balloon applicator for light delivery to the brain (Madsen et al. 2001). 
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bution inside the tissue. The fluence rate, , has unit W cm 2 and is defined as the 
radiant power passing through an infinitesimal sphere divided by the sphere’s cross-
sectional area. The fluence rate distribution for a specific treatment session depends 
on both the geometry and the optical properties of the tissues. It can be calculated by 
solving the Boltzmann transport equation, a partial differential equation describing
the transport of light in turbid media, or by using Monte Carlo simulation to sto-
chastically imitate the propagation of photons through turbid media (Star 1997). 
Figure 8 shows examples of calculated fluence rate distributions for two light deliv-
ery geometries. 

The ultimate dose measure in PDT is the distribution of the 1O2 formation, 
which depends on the treatment variables light, photosensitizer, and oxygen. How-
ever, the distribution of 1O2 is very difficult to calculate since these three factors are 
far from constant during the light exposure (Wilson et al. 1997): The PDT effects
alter the blood supply and hence the oxygen supply. The oxygen concentration is 
also reduced as oxygen is consumed by the production of 1O2. In addition, the 
photosensitizer concentration is in most cases significantly reduced (photobleached)
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Figure 8: Light distributions calculated for (a) external and (b) interstitial light delivery.
Calculations were made for a surface exposed to a 2 cm beam with irradiance 100 mW
cm 2, and an infinite medium with an isotropic point source of 100 mW. The fluence
rates are visualized as iso–fluence rate contours (unit: mW cm 2) and as a function of 
depth. For the external delivery the fluence rates were calculated using the Monte Carlo
software MCML (Wang et al. 1995). For the interstitial delivery the expression

rP
r

as e43 , which is derived using the diffusion approximation of the Boltz-

mann transport equation, was used (Driver et al. 1991). In both cases the optical proper-
ties of the medium were set to a = 0.5 cm 1, = 10 cms

1 and  = 0.252 cm. 
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by the presence of light. The change of blood supply, the oxygen consumption, and 
the photobleaching may depend heavily on the rate of the light delivery. To top off 
the complexity, the optical properties of the tissue depend strongly on blood content, 
blood oxygenation, and photosensitizer concentration. Due to these difficulties the
by far most common dose measure in PDT is a simple specification of the light
delivered to the tissue. Calculations of fluence rate distributions are mostly used for 
general purposes, and are rarely performed for a single patient. Recently it has
become possible to assess the 1O2 formation directly by in vivo measurement of 1O2

phosphorescence (Niedre et al. 2002). Massive technical difficulties must be over-
come to introduce such measurements clinically, but they may become a golden 
standard for PDT dosimetry in the future.

1.4 PDT in dermatology
Topical porphyrin precursor mediated PDT is becoming a widespread treatment
modality in dermatology, and the prime indications are currently the non-melanotic
skin cancer basal cell carcinoma (BCC) and the precancerous skin growth actinic
keratosis (AK). BCC (Figure 9) is the by far most common malignancy within the
Caucasian populations, with incidence rates of 100–700 per 100 000 per year de-
pending on solar exposure (Brooke 2005). However, it metastasizes in less than 
0.03% of cases (Lo et al. 1991, Wadhera et al. 2006) and is rarely dangerous. AK 
has an even higher incidence, and has the potential to progress to squamous cell 
carcinoma if untreated (Ortonne 2002). Several efficient treatment options exist for
both BCC and AK, but PDT has the advantage of less treatment related morbidity 
and a better cosmetic result. PDT is particularly advantageous for treatment of large
areas of sun-damaged skin with multiple tumors and premalignancies (Braathen et 
al. 2007). Porphyrin precursor mediated PDT is efficient for AK (Szeimies et al.
2002, Jeffes 2002) and superficial BCC (Kennedy et al. 1990). Good results are also
achieved for thicker subtypes of BCC, like nodular BCC, if most of the tumor mass is 
removed by a debulking procedure prior to the drug application (Soler et al. 1999,
Soler et al. 2001).

Two different drugs are commonly used: ALA and its methyl ester methyl ami-

a   b 
Figure 9: a) Photo and H&E stained histological section of superficial BCC. 

b) Nodular BCC before and after MAL PDT.
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nolevulinate (MAL). An ALA cream formulation (Levulan Kerastick®, DUSA Phar-
maceuticals, USA) is approved in the USA for treatment of AK and is also used 
cosmetically for skin rejuvenation. Topical ALA PDT has also been shown to be 
efficient for treatment of superficial BCC and squamous cell carcinoma in situ 
(Braathen et al. 2007). An MAL cream formulation (Metvix cream®, PhotoCure
ASA, Norway) is approved for treatment of AK (Europe, Australia, USA, Brazil),
squamous cell carcinoma in situ (Europe), and basal cell carcinoma (Europe, Austra-
lia, Brazil). Both MAL and ALA PDT have also recently been proven to have effect
on inflammatory acne (Wiegell & Wulf 2006a, 2006b). Comparative clinical studies 
have shown that MAL leads to more selective porphyrin accumulation (Fritsch et al.
1998, Thompson et al. 2001) and less pain (Wiegell et al. 2003, Kasche et al. 2006)
than ALA. 

Other photosensitizers used successfully to treat non melanotic skin cancer in-
clude porfimer sodium (Photofrin®), verteporfin (Visudyne®), and m-tetrahydroxy-
phenylchlorin (Foscan®) (Lui et al. 2004, Oseroff et al. 2006, Triesscheijn et al.
2006b). These systemically applied drugs can be more powerful than porphyrin 
precursors, but they are also less selective and cause more side effects and less favor-
able cosmetic outcomes. Still, they may be beneficial for treatment of large, tick 
tumors for which porphyrin precursor mediated PDT has a low efficacy.

1.5 PDT of malignant brain tumors 
Malignant brain tumors cause 3% of all cancer deaths in Norway (Kreftregisteret
2006). The main treatment modality is surgery, but even if complete resection is
achieved patients typically relapse, and cure is rare for most subtypes (CBTRUS 
2005). Glioblastoma multiforme (Figure 10), the most common and aggressive 
subtype, has a median survival of 14 months after a combination of surgery, postop-
erative radiation therapy, and chemotherapy (Stupp et al. 2005). Recurrences often
occur from tumor cells invading the normal brain. Although invading tumor cells
can be found far from the tumor border, the recurrent tumors are within 2 cm from 
the resection margin in a majority of the cases (Wallner et al. 1989). It is likely that a 
treatment that eliminates tumor cells embedded in the so-called brain adjacent-to-
tumor (BAT) region would have the potential to reduce the recurrence rate. PDT is
currently being tested clinically for destruction of tumor cells in residual bulk tumor 
and in the BAT after standard surgery, and for ablation of non-resectable tumors in 
selected patients. Several available photosensitizers feature excellent tumor–to–
normal brain selectivity, but animal studies have shown that damage to normal brain 
still occurs if the exposure exceeds a certain light fluence (Lilge & Wilson 1998). 
Furthermore, the selectivity in the BAT can be disrupted by defects in the blood–
brain barrier due to transport of the photosensitizer via edema bulk flow (Stummer
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et al. 1993). It also remains unclear if tumor cells embedded in the BAT are photo-
sensitized.

PDT is not an established treatment modality for brain tumors. Definite patient
benefit has not been confirmed, and the average survival gains reported in pilot
studies are only a few months at best. Most clinical trials have been performed with 
the photosensitizer porfimer sodium and with light delivery to the resection cavity
during open surgery. The first placebo controlled phase III study was recently fin-
ished in Canada and USA (Muller et al. 2006). It showed that this treatment does
not increase patient survival, at least not with the light doses that were considered 
safe for porfimer sodium mediated PDT. Hence, other approaches seem necessary to 
make PDT beneficial for brain tumor patients. 

Sensitizers that are more powerful than porfimer sodium and that absorb at
longer wavelengths, where light penetrates deeper, have been tested both in animal
models and in pilot clinical trials (Lobel et al. 2001, Kostron et al. 2006). There is
also interest in using porphyrin precursor mediated PDT with systemic administra-
tion of ALA. Preclinical data from animal models indicate that compared to other 
sensitizers, ALA photosensitization can lead to a much higher light fluence threshold
for necrosis in normal brain tissue (Lilge et al. 1996, Olzowy et al. 2002). ALA has 
been tested extensively in Germany for fluorescence-guided resection of brain tu-
mors, and recently a pilot study of ALA mediated PDT has shown that the treatment
is safe even for relatively high light doses (Beyer et al. 2006). It was also demon-
strated that ALA PDT with interstitial light delivery can be used to ablate bulk 
tumor tissue in inoperable gliomas. However, taking into account the poor results of 
porfimer sodium PDT it seems unlikely that substantial survival gain can be achieved 

Figure 10: MRI images of a glioblastoma in the
right frontal lobe before and after surgery.
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from a single treatment session. Madsen et al. (2001) have developed an indwelling
light applicator (Figure 7c, page 7) designed to be left permanently in the resection 
cavity after surgery. The intention is then to prevent tumor regrowth by performing 
repeated PDT sessions throughout the rest of the patient’s life. A related approach 
that is being tested in animal models is to assess other mechanisms of cell death and 
selectivity by illuminating over several days with ultra-low light dose rates (Bisland et 
al. 2004).



2 Aims of the study 

This study investigates the porphyrin precursor mediated photosensitization and the 
light delivery for PDT of two different indications: non-melanotic skin cancer and 
malignant brain tumors. The skin studies were a part of developing topical PDT as a
standard treatment modality, and were designed to gather detailed knowledge of the 
accumulation and degradation of porphyrins throughout the drug application and 
light delivery. For the brain studies, an experimental rat model was used to investi-
gate parameters that are relevant for clinical PDT of brain tumors. 

The specific aims of the investigation were: 
To compare the effects of two different light sources on the porphyrins accu-
mulated in skin tumors during topical application of ALA (publication I). 

To describe the distribution of porphyrins in skin lesions and normal skin in-
duced by topical application of MAL-creams (publications II and III). 

To investigate the degree of skin photosensitivity following topical applica-
tion of MAL (publication III). 

To map the light and temperature distributions during interstitial light deliv-
ery to an experimental rat glioma model, and to estimate the optical and 
thermal properties of brain tissue (publication IV). 

To evaluate to which degree ALA is able to photosensitize glioma tissue and 
normal brain in a rat model (publications V and VI). 

To evaluate the effect of the rate of light delivery during PDT in a rat glioma
model (publication V). 

13





3 Overview of experimental methods 

An overview of the methods used in this work is presented below. Further details are 
available in publications I–VI. 

Patients and healthy volunteers (publications I–III) 
Patients suffering from AK or BCC were recruited at the outpatient photodynamic
clinic at The Norwegian Radium Hospital (I and II). The healthy volunteers (III)
were students recruited at the Faculty of Medicine at the University of Oslo. 

Animal model (publications IV–VI) 
The applied brain tumor model utilized the gliosarcoma cell line BT4C, which has 
been established by ethylnitrosourea exposure of transplacental rats of the BDIX 
inbred strain (Lærum et al. 1977). The method for intracranial inoculation of the
tumor cells in BDIX rats was refined at Center for Comparative Medicine at Rik-
shospitalet (Sørensen et al. 2002). The in vivo experiments were performed at that
facility, except from the survival experiments involving tumor-bearing rats in publi-
cation VI which were performed at The University of Nevada. Cell cultures of the 
BT4C cell line was also used for in vitro survival experiments (V and VI).

Drugs and formulations (publications I–III, V, VI) 
Skin lesions and normal skin was photosensitized with porphyrin precursors in 
topical oil-in-water formulations. Two distinct creams were used: an ALA formula-
tion with dimethyl sulfoxide added as a penetration enhancer (I) and the MAL 
formulation that has become commercially available under the trade name Metvix®

(II and III). The creams were covered by an occlusive dressing applied for 3–18 
hours. BDIX rats were photosensitized by intraperitoneal (i.p.) injection of a freshly 
prepared solution of ALA in distilled water (V and VI), or by direct intracranial 
injection of a buffered ALA solution (VI). In the in vitro experiments the BT4C cells 
were incubated in 1 or 6 mM ALA in serum-free medium (VI) or 8 mM ALA in 
medium with 10% calf serum (V). Light exposure and/or pharmacokinetic studies
were carried out 1–48 hours following the drug application in the skin studies (I–III),
and 4–5 hours following the drug application in the glioma studies (IV–VI). 

15
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In situ fluorescence measurements (publications I–III) 
Non-invasive point measurements of surface fluorescence were used to monitor the 
accumulation of photosensitizer in skin and skin lesions. A Perkin Elmer LS-5 spec-
trofluorimeter was used to deliver excitation light at 405 nm and measure fluores-
cence at 635 nm via fiberoptic probes. The probe used in the last study (III) resulted 
in a higher sensitivity for fluorescence detection than the probe used in the two 
former studies (I and II). Both probes had separate fiber bundles for excitation and 
fluorescence light directed towards a single sample area. The last study (III) also 
included measurements using a system based on a CCD spectrometer, which could 
instantly measure the entire fluorescence spectrum. This allowed for a more accurate 
background subtraction, resulting in further improvement of the sensitivity for 
porphyrin fluorescence detection. 

Microfluorometry (publications II, V, VI) 
The photosensitizer biodistribution in thick nodular BCCs (II) as well as rat brain (V 
and VI) was studied by fluorescence microscopy of frozen sections. Tissues were cut 
to 8–10 m thick sections that were studied under blue excitation light. The sections 
were then H&E stained for histological identification of tissue types. Image analysis 
was used to quantify the average fluorescence intensity within a region of interest as 
a function of the distance to an arbitrary line. This analysis was used to derive depth 
profiles of the porphyrin distribution in nodular BCCs (II), and to estimate the 
porphyrin content in glioma and brain tissue as a function of distance to the tumor 
border (V).

Light exposure (publications I, III–VI) 
Skin and skin lesions were irradiated using a light source with a filtered halogen 
lamp. The system used to irradiate superficial BCCs (in publication I) was a proto-
type of the CureLight BroadBand® light source used in publication III. The two 
systems delivered equivalent irradiances of visible light exciting the photosensitizer, 
but the prototype had more residual output of thermal infrared light. Rat brains and 
BT4C glioma cells (IV–VI) were irradiated using lasers with wavelengths within the 
635 nm peak of the PpIX excitation spectrum. Most of the animals were irradiated 
using a diode laser with wavelength 632 nm, where PpIX is excited with at least 
90% of the yield at the optimal 635 nm. The light was delivered interstitially from 
bare 400 m fiber tips positioned stereotactically. The output power was in the 
range 4.8–45 mW in the PDT experiments (V and VI) and 15 or 100 mW during 
measurements of intracranial fluence rates or temperatures (IV). 
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Measurement and modeling of interstitial light delivery (publications IV, V) 
Interstitial probes were assembled and used for stereotactic mapping of intracranial 
fluence rate and temperature. Publication IV describes how models based either on 
the diffusion approximation of the transport equation or on Monte Carlo simulation 
of light propagation were fitted to the measured data. The Monte Carlo model was 
then used in publication V to estimate the fluence rates and fluences achieved in 
tumor and brain tissue during interstitial PDT. 

Evaluation of treatment effects (publications I, III, V, VI) 
The PDT effect in normal skin (III) was evaluated by scoring erythema and pain and 
by evaluating adverse events such as edema and hyperpigmentation. Also, photo-
bleaching of the photosensitizer during light exposure was measured in superficial 
BCCs (I) and normal skin (III). The PDT effects on rat glioma and normal brain was 
evaluated by recording symptom free survival, by observing the morbidity and 
mortality after light exposure, and by histopathology 15–72 hours post treatment. 
The histopathology included scoring of tumor necrosis and invasion of neutrophils 
from H&E stained sections (V and VI), as well as evaluation of edema from sections 
that were immunostained for plasma protein (V).





4 Synopsis of the results 

Publication I:
The bulk of this publication is a clinical trial comparing ALA PDT of superficial 
BCCs using either 570–740 nm broadband or 630 nm laser light. The trial involved 
245 lesions in 83 patients and concluded that 100 J cm–2 of laser light and 200 J cm–2

of broadband light resulted in the same response rates, cosmetic outcomes, and 
adverse events. The publication also includes a technical comparison of the two light
sources in terms of spectral output and ability to photobleach PpIX. The spectral 
irradiance of the broadband light source was measured, and calculations of the 
product integral with the PpIX excitation spectrum suggested that it excited PpIX at
43% of the rate of the laser. Porphyrin fluorescence was measured during light 
exposure of BCCs. The measurements indicated that the light doses used during the 
clinical trial were able to photobleach at least 98% of the photosensitizer present in 
the tumor tissue. There was a tendency to more efficient photobleaching for laser 
light compared to broad band light, but the data was not sufficient for accurate
comparison of the bleaching rates. 

Publication II:
The publication presents pharmacokinetic studies investigating the porphyrin induc-
ing effect of MAL creams applied to normal skin, AK, superficial BCC, and thick 
nodular BCC, varying the cream application time and the MAL concentration.

In vivo surface fluorescence measurements were used to monitor porphyrin ac-
cumulation in 18 superficial BCCs, 32 AKs, and adjacent normal skin sites. For both
lesion types, the fluorescence increased during the first 13 of 28 hours of continuous
MAL application. In normal skin the lowest cream concentration (16 mg g–1) re-
sulted in less fluorescence than the higher concentrations (80 and 160 mg g–1). There 
were no corresponding statistically significant dependencies in AK or BCC. How-
ever, the statistical power to detect MAL concentration dependencies was poor, due
to 20-fold lesion-to-lesion variation in the fluorescence intensity. The selectivity
between lesions and normal skin was tenfold during the first hours and decreased 
throughout the application time.

Fluorescence in 32 thick nodular BCCs was studied by analyzing images of fro-
zen tissue sections from biopsies sampled after 3 or 18 hours of MAL application.
Fluorescence microscopy images were used to calculate the porphyrin content in 
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tumor tissue as a function of depth. Within the tumors treated for 3 hours, the 
average fluorescence intensity depended on the MAL concentration. Increase to 18-
hour MAL application significantly enhanced the fluorescence levels in the superfi-
cial tumor layers, but not in the deep layers. The fluorescence in epidermis covering 
the tumor was comparable to that in tumor tissue after 3-hour application, but 
substantially higher after 18-hour application. 

Publication III:
The publication reports a clinical trial evaluating the duration of porphyrin fluores-
cence and skin photosensitivity after MAL application. Placebo and 160 mg g 1

MAL creams were randomly assigned to contralateral sites located at forearms and 
finger tips of 16 healthy volunteers and applied for 3 hours. Surface fluorescence 
measurements showed that the porphyrin fluorescence in forearm skin peaked about 
1 hour after the cream removal, was halved after 8 hours, and was reduced by more 
than 90% within 24 hours. Exposure to 50 J cm–2 of broadband light 1 and 8 hours 
following cream removal induced phototoxic reaction in most MAL treated sites. Six 
subjects also got reactions from exposure at 24 hours following cream removal. At 
this time, the phototoxicity was positively correlated with residual porphyrin fluo-
rescence. Following cream removal at 48 hours, no photosensitivity or porphyrin 
fluorescence was detected in any of the subjects. In general, all reactions were mild 
or moderate, and included pain, erythema, edema, and cases of transient hyperpig-
mentation. Sites at fingertips showed a 15 times weaker and much slower develop-
ment of porphyrin fluorescence than the forearm skin, and phototoxic reactions were 
absent except from sporadic cases of mild pain. 

Publication IV:
This publication reports the light and heat distributions during interstitial light 
delivery to the BDIX/BT4C rat glioma model used for photodynamic therapy in 
publications V and VI. Intracranial fluence rates and temperatures were measured 
with interstitial probes. Mathematical models were then used to derive tissue optical 
properties and to predict distributions for general tumor and light application ge-
ometries. The fluence rates in tumor-free brains agreed well with models based on 
diffusion theory and Monte Carlo simulation. In both cases the best fit was found 
for absorption and reduced scattering coefficients of 0.57 and 28 cm 1, respectively. 
In brains with implanted BT4C tumors, a discrepancy between the diffusion and 
Monte Carlo–derived two-layer models was found. The estimates of optical proper-
ties for tumor tissue differed, but both models predicted higher absorption and less 
scattering than in normal brain. Temperatures were measured by inserting thermo-
couples directly into tumor-free brains. A model based on diffusion theory and the 
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bioheat equation was found to be in good agreement with the experimental data and 
predicted a thermal penetration depth of 0.60 cm in normal rat brain. 

Publication V:
The publication reports the effect of PDT using systemic ALA and interstitial light 
delivery to the BDIX/BT4C glioma model, focusing on the effect of low light delivery 
rates. In vitro experiments showed that the sensitivity of BT4C multicellular tumor 
spheroids to ALA-PDT depended on the rate of light delivery (fluence rate). BT4C
tumors were established intracranially in BDIX rats. Microfluorometry of frozen 
tissue sections showed that photosensitizer was produced with hundredfold tumor-
to-normal tissue selectivity after ALA injection, and suggested that 60, 125 and 250 
mg kg 1 of ALA i.p. resulted in similar porphyrin levels. Four hours after ALA 
injection (125 mg kg 1 i.p.), tumor-bearing animals were treated with 26 J of 632 nm 
light delivered interstitially over 15 (high fluence rate group) or 90 (low fluence rate 
group) minutes. Two groups of 7 animals were treated 14 days after tumor induction 
and were studied by histopathological examination. There was extensive tumor 
necrosis after low fluence rate PDT, but hardly any necrosis after high fluence rate 
PDT. Neutrophil infiltration in tumor tissue was increased by PDT, but was similar 
for both treatment regimens. A low fluence rate PDT applied 9 days after tumor 
induction resulted in statistically significant prolongation of survival compared to 
non-treated control animals. 

Publication VI:
This publication focuses on the effects of interstitial ALA-PDT on small clusters of 
BT4C tumor cells embedded in the normal brain of BDIX rats. Treatment of tumor-
free animals demonstrated that ALA-PDT can do significant damage to normal brain 
if the light fluence is sufficient. Light doses that were safe in the tumor-free animals 
were used to treat rats 2 days after tumor induction. The treatment failed to prolong 
the survival compared to untreated controls. In contrast, animals inoculated with 
tumor cells pre-incubated in vitro with ALA showed a significant survival advantage 
in response to PDT. Consistent with publication V, it was also found that PDT 
caused significant damage to tumor tissue if the treatment was performed 15 days 
after the induction. However, histopathology showed that there were viable cells in 
the tissue invading the normal brain, in spite of the extensive necrosis in gross tumor. 
Fluorescence microscopy of frozen tissue sections showed that the photosensitizer 
content was limited and inhomogeneous in the invading tumor tissue. The results 
show that ALA-PDT could not prevent tumors from forming if the treatment was 
performed shortly after tumor initiation. This was probably due to insufficient levels 
of ALA and/or PpIX in the glioma cells. 





5 General discussion 

5.1 Porphyrin accumulation in normal and tumor tissues: 
selectivity of the photosensitization

The degree of photosensitization following application of porphyrin precursors
depends on the three following steps: (1) Distribution of the porphyrin precursor 
into the tissue, (2) cellular uptake of the porphyrin precursor and conversion into
photosensitive porphyrins, and (3) relocalization, degradation and clearance of
porphyrins and porphyrin precursors. The selective photosensitization observed for 
the two different biological systems studied in this thesis can be due to discrepancies 
of tumor tissue compared to normal tissue in each of the three steps. The following 
sections discuss the relevance of each factor for the skin and the brain studies. 

For skin tumors, Wennberg et al. (2000) have demonstrated that the transport
of topical ALA into superficial BCC is much more efficient than into normal skin. It
is likely that this is the case also for the porphyrin precursor MAL used in publica-
tion II, and that this preferential distribution was a major factor for the observed 
selectivity of porphyrin fluorescence for BCC and AK (publication II, Figure 2). 
Another factor contributing to the selectivity is the conversion of MAL into por-
phyrins. Porphyrins are produced in neoplastic cells and in the epithelial cells of the 
epidermis, but very little is produced in the dermis (Kennedy et al. 1990, Peng et al.
2001). The dermis consists mostly of connective tissue rather than cells converting 
MAL into porphyrins. The porphyrin fluorescence observed from the surface of 
normal skin (publications II, Figure 2; and III, Figure 1) is from the epidermis, which
is thinner—and consequently emit less fluorescence—than the neoplastic tissue in the
AKs and BCCs. In addition to this geometrical factor, lesions can have increased
fluorescence due to altered activity of the hem synthesis in neoplastic cells (Figure 4, 
page 4). This effect is seen in several in vitro studies reporting higher porphyrin 
accumulation in tumor cell lines than in normal cell lines. However, the rate of the 
hem synthesis is known to differ for different tumor types (Collaud et al. 2004), and 
it is not known whether the neoplastic cells in AK and BCC have increased PpIX
production compared to the normal epithelial cells in the epidermis. According to the 
results from nodular BCCs, there seemed to be little selectivity related to increased 
conversion in the tumor cells. The fluorescence images analyzed in publication II 
indicate that the epidermis had a porphyrin concentration comparable to that in the 
underlying tumor (publication II, Figure 4a). Actually, after 18 hours of MAL cream 
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application (publication II, Figure 4b) there was significantly more porphyrin fluo-
rescence in the epidermis than in the underlying tumor. 

The shape of the profiles at 18 hours compared to at 3 hours, with the fluores-
cence decreasing with increasing depth, suggests that the penetration of MAL into 
the tumors was limited by clearance to the tumor vasculature. Such clearance will 
not take place in the epidermis since it is not vascularized. Thus, the observed limita-
tion in selectivity for nodular BCCs was probably due to clearance of MAL. Limited 
selectivity for long application times was the case also for superficial lesions (publica-
tion II, Figure 3), but this effect might as well be caused by saturation (publication II, 
Figure 2) of the porphyrin synthesis in the AK and BCC cells combined with slow 
penetration of MAL into normal epidermis. 

For the brain tumor model, the biodistribution studies demonstrated tenfold se-
lectivity versus the BAT (publication V, Figure 4) and hundredfold selectivity versus 
normal gray matter far from the tumor (publication V, Table 2). It is clear from the 
literature that for brain tumors the distribution of the porphyrin precursor contrib-
utes to selectivity. In general, there is low transfer of ALA into normal brain through 
the blood–brain barrier. The influx rate has been quantified by Ennis et al. (2003). 
Their results agree with the plasma and brain levels in pharmacokinetic studies 
employing 14C-labelled ALA and doses relevant for PDT (Hua et al. 1995, Obwege-
ser et al. 1998). However, Obwegeser et al. found that the ALA concentration ratio 
between implanted C6 brain tumors and normal brain was merely 4:1. (In the same 
study the corresponding ratio for the sensitizer m-tetrahydroxyphenylchlorin (Figure
1, page 1) was 80:1.) This suggests that selectivities better than 4:1 are caused by a 
low conversion into photosensitive porphyrins for the ALA distributed to the normal 
brain.

As reported in publication V, there was no detectable porphyrin fluorescence in 
normal gray matter far from the tumor (publication V, Table 2). The same result was 
found by Hebeda et al. (1998) in an extensive biodistribution study involving two rat 
tumor models. Conversely, Stummer et al. (1998) and Lilge et al. (1998) reported 
significant porphyrin levels in normal brain, causing only tenfold tumor selectivity in 
rat and rabbit models, respectively. The discrepancy in the observed porphyrin levels 
in normal brain can be due to differences between the implanted tumors. Hebeda et
al. (1998) and Stummer et al. (1998) both showed that the porphyrin content in the 
normal brain was related to edematous flow from the tumor. Such indirect photo-
sensitization was observed also in the present work, as a resemblance between the 
porphyrin fluorescence patterns and the edema immunostaining pattern (publication 
V, Figure 7). Hence, the photosensitization of the normal brain is influenced by the 
nature of the implanted tumor, and the observed porphyrin level depends on the 
tumor’s ability to photosensitize the brain indirectly. 
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Nevertheless, the mortality of the tumor-free rats following ALA PDT (publica-
tion VI, Figure 4) clearly showed that ALA has a potential for direct photosensitiza-
tion of normal brain. The histopathology (publication VI, Figure 5) and the response
to steroid treatment (publication VI, Figure 4) demonstrated that both neuron necro-
sis and brain edema could have contributed to the mortality. In agreement with our 
results, ALA PDT effects in tumor-free animals have been reported previously for 
two different species. For rabbit brain, ALA PDT and porfimer sodium PDT with
interstitial light delivery caused similar levels of necrosis in gray matter (Lilge & 
Wilson 1998). For rat brain, the two drugs have been compared for PDT with exter-
nal irradiation of the cortex. In that setup, only porfimer sodium caused noticeable 
necrosis (Olzowy et al. 2002), but significant edema occurred in the cortex after 
ALA PDT (Ito et al. 2005). 

5.2 Light dosimetry
Although skin lesions and brain tumors are entirely different tumor types, it is of
some interest to compare the light dosimetry. The light distribution in the rat model
was described in terms of fluences and fluence rates (publications IV and V)1,
whereas in the skin studies (publications I–III), it was simply specified as the expo-
sure of the tissue surfaces. To compare the light dosimetries, the fluence rates in the 
skin must be estimated. Figure 11 shows the light distributions that can be expected 
during PDT of skin, BCC, and AK. The calculation was based on a multi layer skin
model were the optical properties are estimated from assumed levels of melanin and 

Figure 11: Calculated distributions of 635 nm light
in skin with varying melanin and blood content. The
graphs show fluence rate relatively to the irradiance
as a function of depth, for skin with 1.3% ( ) or
6.3% ( ) melanin in the epidermis (a range that 
covers light Caucasian skin (Dwyer et al. 2002)), and
0.2% (–) 2% (– –) or 5 % (–··–) blood in the dermis.
The calculations were made with a public domain
Monte Carlo software (Wang et al. 1995). Skin was
modeled as a 60 m epidermal layer covering a der-
mis with equal amounts of oxygenated and deoxy-
genated hemoglobin. Optical properties for
wavelength 635 nm were derived from spectra pub-
lished online by Jacques et al. (1998).Depth (mm)
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1 The results from publication IV were used in publication V, but with preliminary estimates of
optical properties that resulted in slightly decreased estimates for fluence rates and fluences. However,
the discrepancy was only 10%.
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hemoglobin. The blood volume fraction in normal skin is about 0.2% on the average 
through the dermis, and about 2–5% in the most vascularized layers (Jacques 1996). 
This range is covered by the calculations of Figure 11. BCCs and AKs have been 
reported to have a 5–10-fold increased blood content compared to the average in 
normal skin (i.e. 5–10 fl 0.2%) (Newell et al. 2003), which also is within the range 
used in the calculations.

Spectral characteristics of the light also play a major in the dosimetry. As ex-
plained in publication I (page 725, “Calculation of the relative phototherapeutic
efficiency”), more broadband light than monochromatic light must be applied to 
achieve a certain PDT effect. According to the product integral of the action spec-
trum for ALA PDT and the lamp emission spectrum, the broadband light was 40% 
as efficient as 632 nm monochromatic light. To calculate this factor, PpIX’s fluores-
cence excitation spectrum was (as in publication I) used to approximate the action 
spectrum. The factor is taken into account in Table 1, which estimates the fluences 
and fluence rates inside skin and skin lesions, based on the distributions in Figure 11.
Estimates are made for 50 and 200 J cm 2, the exposure used in publications I and
III; 100 J cm 2, the exposure that resulted in 99% photobleaching of surface fluores-
cence in publication I; and for 75 J cm 2, an exposure proven sufficient for successful 
PDT of AK and BCC in several clinical trials (Foley 2003). 

When comparing the data in Table 1 to the estimates calculated in publication
V, the fluences in skin and skin lesions are comparable to, or lower than, the fluences
delivered to the brain tumors (publication V, Table 1). Accordingly, the fluence rates
are comparable to, or higher than, the fluence rates in the brain tumors of the ‘Low 
fluence rate’ group. Hence, PDT with the light delivery that was sufficient to photo-

Table 1: Minimum fluences and fluence rates in skin and skin lesions for dif-
ferent light exposures and depths.

Site Exposure of surface* Depth Dosimetry inside tissue† 

Dose Irradiance Fluence Fluence rate

(J cm 2) (mW cm 2) (J cm 2) (mW cm 2)(mm)

Normal skin   50 150   0.1‡ 50–90 150–270

BCC 100 180 0.1 100–160 180–290

  1.0§BCC 200 180 140–220 130–190

BCC or AK   75 180 0.5   80–110 190–250

BCC or AK   75 180 1.0 60–80 140–190

*Values for the applied broadband light source. 

†Corrected with a factor 0.40 to represent values equivalent to 632 nm laser light.

‡Approximately the thickness of the epidermis. 
§Maximum thickness of lesions in publication I.
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bleach most surface fluorescence in skin (publications I and III), and to successfully 
treat BCCs and AKs, was insufficient to treat the rat brain tumors (publication V). 
The PDT could only increase the survival for tumor-bearing rats by a few days 
(publication V, Figure 8), although the tumors in that experiment were relatively 
small and received fluences of at least 200 J cm 2. This indicates that systemic ALA 
application did not photosensitize brain tumors to the same degree that topical ALA 
or MAL is able to photosensitize skin lesions. Publication VI shows that the porphy-
rin accumulation was limited and variable in tumor tissue invading the normal brain. 
This limitation, possibly in combination with insufficient light exposure, may have 
prevented a complete cytoreduction (publication V, Figure 6a). A similar incomplete 
cytoreduction was observed by Olzowy et al. (2002), who found a non-homogenous 
distribution of phototoxic damage after ALA PDT in the C6 rat glioma model. The 
non-homogenous damage suggests that inhomogeneous photosensitizer and/or 
oxygen supply, rather than insufficient fluence, was the major limitation. However, 
this was not verified, as the severe side effects of PDT prevented experiments that 
might have ruled out insufficient fluence as a limiting factor for ALA PDT in the rat 
model.

5.3 Drug and light delivery for PDT of skin lesions 
The approved dose regimen for MAL PDT is application of 160 mg g 1 cream for 3 
hours, followed by exposure to 75 J cm 2 of broadband light (or the equivalent 37 J 
cm 2 of 610–660 nm LED light (Juzeniene et al. 2004)). This recommendation is 
mainly based on evidence from studies of response rates (Foley 2003), but also on 
the results from the clinical trials described in publications I and II. The advantages 
of using the 160 mg g 1 MAL cream and a 3-hour drug–light interval are thoroughly 
discussed in publication II. For this drug dosage, the porphyrin fluorescence was 
selective for the tumor tissue and was distributed more than a millimeter into thick 
BCCs. The high response rates found in several studies demonstrate that sufficient 
photosensitization of AK and BCC lesions is achieved (Foley 2003). Furthermore, the 
results in publication III demonstrate that the photosensitization of normal skin is 
too low to cause severe damage. Selectivity does not appear to be a limiting factor 
for MAL PDT in the skin when 160 mg g 1 MAL cream is applied for 3 hours.  

In some cases, a BCC or AK lesion does not respond well to MAL PDT. Two 
treatment cycles are often required to achieve good results (Braathen et al. 2007). 
Two-year accumulated treatment failure rates of around 25% have been reported for 
so-called “difficult to treat” nodular BCCs (Horn et al. 2003, Vinciullo et al. 2005), 
and the 3-year recurrence rate for nodular BCCs is around 15% (for thick debulked 
tumors) (Soler et al. 2001). The cases of treatment failure might be due to incomplete 
photosensitization of the neoplastic tissue. The fluorescence depth profiles from 
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nodular BCCs (publication II, Figure 4a) show an intensity decrease below 1.0–1.2 
mm. The intensity also varied considerably from lesion to lesion, and in some cases 
there was considerable local variation across a single lesion (results not shown). The 
tumors in publication II were not debulked. Debulking is necessary to treat thick 
nodular BCCs (Warloe 1995), probably because it improves the penetration of MAL 
into the tumor tissue. This suggests that the observed variation in the fluorescence in 
the thick BCCs was due to insufficient availability of MAL. However, insufficient 
photosensitization can in general also be due to poor porphyrin synthesis in the 
tumor cells. Morgan et al. (2004) have showed that the cellular expression of the 
peripheral benzodiazepine receptor—a crucial component in the heme synthesis 
(Figure 4, page 4)— can be heterogeneous in BCCs, particularly for subtypes that 
respond poorly to PDT. According to their results, some tumors may respond poorly 
PDT, even if there is adequate penetration of both the porphyrin precursor and the 
light.

The doses of red light used to successfully treat BCC have been in the range of 
50–200 J cm 2, delivered at irradiances in the range of 100–200 mW cm 2 (Szeimies
et al. 2005, Garcia-Zuazaga et al. 2005). Both laser and broadband sources have 
been used. In the clinical trial of publication I, the ALA treated superficial BCCs 
were exposed to 200 J cm 2 of broadband light or 100 J cm 2 of laser light. Less light 
was used in publication III, where the MAL treated normal skin sites were exposed 
to 50 J cm 2 of broadband light. In both cases, the fluorescence measurements and 
the expected depth of the PpIX biodistribution indicated that at least 98% of the 
available photosensitizer was photobleached during the light exposures. This almost 
complete photobleaching of the sensitizer can explain why the different light sources 
had the same therapeutic effect.  

However, there is not a general direct relationship between PDT-effect and 
photobleaching (Robinson et al. 1999). Particularly in the case of hypoxia, it has 
been demonstrated that PpIX is photobleached independently of the PDT (Dysart & 
Patterson 2006). The tissue oxygenation and the PDT effect can be reduced if the 
fluence rate is too high, i.e., if the applied irradiance is too high (Foster et al. 1991). 
In publication I, the irradiance of the laser light was 120–150 mW cm 2. Taking into 
account the differences in the emission spectra (publication I, page 725, “Calculation 
of the relative phototherapeutic efficiency”), the effective irradiance of the broad-
band light was 43–77 mW cm 2. Hence, in spite of the equal degree of photobleach-
ing, it is possible that more  was produced during exposure to broadband light 
than to laser light. Still, no differences between the light sources were seen in the 
clinical trial reported in publication I. This either means that the two light exposure 
alternatives were equivalent with respect to the PDT effect, or that the light exposure 
was not a limiting factor. 



GENERAL DISCUSSION 29

5.4 Effects, limitations, and clinical relevance of PDT in the 
glioma model

The experiments indicated that ALA PDT may have a potential to treat glioma. 
However, considerable limitations related to light distribution, side effects, and drug 
distribution were also found. The light distribution is discussed in publication IV. 
The penetration depth ( ) in normal rat brain was found to be 1.4 mm, the same as 
previously reported for human brain (Muller & Wilson 1986). The tumor had 
around 1.7 mm, which is less than the 2.4–3.8 mm reported for human tumors and 
BAT (Muller & Wilson 1986, Beck et al. 2003). According to the calculations in 
publication IV, the limited light penetration in BT4C tumors was due to strong light 
absorption ( a,tumor = 1.4 cm 1). The high a,tumor was not unexpected, as BT4C tumor 
tissue is well vascularized (Sørensen et al. 2002) resulting in enhanced light absorp-
tion by hemoglobin. During PDT, when the tumor contains light absorbent photo-
sensitizer, a,tumor is likely to be further increased. 

The high light attenuation and the use of an implanted point source resulted in 
strong spatial gradients in the delivered fluences (publications IV, Figure 4; and V, 
Table 1). In patients, the larger light penetration depth and the use of non–point 
source applicators would result in smaller gradients. Still, the fraction of the brain 
exposed during PDT in rats will generally be much larger than in the human brain. 
Furthermore, the small size and limited buffering volume of the rats’ intracranial 
space quickly leads to increased pressure following PDT, as a result of cerebral 
edema and normal tumor progression. These differences between small animals and 
humans are important for the interpretation of the observed mortality and morbidity 
(publications V and VI). Recently, no severe side effects were observed among 41 
patients participating in a pilot study of ALA PDT for malignant glioma (Beyer et al.
2006). The study included both intraoperative treatments and minimally invasive 
interstitial treatments. In both cases, the BAT was exposed to fluences at least 5 
times higher than for the rats in publication V (W. Beyer, personal communication). 
This strongly suggests that the severity of the side effects observed in the rat model is 
not clinically relevant. 

It was evident that the ALA PDT was not effective if the light was delivered at 
too high fluence rates, and this is discussed in detail in publication V. At lower 
fluence rates the treatment was effective for gross tumor, but (as explained in publi-
cation VI) it failed to treat the invading part of the tumor. Treatment of gross tumor 
can be valuable for inoperable patients. However, in most cases of malignant glioma 
the core is necrotic, and the tumor growth mainly takes place in the border region 
(Preusser et al. 2006). The prime target for the PDT is thus the tumor border region 
and the BAT. As described above, the fluences in the rat model were limited by side 
effects that are not necessarily clinically relevant. It is possible that higher fluences 
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could have inactivated the tumor border more completely. The porphyrin fluores-
cence was inhomogeneous, but even the areas with the lowest fluorescence had 
similar fluorescence as the BAT (publication VI, Figure 3), and this level (publication 
V, Figure 4) may have been sufficient to inactivate tumor cells if the light fluence had 
been sufficient. However, even when the treatment was preformed 2 days after the 
tumor cell inoculation (publication VI, Figure 7), ALA PDT failed to prolong the 
survival. In these cases the cells were positioned 1–2 mm from the fiber tip, and 
should have received high fluences. Hence, the small newly implanted BT4C tumors 
embedded in normal brain were not significantly photosensitized by the ALA distri-
bution. This experiment needs to be repeated with other tumor models to investigate 
to which degree insufficient photosensitization is a general phenomenon for systemic 
ALA distribution to brain tumors. 



6 Conclusions 

Both 200 J cm–2 of red broadband light and 100 J cm–2 of 630 nm laser light 
was sufficient to photobleach the porphyrins formed in superficial BCC after
topical ALA application to below 2%. This can explain why PDT with the 
two light sources resulted in the same response rates and cosmetic outcomes. 

The porphyrin fluorescence intensity in the surface of BCCs and AKs in-
creased, and the lesion to normal skin selectivity ratio decreased, during the 
first 13–20 hours of continuous MAL application. However, application for 3 
and 18 hours resulted in similar porphyrin fluorescence levels in the deeper 
layers of thick nodular BCCs. Only for the 3-hour application the fluores-
cence depended significantly on the MAL concentration in the cream.

Topical MAL application for 3 hours followed by exposure to red light in-
duced mild or moderate phototoxicity in normal skin. The photosensitivity
ceased within 24–48 hours after cream removal, and its duration was associ-
ated with the degradation of porphyrins.

In the rat glioma model, intracranial fluence rates and temperatures measured
during interstitial light delivery corresponded well to mathematical models of 
light propagation. The models were used to estimate the fluence rate and
temperature distributions occurring during PDT. An absorption coefficient of
0.57 cm 1, a reduced scattering coefficient of 28 cm 1, and a thermal penetra-
tion depth of 0.60 cm was estimated for the rat brain. 

Reduction of the light delivery rate strongly enhanced the effect of interstitial
ALA PDT on glioma tissue. 

ALA PDT caused significant necrosis in gross glioma tissue. However, the cy-
toreduction was not complete, and only minor tumor growth delay was
achieved. The light dose usable in the experiments was limited by severe side 
effects that were probably related to the small size of the rat brain.

The ALA application induced highly selective porphyrin production in glioma 
tissue, but the porphyrin levels in the region of the tumor invading the normal 
brain were inhomogeneous and limited. Systemic ALA distribution did not
photosensitize microclusters of newly implanted glioma cells.
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7 Future prospects 

7.1 Optimization of MAL PDT for skin lesions 
There are no published clinical studies comparing the efficacy of different light doses
for MAL PDT of skin lesions. For MAL PDT, the multicenter studies leading to 
approval for AK and BCC have all been performed with 75 J cm 2 of broadband
light (or 37 J cm 2 of 610–660 nm LED light). At the Norwegian Radium Hospital, 
successful MAL PDT of superficial BCC has been achieved using just 50 J cm 2 of
broadband light (Warloe et al., personal communication1). A clinical trial comparing
different light doses could establish the minimum light dose necessary for MAL PDT
for different lesion types. The primary end point in such a study would be treatment 
response rates, but analysis of light penetration and photobleaching would be of 
interest when interpreting the data.

At present, an LED light source (Aktilite®, PhotoCure ASA, Norway) with an ir-
radiance of 75–90 mW cm 2 is by far the most common light source for MAL PDT.
Light sources with higher irradiances could be assembled using LEDs with a higher
output power. Up to 200 mW cm 2 can be applied to skin without causing hyper-
thermia. At this irradiance the 37 J cm 2 can be delivered in just three minutes. 
However, it would be necessary to perform a clinical trial investigating if the in-
creased irradiance affects the treatment response and the pain felt during the light 
exposure.

In some cases, a thick BCC is too dense to allow the debulking that is consid-
ered essential for successful MAL PDT. At The Norwegian Radium Hospital such
lesions are prepared by making perforations through the surface with a cannula or
needle. This is thought to enhance the penetration of MAL, but the effect of the 
procedure has not been documented. A biodistribution study, using the same meth-
ods as in publication II, would demonstrate whether the perforation procedure does 
enhance the porphyrin accumulation in the tumor tissue. 

1 Complete response of 90%, sustained for at least 5 years in 359 of 397 superficial BCCs after a
single MAL PDT. 
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7.2 PDT of brain tumors 
Further experiments using the BT4C rat glioma model that would be of interest 
include: To quantitatively measure the amount of PpIX formed in normal brain 
using chemical extraction of porphyrins; to investigate whether the increased survival 
observed for low fluence rate PDT (publication V, Figure 8) can be enhanced by 
increasing the light dose; to increase the steroid dose in attempt to reduce side effects 
related to brain edema; and to find out if ALA PDT kills glioma cells by apoptosis, 
and whether this depends on the fluence rate. The observation that newly implanted 
BT4C cells are not photosensitized by systemic ALA distribution may indicate a 
critical limitation of ALA PDT, and should be tested using other animal glioma 
models.

If complete cytoreduction can not be achieved by a single ALA PDT session, the 
treatment modality may still be effective by using multiple treatments. This strategy 
has proven useful for topical MAL PDT of skin cancer, where tumors responding 
poorly to a single treatment often are cured by multiple treatments (Braathen et al.
2007). Pilot experiments with the BT4C model indicated that the observed side 
effects of ALA PDT can be a major obstacle for testing repetitive PDT in rats (un-
published results). Furthermore, the model features a life span from inoculation to 
lethal tumor of only 20 days. A more realistic, slow growing tumor model would be 
more suitable to test clinically relevant repetitive PDT schedules. Alternatively, 
repetitive ALA PDT could be tested directly in patients. If (single treatment) intrac-
ranial ALA PDT is proven safe by the ongoing clinical trial in Munich (Beyer et al.
2006), one way to enhance the treatment would be to perform repeated treatments. 
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