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Abstract 

Photobleaching is the decrease of the fiuorescence signal from irradiated tis
sue due to destruction of the photosensitizer in Photodynamic Therapy (PDT). 
Understanding the processes involved in this photobleaching is a major fac
tor for therapeutic dosimetry in PDT. In this report an analytica! model for 
photobleaching is derived, that enables fast fitting of experimental data while 
preserving physical insight. With this model, values for bleaching constauts of 
photosensitizers can be obtained and effectiveness of PDT controlled. 

The model wasfittedon data obtained by fiuorescence measurements on rat tis
sue and patients. The results indicate a bleaching constant of (27±4)·10-3cm2 jJ 
for PpiX. 
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Chapter 1 

Introduetion 

Since the introduetion of the first laser, an acronym for Light Amplification by 
Stimulated Emission of Radiation, in 1960, dozens of gas-, liquid- and solid state 
lasers have been developed. Lasers rapidly found their way into clinical practice 
and are now being used with increasing frequency in specialized clinical eentres 
and university medical centres, as wellas in local hospitals. The medical special
ities using lasers involve virtually all surgical fields, especially in ophthalmology, 
dermatology, gastroenterology, urology and oncology. New kinds of lasers and 
laser applications for clinical practice are continuously developed [1]. 

In this chapter we will give a brief and by no means complete summary of laser
tissue interactions1 and describe the way in which lasers are being used for cancer 
therapy. Focussing on Photo-Dynamic Therapy, the mechanism of this therapy 
will be discussed in Section 1.3. 

Finally the photobleaching effect, which will be the main subject of this report, 
is introduced. The possible applications of photobleaching, for cantrolling and 
evaluating the efficiency of photodynamic therapy, are described in Section 1.3.2. 

1.1 Laser-tissue interactions 

Befare discussing some of the laser techniques currently used for cancer therapy we will 
consider the consequences set by the laser specifications for the way in which laser light 
interacts with tissue. This interaction with tissue is a function of wavelength, power 
and pulse duration. Wavelength dependenee accounts for the penetration depth of the 
light. 

Fig. l.l(A) depiets a schematic representation of estimated light penetration depth 
as a function of wavelength for bloodless, unpigmented tissue. Coloured skin will behave 
differently in the visible waveband, from 300 to 700 nm, depending on the colour of the 
tissue. Tissue penetration varies between less than one cell thickness (~lJ..Lm) at 200 nm 
and 2940 nm to a maximum of about 1 cm around 700 nm. This huge difference in 
penetration is caused by different absorption mechanisms. Protein and water absorbs in 
the ultraviolet (UV), blood and melanin absorbsin the visible and near infrared (IR) and 
water absorbsin the further IR (2:1300 nm). The infl.uence of blood on the penetration 
depth in the visible waveband is illustrated by its absorption curve in Fig. 1.1(B). 

Thus, if we want to treat a large tissue volume with laser light we have to choose 
a wavelength in the visible part of the spectrum whereas for treating only a few cell 
depths we better choose a laser with its wavelength in the UV or in the far IR. 

1 For a more complete discussion upon this subject see e.g. [3]. 

1 
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Figure 1.1: (A) Estimated tissue penetration depth, for uncoloured tissue, as a 
function of wavelength. The relatively deep penetration in the visible is mainly due 
to a low H2 0-absorption in this region. (B) Absorption coeflicient as a function of 
wavelengthof blood assuming the red chromophore to be Hb02 (oxyhemoglobin, 40% 
by volume). Sanguineous tissue will strongly absorb in the yellow and green, thereby 
preventinga deep penetration of these wavelengtbs {1}. 

Power and pulse duration come in a variety of combinations, from a few m W's in 
continuous wave mode to several TW's in femto second pulses, depending on the type 
of laser. Depositing a huge amount of power in a very short time causes vaporisation of 
the tissue with virtually no heat conduction to the surrounding area, while illuminating 
with a smaller power for a langer time causes gentle heating of the target tissue and its 
surroundings. 

From this it is clear that depending on what kind of interaction is wanted, a specific 
laser is chosen. Unfortunately notall combinations of wavelength, power and pulse du
ration are available (yet). The choice will always be a campromise between (affordable) 
availability of lasers and needs for therapy. 

Furthermore, not all wavelengths are transmittable through fibres and coupling of 
very short pulsed laser light is still a problem. For continuous wave (CW) lasers, ade
quate fibre materials are available for the UV, visible and near IR up to ~2.5 j.lm. If we 
want to treat an area that is not directly accessible without major surgery, the range of 
useful wavelengths is limited by fibre availability. 

An advantage of these mostly thin fibres is that light delivery is simple and precise. 
The fibres can be positioned over or in the target area under direct vision, inserted 
through the operating channel of flexible endoscopes (flexible telescapes that can be 
passed through most of the natural passages of the body like the airways and the 
gastrointestinal tract) or even passed through thin needles inserted directly through 
the skin into solid internal organs. Diseased tissue in almast every part of the body 
is potentially accessible to a range of laser therapies by minimally invasive techniques 
which cause little damage to overlying normal tissues. 
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1.2 Laser techniques for cancer therapy 

Currently there are three types of laser-tissue interaction mechanisms used in cancer 
therapy [4]: 

1. The photoablative mechanism 

2. The photothermal mechanism 

3. The photochemical mechanism 

Laser photoablation requires sufReient heat generation within the irradiated tissue so 
that vaporization occurs. In order to reach this amount of local heat generation in 
the target area, and proteet the sound surroundings from heating up, a laser with a 
high output power and short pulses is used. The most suitable available laser for these 
procedures, from which the light can be transmitted through fibres, is the NdYAG 
(Neodymium Yttrium Aluminium Carnet) with an infrared beam at 1064 nm. Used at 
high power (typically 50-80 W) with short shots of 1-2 sec, superficial tissue is vaporised 
and deeper levels are coagulated. This treatment has no selectivity between tumour and 
normal tissue and it is hard to tell the depth of its effect. As it is essential to be sure 
that tissue destruction does not go too deep, and enough tissue is left behind to preserve 
normal healing and functioning of the treated area, photoablation cannot be used to 
destray the entire tumour. It is normally used to debulk mechanica! obstructions in 
hollow organs like the oesophagus and bronchus. 

The photothermal interaction mechanism is also based on heat production that oc
curs when laser light is absorbed by tissue but now the used power level is much smaller 
and no vaporization of tissue occurs. The heat production is mainly used to thermally 
damage the tissue irreversibly. Instead of delivering the light from a non-contact fibre 
probe or by a tip in contact with the tissue surface, as is clone for laser photoablation, 
the bare fibre is inserted directly into the target. This concept is called Interstitial Laser 
Photocoagulation (ILP) and it can he used for tumours totally surrounded by normal 
tissue. Essentially, the diseased tissue is gently "cooked" using again the NdYAG-laser 
at less than 5 W, kept on for several minutes. The dead tissues remain in place, to he 
removed slowly by the boclies normal healing mechanisms and replaced either by scar 
tissue or by regeneration of the original normal tissue. Again there is no selectivity but 
as long as the normal tissue can tolerate some damage, one can overtreat the tumour 
to make sure all of it is necrosed and still be confident of safe healing, without loss of 
function. ILP is normally used for small tumours inside the liver and breast and for 
early prostate cancers. 

The third laser-tissue interaction mechanism used for cancer therapy is a photo
chemical one. The therapy associated with this interaction is called Photo-Dynamic 
Therapy (PDT). As the main subject of this report, i.e. photobleaching, is related to 
this therapy, it will be discussed in greater detail in the next section. 
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Figure 1.2: Schematic absorption spectrum of HpD and PpiX. The excitation prob
ability (in arbitrary units) is given as a function of wavelength. It is clear from this 
iigure that 405 nm and 415 nm are by far the most efflcient wavelength to excite 
HpD and PpiX respectively, and hence the most efflcient wavelength, in principle, for 
bath localization and PDT. However, for PDT the light should be able to penetrate 
into the malignant cells. The violet 405 nm light can only superiicially penetrate the 
tissue (see Fig. 1.1). Therefore the more deeply penetrating red light at 625-630 nm 
is more suited for PDT, although more light bas to be applied to give the same laad 
effect as for violet light. 

1.3 Principles of photodynamic therapy 

Photodynamic therapy, initially called photo-chemotherapy, involves selective retention 
in the tumour of a photo-sensitive drug. After systemic or local administration, the 
photosensitizer is more or less preferentially retained in tumour tissues. If light of 
an appropriate wavelength is applied, the sensitizer is activated and can form singlet 
oxygen. This singlet oxygen is highly reactive and is capable of killing the host cell by 
numerous reactions where the membrane, nucleus or other cell organisms are involved. 
It is because of this that the initial name of the mechanism, photo-chemotherapy, that 
links the necrotic effect to the sensitizer itself, is changed into PDT. The laser light 
powers used to initia te this necrotic effect are in the order of m W's to avoid additional 
thermal damage to sound tissue. 

One of the big advantages of PDT is that, if the photosensitizer is indeed selectively 
retained in diseased tissue, the therapy discriminates between normal and cancerous 
tissue. Therefore a considerable research effort has been undertaken to develop pho
tosensitizers that are truly selective. Furthermore, to treat bigger and deeper lying 
areasof diseased tissue, photosensitizers with an activation wavelength shifted to langer 
wavelengths are searched. 

Sirree the introduetion of PDT in the seventies, several photosensitizers have been 
used for this therapy. In the next section we will discuss the properties of the most 
commonly used photosensitizer in clinical PDT, Hematoporphyrin Derivative (HpD), 
and of the more recently appreciated b-Aminolevulinic Acid (b-ALA). The latter was 
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used for our experiments as described in Chapter 4. 

1.3.1 Photosensitizers 
The photodynamically active fraction of HpD, that itself is a mixture of several por
phyrins, is known under the trade name Photofrin II®(Phll®). These agents are admin
istrated intravenously and the light treatment is applied after ::::::::24-72 hours. However, 
HpD and Phll®are not very selective and in addition cause a prolonged systemic skin 
photosensitivity of ::::::::2-8 weeks, which forces patients to avoid exposure to bright light 
during that period on penalty of a severe skin reaction comparable to sunburn. 

Although this is not the strongest absorption band of these photosensitizers, as seen 
from Fig. 1.2, they are traditionally activated at the longer wavelength absorption band 
of 625-630 nm as this gives a deeper optical penetratien depthof up to ::::::::1 cm, depending 
on the tissue optical properties (see Fig. 1.1). Because of this rather shallow penetration 
depth and correlated necrotic effect, PDT is normally used for superficial cancer, e.g. 
in the skin or bladder. 
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Figure 1.3: Simplified biosynthetic pathway for heme. Fluorescing and photosen
sitizing compounds are enclosed in rectangles, with protoporphyrin IX highlighted. 
The 8-ALA/heme feedback control is indicated by a dotted arrow. Thick arrows in
dicate the principal biosynthetic route for ALA-induced PpiX. The place where the 
exogenous applied 8-ALA enters the pathway is indicated by a curling arrow. This 
excess of 8-ALA induces an accumulation of PpiX as the intermediate compounds 
are readily formed but the production of heme out of PpiX requires the presence of 
iron supplies that are normally limited within a cell. Adapted Erom Kennedy and 
Pottier {5}. 

A recent development in PDT is endogenous photosensitization using ó-ALA, a nat
urally occurring substance present in all cells. This drug is no photosensitizer itself but 
a precursor of the sensitizer protoporphyrin IX (PpiX) which in turn can be transformed 
into heme with the use of iron. Although the properties and action mechanism in PDT 
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resembie those of HpD, the advantages of using b-ALA are that skin photosensitisation 
only lasts a couple of days instead of weeks and it can also be applied locally (e.g. 
topically) ins te ad of systemically. 

Fig. 1.3 represents the simplified biosynthetic pathway for heme. In certain types of 
cells and tissues, the rate of synthesis of PpiX is determined by the rate of synthesis of 
b-ALA which in turn is regulated via a negative feedback control mechanism governed 
by the concentration of free heme. 

The preserree of exogenous b-ALA bypasses the feedback control, and, as iron supplies 
are limited, may induce the temporarily intracellular accumulation of photosensitizing 
concentrations of PpiX. Cells have different capacities for generating heme. As there 
is also a differential uptake and retention only certain types of cells, especially tumour 
cells which have a high metabolism, will accumulate PpiX2 • 

The absorption spectrum of PpiX resembles that of HpD as shown in Fig. 1.2. 
Excitation of PpiX is normally done with 630-635 nm wavelength light, a few hours after 
application. The excited PpiX can decay directly to its groundstate under emission of 
fl.uorescence light. lf tissue-specificity is guaranteed this light can be used for tumour 
localization as the intensity of this fl.uorescence light is proportional to the local PpiX
concentration [7]. 

As will bedescribed in Chapter 2 excited PpiX has a possibility to transit to a rather 
long-living triplet state. lf the triplet PpiX-molecule interacts with oxygen it decays to 
its singlet groundstate, creating a highly reactive singlet oxygen molecule. This singlet 
oxygen can then kill the cell it is in, which is the aim of PDT, or it can destray the 
PpiX-molecule by which it was created, causing a decrease in the local concentration 
of photosensitizer. Decrease of the photosensitizer concentration by this process clearly 
results in a decreasing intensity of the fl.uorescence light and this phenomenon is therefore 
called photobleaching. 

1.3.2 Photobleaching 

Consiclering only linear absorption of the applied light by the photosensitizer, local 
PpiX-excitation rates will be proportional to the local fl.uence rate. 

Transition rates from the excited state to the triplet state are fl.uence independent 
as is the subsequent singlet oxygen generation. As the necrotic effect and photobleach
ing are coupled to this singlet oxygen production, we could tell sarnething about the 
efficiency of the therapy by looking at way in which fl.uorescence light decreases. 

A typical measurement of the fl.uorescence signal obtained during PDT looks like 
the uninterrupted line in Fig. 1.4. In literature one normally tries to fit this curve with 

F(t) _.i.. b _.i.. 
--=a·e TI+ ·e T2 +c 
F(ü) 

(1.1) 

2The properties and action mechanism discussed in the remaining of this Chapter also account for 
HpD and other photosensitizers. For convenience we use PpiX as an example as we also used this 
photosensitizer in our experiments. 
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where a, b and c are constants. The time constauts r 1 and r 2 are calculated to fit the 
slopes at the beginning and the end of the curve respectively. These time constauts are 
then said to be linked to two different active photosensitizer compounds of which the 
origin is not known. 

Interpreting the fiuorescence signallike this gives no valuable insight in what causes 
the photobleaching effect as we could also fit the curve with three or more exponentials. 
Therefore no conclusions on therapy efficiency or depth of necrosis can be drawn out of 
this approach. In fact the fitting is just a way of descrihing the curve, not the mechanism 
that causes the photobleaching. 
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Figure 1.4: Conventional fitting of measured fluorescence signal. The measured 
curve is fitted with two exponentials that describe the starting and ending slope re
spectively. The remaining constant fluorescence arises Erom a non-bleaching concen
tration of fluorescing particles in the tissue. Since tissue without exogenous applied 
photosensitizer also fluoresces, this remaining fluorescence is called autofluorescence 
(see Chapter 4). 

Our goal now is to model the photobleaching effect in a way that we understand 
what is happening and can relate the parameters, resulting from fitting the measured 
fiuorescence signal, to physical processes. Using this approach it may be possible to 
tell sarnething about the effectiveness of the therapy. Furthermore, measuring and 
interpreting the photobleaching effect may be a way to control the process of necrosis 
and tell sarnething about the effective depthof PDT. 

The development of a photobleaching model and its implementation in data fitting 
will be discussed in the next chapter. Experiments done in vivo on rats and humans 
are described in Chapter 3. The resulting fiuorescence measurements are presented in 
Chapter 4 where the photobleaching model is related to the data. The remairring chap
ters will discuss the usefulness of the model in explaining, cantrolling and/ or evaluating 
PDT related processes. 
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Chapter 2 

Theory 

In this chapter a mathematica! model for calculating the escaped fluorescence 
at the boundary of irradiated tissue containing photosensitizers and a model for 
bleaching of the sensitizer will be derived. Although in literature the measured 
decaying fluorescence signal is normally fitted with two or more exponentials 
using different time constauts it will be shown that even in a one-dimensional 
model the decay of the signal due to bleaching has a more complex form. In fact, 
descrihing the fluorescence decay with a set of exponentials and relating each 
termtoa different souree which is bleaching withits own time constant, is shown 
to be fundamentally incorrect for a non-homogeneous fluence rate throughout 
the bulk tissue. 

We start with establishing a relation between the time-dependenee of the con
centration photosensitizers on a specific place and the fluence rate at that place 
(Section 2.1 ). This relation is then used for modelling the fluorescence signal we 
see from a line of tissue containing photosensitizers in Section 2.2. 

2.1 Photobleaching model 

I Photosensitizer I loxygenl 

Interaction 

g 

Figure 2.1: Typical energy level diagram of a photosensitizer molecule. 

2.1.1 Origin of photobleaching 

Fig. 2.1 represents a simplified presentation of the energy levels in which a typical 
photosensitizer molecule can exist. By absorption of photons that have suffi.cient energy, 

9 
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hv, molecules that are in their groundstate S0 can be excited toa particular vibrational 
level of the first excited singlet state S1. This vibrationallevel is left very quickly (in the 
order of 10-12 seconds) and energy is lost by radiationless processes, such as collisions 
with the surrounding molecules and internal conversion. In general the molecule will 
relax to the lowest vibrationallevel of S1 . 

From this S1-state the energy can be dissipated by several paths. Emission of a 
photon, i.e. fl.uorescence, changes the electronic state of the molecule from sl to (a 
vibrationallevel in) the ground state S0 . 

This process of fl.uorescence competes with other de-excitation paths e.g. solvent 
relaxation, internal conversion, chemica! reactions, energy transfer processes and Inter 
System Crossing (ISC). The latter process involves a forbidden change of the electron 
spin causing the molecule to enter the long living triplet state T0 . 

The origin of photobleaching, i.e. the destruction of the molecule that generates the 
fl.uorescence signal, lies in the creation of the singlet oxygen 10 2 . Once the photosen
sitizer molecule transits through ISC to the triplet groundstate T0 it can decay to the 
groundstate by a nonradiative transition or by collisions with another molecule. The 
Ta-state has a long lifetime of a few micro-seconcis because also the transition to the 
groundstate is forbidden. Therefore it has a rather high chance of reacting with another 
molecule. Furthermore, the energy difference between the Ta and S0-state exceeds the 
energy difference between the triplet groundstate 3 2::

9 
and the first excited singlet state 

1 1::!..9 of oxygen. Singlet oxygen is therefore likely to be created in a cell where the photo
sensitizer molecule in the Ta-state is present. As it is highly reactive the singlet oxygen 
can destray the cell, which is the aim of PDT. But it can alsodestray the photosensitizer 
molecule by which it was created1 whereby the total fl.uorescence signalof bulk of tissue 
will decrease. This is called photobleaching. 

2.1.2 ModeHing photobleaching 

Looking at the different possible transitionsin the system we can define the time deriva
tive of the accupation of the different states S0 , S1 and T0 as 

aNo(r, t) 
at 

aNI (r, t) 
at 

aN2(r, t) 
at 

-No(T, t)Ba1I(f') + N1(r, t) (B10I(f') + A10 + k10) 

+N2(r, t) (k2o + QbMo(r, t))- cN2(T, t)QbMo(r, t) 

+No(r, t)Ba1l(f')- N1 (r, t) (B10I(f') + A10 + k10 + k12) 

(2.1) 

(2.2) 

(2.3) 

where Ni(r, t) is the accupation of state i at time t and placer. The B01 , B 10 and A10 

are modified Einstein coefficients for absorption, stimulated emission and spontaneous 

1The main free path of a singlet oxygen molecule is about 0.6 nm before it reacts or decays under 
emission of light with a wavelengthof 1270 nm [12]. 
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emission respectively. Non-radiative transition possibilities from state i to j are repre
sented by kij. All these parameters describe macroscopie transitions rates between the 
various energy states and are therefore in fact a summation over the different possible 
transitions as already indicated in Fig. 2.1. 

Bleaching or decrease of the total amount of molecules is described by the last term 
in Eq. 2.1. Here c represents the fraction of the transitions from the triplet state T0 to 
the singlet groundstate S0 by interaction with groundstate oxygen (M0 (i, t)) that result 
in destruction of the photosensitizer molecule. The quanturn efficiency of the creation 
of singlet oxygen 1 L\9 due to this interaction with oxygen is described by Qb. Finally 
the fluence rate at place i is symbolised by I(T) which is betaken constant in time, i.e. 
constant irradiation, no influence of bleaching on fluence rate profile and the decrease 
of fluence rate due to excitation and stimulated emission is far smaller than the fluence 
rate itself (8I(i, t)j8t « I(i, t)). 

All transition possibilities are constants and they are defined by the photosensitizer 
molecule. Also the parameters Qb and c depend mostly on the properties of the molecule 
in question and can therefore be considered constant. 

If we consider the oxygen supply at place i to be much faster then the consumption 
of oxygen, the accupation of the 3 2:::9-state can be taken independent of time. Also 
consiclering a constant homogeneaus oxygenation we can write M 0 (i, t) = M 0 . 

Assume now that the different states of the photosensitizer are occupied in fixed 
ratios instantaneously. In other words; the rate at which the bleaching occurs is much 
smaller than the rate at which all other transitions occur. We then can describe a near 
steady state (NSS) situation by 

a{No(i,t)} 
---"-N_2-'--(i_, t--'--)-=- = 0 

8t 
(2.4) 

Defining a time t = t' as one where there is a NSS situation we can set the time 
derivatives in Eqs. 2.1 through 2.3 equal to zero yielding 

N1(i, t') (B10I(T) + A10 + k10 + k12) 

N2(i, t') (k2o + QbMo) 

N1(i, t') (B10I(T) + A10 + k10) 
+N2(i, t') (k2o + QbMo) 
No(i, t')Bo1I(T) 
N1(i, t')k12 

(2.5) 

(2.6) 
(2.7) 

Here we have set c=O. This is valid because of the assumed low bleaching rate, making 
it possible to choose a time t' where no bleaching is apparent. 

From the above Eqs. it is easily shown that 

N1(i, t') = B01 I(T) N, (i t') 
(B1DI(T) + A10 + k10 + k12) 

0 
' 

(2.8) 
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These relations are in principle valid at every time t' provided there is an instant NSS 
situation. 

Looking at Eq. 2.8 we see that the fluence I(T) is present in the nominator as in 
the denominator of both N 1 and N 2 . The factor B01 I(T) in the nominator describes 
the excitation from the ground state S0 whereas BlDI(T) in the denominator describes 
stimulated emission from the S1 to the S0-state by the applied light. But in normal 
operation one excites the groundstate molecules to one of the excited vibrational or 
rotational states of S1 , that then decay within pico-seconds to the 5 1-state. So the 
wavelength used for excitation is smaller than the wavelength matching the exact energy 
difference between 50 and S1 and therefore it can not contribute to stimulated emission. 

Stimulated emission may be induced by fluorescence light that of course has the 
appropriate wavelength. We then speak of resonant fluorescence. But this only occurs 
at very high fluence rates and concentrations of photosensitizer (in fact the tissue would 
then be lasering!). Therefore we can neglect factor B10 I(T) in Eq. 2.8. 

For convenience we will also introduce two time constants, the fluorescence decay 
time TF and the triplet decay time Tr given by 

1 
(2.9) 

TT = 
k2o + QbMo 

(2.10) 

Using this and neglecting the B10J(f}-term as explained we can rewrite Eq. 2.8, yielding 

N1(r, t') 
N2(r, t') 

TFBo1I(T) · No(f, t') 
rFrrBD1I(T)k12 · No(r, t') 

(2.11) 

As seen from Eq. 2.11, N 1 (f, t) and N 2 (f, t) are completely determined by the accupation 
of the singlet groundstate, i.e. N0 (r, t). The decrease of accupation of this level between 
time t1 and t2 is only induced by the fraction of N2(r, t') that transits causing bleaching 
in this interval. Henceforth 

t2 

No(f, t2) - No(f, t1) = -E · QbMo · j N2(f, t')dt' (2.12) 
tl 

lf we let t 1 approach t 2 this results in 

8N0 (r,t') 1- Q M N ( .... ) - -E • b o · 2 r t 8t' , 
t 

(2.13) 

and using Eq. 2.11 we can write this as 

8No(r, t') 

(2.14) 
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Because, as we already saw, these relations are valid in the case of a near steady state 
situation and we assume this to be instantaneously, the differential Eq. 2.14 is valid on 
every time t. Hence 

No(r, t) = N0(r, O)e-od(f')t (2.15) 

where a only depends on the used photosensitizer and is defined by 

(2.16) 

and N0(r, 0) is the accupation of the S0-state at an arbitrarily chosen timet = 02
. Under 

the assumption of constant oxygenation (M0 ), this a is an unique, constant quality fora 
certain type of photosensitizer, as it only depends on transition possibilities, set by the 
energy levels of the sensitizer. It determines the rate of bleaching per unit of irradiation 
light power. 

From Eq. 2.11 it is obvious that N1(r, t) and N2(r, t) have the sametime dependenee 
as N0 (r, t) and so the total amount of photosensitizer molecules or in other words the 
concentration of photosensitizer at place r 

(2.17) 

has the same form as N0 (r, t) in Eq. 2.15. Hence the total concentration of photosensi
tizer Ntot(r, t) is given by 

Ntot(T, t) = Ntot(r, O)e -al(f')t (2.18) 

showing the photobleaching effect at placer (i.e. aNt~p'",tl /Ntot(r, t)) to be linear with 
the bleaching rate constant of the sensitizer and the fl.uence rate at that place. 

This result will be used in the next section to model measured fl.uorescence signals. 

2.2 Fluorescence model 

Fig. 2.2 represents a semi-infinitive bulk of tissue that is irradiated by a monochromatic 
lightsouree (e.g. a laser). We will first try to find an general expression for the generated 
fl.uorescence at spot r= (r,O,'l/J) and the part ofthis that emerges the boundary ofthe 
bulk at place x ( described by the so called escape function). With this an expression 
for the measured fl.uorescence signal at x can be obtained (Section 2.2.1). 

This expression for the fl.uorescence signalis not analytically solvable. Therefore the 
3-dimensional model will be converted into an 1-dimensional model in Section 2.2.2. 
Making some assumptions about the fl.uence rate profile, the photosensitizer concen
tration and the form of the escape function a simplified expression for the measured 
fl.uorescence signal is found which will be used to evaluate the measured data in Chap
ter 4. 

2Normally the time we start measuring the fluorescence signal. See Section 2.2. 
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l l l l l l l l I 
0 -x 

Figure 2.2: Three dimensional model. 

2.2.1 3-D Model 
As we sawinSection 2.1, fluorescence finds its origin in the decay of the photosensitizer 
molecule from the excited singlet state S1 to the singlet groundstate S0 under emission 
of light. Therefore the generated fluorescence f(i, t) at i can bedescribed by 

J(i, t) = A10N1(i, t) (2.19) 

Using Eqs. 2.11, 2.15 and 2.18 this yields 

(2.20) 

From this equation we see that the initial accupation N1(i, 0) of the S1-state is propor
tional to the fluence rate I(T). Therefore we can rewrite Eq. 2.20 as 

f(i, t) = I(T)cJ(T)e- (al(i)t) (2.21) 

where cf(T) = A 10rFB01 N0 (i, 0) is the initial part of the total concentration of photo
sensitizers at i that contributes to the generated fluorescence per unit of fluence. It only 
depends on the transition possibilities and the initial photosensitizer concentration. 

Defining theescape function ((x, i) as the chance that a photon generated at i will 
emerge the tissue at place x, implies that 

0::; ((x, i) ::; 1 (2.22) 

Then the total fluorescence signal F(x, t) we measure at time t and place x from a 
irradiated volume V is given by 

F(x, t) = jjj f(i, t)((x, T)di = jjj I(T)ct(T)e- (al(T)t)ç(x, T)di (2.23) 

V V 
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Both the fluence profile and theescape function depend on scattering and absorption 
properties of the tissue. These are very complicated and also wavelength dependent. 
Because the wavelength used for excitation of the photosensitizer is different from the 
wavelength of the fluorescence light it emits Eq. 2.23 is not analytically solvable for most 
fluence profiles and escape functions. Furthermore, the 3-dimensional character of the 
equation introduces even more problems ( dr = r 2 sin( B)drdBdcj;) and therefore we will 
look at a 1-dimensional simplification of Eq. 2.23. 

2.2.2 1-D Model 

We now consider the one-dimensional equivalent of Fig. 2.2. Since only the semi
infinitive volume V is transformed into a semi-infinitive line, the principles as described 
in Section 2.2.1 stay the same. Hence the one-dimensional form of Eq. 2.23 is given by 

00 

F(t) = j I(z)c1(z)e- (ai(z)t)((z)dz (2.24) 
0 

where ( and therefore F are no longer dependent of x since we are lookingalong a line. 
Looking at Eq. 2.24 we see that if we want to be able to solve it we have to know 

the fluence rate profile, the form of the escape function and the initial distribution 
of photosensitizers along the line. For reasons of simplicity we start with taking the 
latter constant along z, i.e. c1(z) = c1. This is reasonable for cases where the pene
tration depth of the excitation light is much smaller than the penetration depth of the 
photosensitizer in the tissue. 

As we already discussed in Section 2.2.1 the fluence rate at place z and the escape 
function for this place depend on the spatial scattering and absorption properties of 
the tissue, described by the scattering coefficient 1-ls(z, À) and the absorption coefficient 
1-la(z, À) respectively (both [m-1

]), that are also wavelength dependent. Because the 
wavelength of excitation and detection are different in general, the effective attenuation 
coefficient f-leJJ(z,À) (=f(f-la,f-ls)), is also different for I(z) and ((z). 

Since we are looking for an analytica! expression of F(t), and the spatial and wave
length dependenee of f-leJJ(z, À) prohibits the finding of this we will first consider a 
homogeneaus medium. This results in a f-leJJ(À) that is spatially (z) independent. 

As for the wavelength dependenee of the tissue properties we will for now consider 
f-leJJ(Àexc) and f-leJJ(Àdet) to be the effective attenuation coefficients for I(z) and ((z) 
respectively. Here the subscripts exc and det refer to the excitation and detection wave
length. 

This leaves us with choosing a reasonable fluence profile and escape function. 

2.2.2.a Escape function 

The so called escape function describes the transport of the generated fluorescence light 
from z to the surface z = 0 through the tissue. Because this light has a diffuse character 
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its relative attenuation over a distance ~z in a homogeneaus medium is linear with 
/.Leff (>..det), or 

Transforming this equation into an integral yields 

z 

((z) = J -JLeJJ(Àdet)((z')dz' = (o exp( -JLeJJ(Àdet)z) = ~ exp( -JLeJJ(Àdet)z) 
0 

(2.25) 

(2.26) 

Here we have taken the integral over ((z') from the place where the fluorescence light 
is generated z' = z to the tissue surface z' = 0 in order to let the final result describe 
the total attenuation of the fluorescence light that reaches the surface. 

Purthermare (0 in Eq. 2.26 equals 1/2 as the emission of fluorescence light is an 
isotropie process. This means that the fluorescence photon has equal changes to be 
emitted towards z=O as it has to be emitted towards z=oo. 

2.2.2. b Fluence profile 

Irradiation of the tissue and the excitation of the photosensitizer is normally done with 
the use of a laser-source. Because this light is collimated the transport of it through 
the tissue is not easy to describe [6]. Scattering of the collimated light will not be 
homogeneaus distributed over every angle and therefore the attenuation of the incident 
beam will not have the same simple form as that for the diffuse fluorescence light. 
Furthermore, a constant or even increasing fluence rate occurs just after penetration of 
the tissue due to accumulating effects in non-homogeneous, scattering media. 

Remember now that we are not looking for an exact salution of Eq. 2.23, which 
can only be obtained numerically. We want to point out that even in a one dimen
sional, homogeneaus case, using one type of photosensitizer, the time dependenee of 
the total fluorescence signal is nat described by one or more exponentials. Although 
these exponentials may fit experimental data reasonably, they do not have a physical 
meaning. 

Herree again we will assume a homogeneaus medium, this time with effective attenu
ation coefficient JLeJJ(Àexc), thereby neglecting the collimated character of the excitation 
light. Then the decrease of the fluence rate with increasing depth z will have the same 
form as the escape function in Eq. 2.26. Therefore the resulting fluence profile is de
scribed by 

(2.27) 

where 10 is the power of the incident beam. 
In the next section we will derive the resulting expression for the measured fluores

cenee signal F(t) using these equations for ((z) and J(z). 
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2.3 Resulting fluorescence signal 

Inserting Eqs. 2.26 and 2.27 into Eq. 2.24 yields 

(2.28) 

There is no general salution for this equation. However, for the following limited cases 
it will show analytically solvablé. 

Case I 
Case 11 
Case 111 

/-LeJJP.•det) « 
/-Lef f ( Àdet) 

/-Leff ( Àdet) » 

/-LeJJ(Àexc) 

/-Leff ( Àexc) 

/-Lef f ( Àexc) 

(2.29) 

The reason for elaborating these three special cases is that two of them, case I and 
111, will show to be the borderline cases for the resulting emitted fluorescence light. 
Case 11 is an intermediate one of which the salution is still manageable for data fitting. 
All other solvable cases grow out of hand when solutions are derived, as discussed in 
Appendix A and, although their solutions may be a little bit more precise for fitting 
data, surveyability is lost. 

First we will just derive the solutions for the various cases. 

2.3.a Case I 
In this case all generated fluorescence light emerges at the boundary of the tissue without 
any attenuation. Thus, setting the effective attenuation coefficient for the fluorescence 
light f.-LeJJ(Àdet)=O, Eq. 2.28 converts into 

(2.30) 

where we have substituted f.-LeJJ(Àexc) by f.-LeJJ· One can easily check that 

J -be-az -az 1 -be-az 
e e dz = ab e (2.31) 

Herree Eq. 2.30 can be solved by setting a=J-Leff and b=od0t yielding 

F1(t) = !ctlo (2.31)1
00 

= ctlo], (1- e-alot) 
2 o 21-LeJJG: ot 

(2.32) 

If we look back at Eq. 2.24 we see that, had we considered a constant fluence rate 
I(z) = 10 there, this also would have led to a fluorescence signal F(t) oe e-cxiot, as 

3These are by no means the only relations between J.LeJJ(Àdet) and J.LeJJ(Àexc) that are analytically 
solvable but the most illustrative ones as will be clear later on. 



18 Photobleaching in Photodynamic Therapy 

should be. Thus in the case of homogeneaus irradiation throughout the tissue, F(t) has 
the same time dependenee as the pointwise generated fiuorescence f(t) (Eq. 2.21), and 
descrihing it with an exponential is justifiable. However, assuming a constant fiuence 
rate along z is not simplifying the considered problem but changing it and is therefore not 
acceptable to describe the problem. But using it to determine the boundary solutions, 
where within the true salution has to lie, as intended here, is useful for illustration. 

2.3.b Case II 

Now the effective attenuation coeffi.cient of the excitation and the fiuorescence light are 
identical. Applying this to Eq. 2.28, where we just have to set f.LeJJP.•exc)=f.LeJJ(Àdet)=f.Leff, 
results, with the use of 

e e dz = - -e + - e J -be-az ( -az) 2 1 ( 1 -az 1) -be-az 
a b b2 

(2.33) 

1n, Fn(t) = ~c1I0 (2.33)1
00 

= CJ!o {-
1- (1- e-adot)- e-cdot} (2.34) 

2 o 2J.LeJJO.lot alot 

where again we set a=f.LeJJ and b=alot. 

2.3.c Case III 

Taking the effective attenuation coeffi.cient of theescape funtion to be much bigger than 
that of the excitation light, as clone in this case, is the same as assuming a homogeneaus 
irradiation throughout the tissue. Only fiuorescence light that is generated very near the 
boundary tissue has a change of escaping. Likewise, only tissue that generates enough 
fiuorescence light due to high irradiation, has a change of sending light through the 
tissue up to the boundary. 

Therefore we can set f.LeJJ(Àexc)=O in Eq. 2.28. This then reduces to 

00 

Fm(t) = ~CJlo j e-alote-f.LeJJZdz 

0 

where f.LeJJ=f.LeJJ(Àdet)· Solving this integral readily leads to 

D ( ) _ CJ!o -al0t 
rm t - e 

2f.Leff 

(2.35) 

(2.36) 

Befare giving a visual example of the resulting fiuorescence curves for the different cases, 
we will first try to make the above solutions a little bit more transparent and deduce 
equations suitable for comparison with experimental data. 
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2.4 Implementation of experimental data 

Several approaches are possible for using Eqs. 2.32, 2.34 and 2.36 to fit experimental 
data. One can just adjust all parameters by trial and error until a suitable fit has been 
achieved but this does not give any insight in the meaning of the various terms and 
surely isn't the fastest way. 

Another approach is to first calculate expressions for some limit values that can be 
extracted from the experimental data. If the considered function can be described by 
these calculated expressions, maybe still leaving a few free parameters, this provides a 
fast fitting and can also give some insight in the equation. 

One limit that is easily obtained from experimental data is the fluorescence mea
sured at an arbitrary time t = 0, say the time we started irradiating and measuring4

. 

Calculating this limit for the three above described cases results in 

I CJlo lim { 1- <I> 1 (t)} cJlo 

2f1eff t-->0 al0t 2f1eff 

Ai := lim F(t) = II CJlo lim { 1- <I>2(t) _ <I> 1 (t)} CJlo (2.37) 
t-->0 2f1eJJ t-->0 (a10t) 2 ai0t 4f1eff 

III 
cflo cflo 
--lim <I>o(t) 
2/leff t-->0 2/leff 

where <I>m(t) denotes the mth_order Taylor expansion for e-cdot given by 

(2.38) 

The relative decrease of the total fluorescence at this same time t = 0 is another 
value that can be extracted from experimental data. Taking this limit for Eqs. 2.32 
through 2.36 yields 

8F(t') 
I: -al0 lim { 1 - <I>2(t) - <I>r(t) }= _laJ0 

t-->o (alot)2 alot 2 

. { 1-<I>3(t) <I>2(t) <I>r (t)} 2 
II: -2al0 hm 2 ( r ) 3 -2( r ) 2 --r- = -3alo 

t-o a10t a10t a10t 
(2.39) 

at' B- : = lim ---:--c:-=t -
1 t ..... o F(t) 

III: -al0 lim <I>o(t) 
t-->0 

-alo 

where we again used <I>m(t) as defined in Eq. 2.38. 

4Because of the restrictions we made in deriving Eq. 2.28, on this time t = 0 the fluorescence 
contributing Concentration photosensitizers Cf has to be COnstant over Z. 
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With these two expressions for measurable factors we can rewrite Eqs. 2.32, 2.34 and 
2.36 giving 

~(t) 

Fn(t) 

Ar 
-- (1- exp(2B1t)) 2B1t 

-
4
BAn {-

3
B
2 (1- exp(~Bnt))- exp(~Bnt)} 

3 nt nt 
(2.40) 

Here we see that Fi ( t) is completely determined by its initial conditions. Furthermore, 
all fluorescence signals are proportional to their initial values Ai. Relative fluorescence 
signals, i.e. Fi(t)/ Fi(O), are therefore independent of the initial photosensitizer con
centration Cf and the effective attenuation coefficient /1eff· This way experiments, that 
were done on different tissues and with different photosensitizer concentrations, can be 
compared. Off course the same type of sensitizer has to be used in these experiments, 
as otherwise the bleaching rate constant a is not the same, which prevents comparison. 

0.8 

"-.._ 

8 0.6 
~-
"-.._ ....... it" 0.4 

0.2 

2 

I : --- lleft(Àr!et)«f.leff(Àexc) 

II : - lleff(Àrletl = f.len(Àexc) 
III : -·-·· ll·eff(Àrlet)»flen(Àexc) 

3 4 5 
time( a. u.) 

6 

Figure 2.3: Relative fluorescence curves resulting from the model. As discussed in 
Appendix A, curve I and III mark out the possible curves. All other curves, resulting 
from different relations between fleJJ(Àexc) and Jlef!(Àdet), willlie within these two 
borderlines. Curve II, where /lef! ( Àexc) =Jlef! ( Àexc), confirms this thesis. The relative 
initia] decrease Bi equals unity for all curves. 

In Fig. 2.3 an example of the resulting relative fluorescence curves is depicted. 



Chapter 3 

Materials and Methods 

In order to evaluate the model for fiuorescence signals of illuminated photosen
sitised tissue, derived in Chapter 2, in vivo experiments were performed. As a 
part of a pilotstudy on PDT for Condylomata Acuminata1 by the Department 
of Dermatology of the AMC, fiuorescence images were obtained during thera
peutic treatment of patients. Supplementary fiuorescence measurements were 
done on rats. This chapter describes the experimentalset-up used to carry out 
these measurements, of which the results are discussed in the next chapter. 

Section 3.1 covers the properties and specifications of theseparate devicesin the 
set-up. The layout of the programmed software, used to evaluate the collected 
fiuorescence images of an experiment, is given in Section 3.2.1. 

3.1 Experimentalset-up 

Fig. 3.1 gives a schematic representation of the experimental setup used for the ex
periments. The devices are spread over two rooms during therapeutic treatments on 

Experimental Room Clinical Room 

Figure 3.1: Experimental setup used for obtaining fluorescence images during ther
apeutic treatments of condylomata acuminata and experiments on rats. 

humans, for reasans of privacy for the patients. The noise produced by the cooling 
system of the Argon laser and the pumping mechanism of the dye-laser is also kept out 
of the clinical room this way. 

1Condylomata Acuminata is a virilly induced disease resulting in warty tissue. It is normally 
obtained due to sexual interactions and situated near the genitals. 

21 
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The 630 nm light produced by the Argon dye-laser is coupled into a 600 J.l.ill fibre 
that is led from the experimental to the clinical room. There it is applied via a lens 
system to the patient (or animal). With this negative lens the spotsize, and therefore 
the treated area, is variable. Herree the total amount of useful deposited energy per unit 
of area (Eu) can be varied and controlled by changing the spotsize, the output power of 
the laser (Pu) and the time of illumination (r). In other words 

(3.1) 

The index u here indicates energy and power of an appropriate wavelength that is 
capable of exciting the administrated photosensitizer. Normally a total deposited energy 
Eu of 150 Jjcm2 is required for clinical use. The desired output power of the dye laser 
is controlled and stabilized by a feedback loop (P) that adjusts the current running 
through the Argon laser. A programmabie shutter in the Argon beam is set to the 
calculated exposure time. It is possible to deposit the same amount of energy per 
cm2 with different combinations of power and exposure time. However, as discussed in 
Chapter 1, to avoid thermal heating of the tissue, a low power with long exposure time 
is preferabie to a high power with shorter exposure time. 

Illuminating the endogenons photosensitised skin this way results in exciting the 
PpiX-molecules. As explained in Chapter 2, excited PpiX can undergo an ISC to its 
triplet state and interact with oxygen whereby creating singlet oxygen. This singlet 
oxygen can cause cell death ordestray the PpiX-molecule. The excited PpiX can also 
decay back to its groundstate under emission of fiuorescence light. This fiuorescence 
light is collected by a Charge Coupled Device (CCD) camera, after traversing a High 
Pass filter to reject direct refiections of the laser. 
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Figure 3.2: Energy level diagram of argon. One electron callision ionizes tbe neutral 
argon. A second callision pumps tbe ion to an excited state. Energy levels of tbe 
4p--+4s Ar+ transitions across wbicb laseringis possible are magnified on tbe rigbt. 
Tbe 488.0 nm and 514.5 nm are tbe two dominant lines of tbis laser. 
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The videosignalof the CCD-camera is then digitized, displayed and stared by a work
station with a CPU-independent videoboard. It is also displayed on a monitor in the 
clinical room to make focussing of the camera from within this room possible. Analysis 
of the obtained data is clone afterwards with specially programmed software. 

3.1.1 The Argon-dye laser 
The Argon-dye laser, a name commonly used in practice, in fact exists of two indepen
dent lasers. The fi.rst one is a gas laser (see Fig. 3.2) containing Argon (Ar) gas (0) that 
is ionized by an electric current. Once ionized (1), it can either be excited directly to 
its 4p energy level (3) or to a the higher lying level (2), by another electron collision. 
These excited ions (2) then decay rapidly to the langer living excited state (3) that thus 
is pumped at costof level (1). As level (4) decays rapidly to the ionic ground state (1), 
under emission of of 7 4 nm photon, a population inversion between level ( 3) and ( 4) is 
created. This means there are moreionsin the higher energy state (3) than in the lower 
one ( 4). Therefore the process of stimulated emission can get going in the cavity and 
radiation that fits the (3)---+( 4) transition will be amplified in the tube. As the level ( 4) 
ions rapidly decay to (1), that then pumps level (3) in turn, the population inversion 
will not disappear due tothelasering and the Argon laser can operate continuously [9]. 

----- -~-------------
__________ .,.. 

-- ----~------ ---

Input pump beam 

Dye laser beam 

Figure 3.3: Schematic representation of the working of a dye laser. A jet is formed 
by putting the liquid dye, DCM, under high pressure. The laser bundie of e.g. an 
Argon laser pumps the dye jet which is placed at Brewsters angle a with respect to 
the dye laser beam to minimize intercavity reflections Jasses. Because of the braad 
absorption and emission spectrum of the DCM, a variety of laser lines are possible 
and adjusting the tuning elements between the collimating and output mirror selects 
a specific wavelength. This way the output wavelengthof the laser is tunable between 
601 nm and 675 nm with a linewidth ~60 GHz. As the dye laser is a four level laser, 
it can work in continuous wave mode. Of course only Jonger wavelengtbs than the 
wavelengthof the pumping light are possible as energy bas to be conserved. 

The Argon laser has several levels (3) and (4) where between lasering is possible 
as indicated in Fig. 3.2(B). It can operate in multi line as well as in single line mode, 
allowing several or just one line to be amplified. As the purpose of the Argon laser for 
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our experiments is that of a pumping device for the dye laser, high output power is 
required. Therefore it is operated in multi line mode, giving output powers up till 20 W 
the 457.9-514.5 nm wavelength band. 

The Argon light is used to pump the dye laser that consists of a liquid dye (DCM) 
used as laser medium. Fig. 3.3 depiets and describes the working of this laser schemat
ically. The tunability of the dye laser makes it possible to use different wavelengtbs 
without having to change the whole setup or use different lasers. At 20 W pump power, 
the output power of the dye laser is about 2 W. Although we lose a considerable amount 
of power this way, the flexibility and low costs counterbalance this. 

For our experiments the dye laser is tuned to 630 nm. The reason for using the 
630 nm light, instead of a more efficiently exciting shorter wavelength, is that this light 
has a larger penetration depth in tissue as explained in Chapter 1. 

A 

S?:ir-····· 

B 
~ 
~-· 

Figure 3.4: Light transport through a libre. Due to the focussing of the parallel 
beam, most of the light enters the libre under a fairly big angle a. (A) If na strong 
bendings are presented in the libre, the angular distribution of the light wiJl nat 
change a great deal traversing the libre, resulting in a helic spot shape. (B) Windings 
provide a more equally distributed angle distri bution by converting higha's into lower 
ones. The emerging light wiJl thus have a more homogeneaus shape. 

With a coupling device the outcoming 0.6 mm wide parallel beam, with a divergence 
of 1.46 mrad, is focussed into a 600 !liD fibre after 0.3 m. Looking at Fig. 3.4 we see that 
if the fibre is kept rather straight the outcoming diverging beam is non homogeneously 
distributed. Therefore the fibre is winded a few times to give a more levelled output 
profile. A coupling device, reversely used this time, makes the beam parallel again. As 
already mentioned, a negative lens controls the spotsize at the target. 

3.1.2 CCD-camera 

Generated fluorescence light that emits from the target tissue is captured by a macro 
lens after being filtered by a 665 nm High Pass filter. Direct refl.ections of the 630 nm 
excitation light thus do not reach the CCD-camera and only true fl.uorescence light is 
taken into account in the video signal produced by the CCD. 

The CCD assures a linear amplification of visible light (300-900 nm) according to the 
number of photons that reach the chip. The amplification is wavelength independent, 
and only wavelengtbs >665 nm reach the CCD. Therefore the pixel value of one point 
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in the video output signal corresponds with the integral photon number of 665-900 nm 
photons that emerge from the equivalent target point. 

Stronger fl.uorescence in this speetral range thus results in a linear higher pixel value 
of the output image. Relative comparison of pointwise fl.uorescence strength is possible 
and also relative variation of the signal in time is recorded. Herree decreasing fl.uores
cence, due to photobleaching, are effectively translated in decreasing pixel values of the 
output image. 

3.2 Workstation 

A UNIX based Silicon Graphics Inc. Indy workstation is used to evaluate the images 
collected by the CCD. As this workstation has a CPU (Central Processor Unit) inde
pendent videoboard, it is able to collect, digitize (8-bit AD-converter fora monochrome 
video signal), display and store video information on video speed, i.e. 25 frames per 
second. The system can keep up this performance forabout 4 seconds, determined by 
the disk writing speed. Taking fewer frames per second increases this time and setting 
the frame capture rate to 10 or less enables the system to keep this capture rate for any 
desired time ( or until the disk starage medi urn is full). 

Figure 3.5: Example of image evaluation. On the leftof the image window (A), the 
original image is displayed. Within this image one can define a ROland a threshold 
value. Pixels outside this ROland pixels with values below this threshold are rejected 
from statistica] operations. On the right side of the window the remaining pixels are 
displayed for verification. In the user interface window (B) the results of the statistical 
calculations are displayed. Changing of the ROl, threshold value and input image is 
feasible as is appending the statistical results to a file for latter data processing. 

As the information of the video signal we are interested in, i.e. the decrease of 
fl.uorescence due to photobleaching, is apparent on a seconds based scale, there is no 
need to collect images at a higher speed than about 1 frame per second. Imaging 
experiments of several minutes is therefore possible. 
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3.2.1 Evaluation software 
Evaluation of the fluorescence images, by means of relatively quantifying fluorescence 
intensities, is done with specially programmed software. A sequence of images, collected 
during one experiment, is loaded into memory frame by frame. One can define a square 
region of interest (ROl) and a pixel value threshold in this ROl for every frame (see 
Fig. 3.5). All pixels that have values above this threshold and lie within the ROl are 
used for statistics. 

Defining a threshold pixel value in a ROl allows one toselect a large ROl but reject 
all points that are not illuminated (or fl.uorescing). This way statistics is done only 
on useful data. Feedback of the given ROl and threshold is given by displaying the 
thresholded ROl next to the original image. 

The calculated statistics are appended to a file on users request. Besides the min
imum, maximum and mean pixel value, the number of used pixels and threshold are 
saved for verification. This file is then transported to a PC where the data processed. 



Chapter 4 

Results and Discussion 

In this Chapter, data acquired during therapeutic treatments on patients and 
experiments on rats, are evaluated and compared to the model, developed in 
Chapter 2. In addition results of Monte Carlo simulations from literature, are 
presented and discussed here. The influence of the simplifications made on the 
fluence rate profile and theescape function are investigated by comparison with 
numerical simulations and corrections are made to account for these simplifica
tions. 

As briefly mentioned in Chapter 1 (Fig. 1.4), fluorescence signals of living tissue 
show a part that does nat bleach. Because this part can be a significant per
centage of the total fluorescence signal, we will start with incorporating this so 
called autofluorescence in the model. 

4.1 Autofiuorescence 

When measuring fluorescence signals of sensitized tissue, during therapy, one encounters 
the fact that the signal reaches a non zero asymptotic value after bleaching of the 
sensitizer. The reason for this is that there are also fluorescing molecules present in 
the tissue that do not bieach due to singlet oxygen creation. The term autofluorescence 
here is used for all non bleaching components. 

As we only considered fluorescence light arising from bleachable excited photosen
sitizer molecules and assumed a constant supply of oxygen, while deriving the model 
in Chapter 2, the results for theemerging fluorescence light Fi(t) in Eq. 2.40 all reach 
zero in the limit for t ---+ oo. Using these equations to fit experimental data, with a 
significant constant part arising from the autofluorescence, is not appropriate and the 
model has to be expanded. 

Reeall Eq. 2.24, 

00 

F(t) = j I(z) { CJ(z)e- (al(z)t) + ca(z)} ((z)dz (4.1) 
0 

where we now have added a constant term ca(z) to account for autofluorescence. Con
siclering a homogeneaus distribution of particles responsible for autofluorescence, as we 
did for the photosensitizer distribution c1(z), we see that this extra termindeed results 
in a time independent additional term. 

00 00 

F(t) = j I(z)c1e- (al(z)t)((z)dz + j I(z)ca((z)dz = F(t) +A' (4.2) 
0 0 

27 



28 Photobleaching in Photodynamic Therapy 

Here A' equals the constant fluorescence signal due to autofluorescence, given by the 
second integral in Eq 4.2. 

Determining the solutions for Ai, as we did for the initial photosensitizer fluorescence 
Ai for the various cases I through III in Chapter 2, simply results in Eq. 2.37, where Cf 

now has to be substituted by Ca· Herree 

(4.3) 

Arranging terms this way, nothing changes when deriving the expressions for F(t). 
However, we have to be careful when using experimental data values to determine Ai 
and Bi and make sure that only fluorescence due to sensitizer concentration Cf is used. 
The remairring part of the fluorescence signal is assigned to Ai. Doing so, the relative 

total fluorescence signal F'ï(t)/ F'ï(O) is described by 

F:(t) A! _1_+_1 
Fi(O) Ai 

A! 
1+-1 

A-l 

( 4.4) 

Hence, when experimental data is to be fitted with Eq. 4.4, first the asymptotic value 
for the non bleaching fluorescence Ai has to be determined or chosen. Subtracting this 
value from the total initial fluorescence yields Ai, which then is used to calculate the 
relative initial decrease of the signal, Bi. This way Eq. 4.4 is fully determined and usabie 
for fitting experimental data. 

4.2 Numerical simulations 

From Monte Carlo (MC) simulations, realistic fluence rate profiles andescape functions 
can be derived. To investigate the influence of the simplifications we made on these func
tions, a Monte Carlo simulated fluence rate and escape function are used to numerically 
calculate the resulting fluorescence signal, and this is compared with the model1

. 

Concerning the model we will only use the second case for which the salution of the 
resulting fluorescence was derived. This is dorre for reasans of clarity and because it will 
be shown in Section 4.3 that this case II, where we considered the effective attenuation 
coefficient /-Leff to be equal for both the excitation and the escaping fluorescence light, 
gives the best results in fitting experimental data. 

The results of the MC simulations were fitted by Jacques [2] using 

IofMc(z) = 10 ( C1e- (J-Leffklz) - C2e- (J-Leffk2z)) 

C3e- (J-Leffk3z) 

1The simulations used here, were reported by Jacques [2]. 

(4.5) 

(4.6) 
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where the subscript MC indicates that these functions were obtained by MC simulations 
and the intermediate function !Mc(z) will be used later on. The incident power density 
is given by 10 and the coefficients ei and ki depend on the optical properties of the 
tissue at a particular wavelength. The effective attenuation coefficient /-leff is given by 

f-leff = V3f-la(f-la + f-ls(1- g)) (4.7) 

Here !-la and f-ls are the wavelength dependent absorption and scattering coefficients of 
the tissue and gis the anisotropy factor, descrihing the scattering of collimated light [11]. 

11 À [nmJI !-la [cm-1
]1 f-ls(1-g) [cm-1

]1 f-leff [cm-1
]11 

11 ~~~ I ~~! I ~~ I !:!: 11 

11 11 (630 nm) I 2 (630 nm) I 3 (705 nm) 11 

11 ei 16.27 11.18 I o.771 11 
.. kz . 1.00 . 14.4 . 0.994 .. 

Table 4.1: Tissue opties parameters. The first table shows the approximated ab
sorption, scattering and the calculated effective attenuation coefficients (Eq. 4. 7) for 
630 and 705 nm respectively. These values are obtained using integrating sphere tech
niques and the inverse adding-doubling analysis {2}. The coefficients Ci and ki, for 
the excitation and escaping light, resulting Erom MC simulations are shown in the 
second table. 

Table 4.1 summarizes the tissue opties for different wavelengths and Fig. 4.1 illus
trates the resulting excitation light distribution IMc(z) (630 nm) as a function of depth 
and theescape function (Mc(z) for fiuorescence light (705 nm). For comparison also the 
simplified functions IM(z) and (M(z) (both ex e-J-L.ff(>.)z), used in the model for case II, are 
shown. The values for f-leJJ(À) in these functions are both taken equal to f-leJJ(630 nm) 
for making the graphs. It is not the absolute value of /-leff that is important for resulting 
fiuorescence signals, but the relation between f-leJJ(Àexc) and f-leJJP.•det), as is clear from 
Chapter 2 and Appendix A. As is seen from Table 4.1, these values do only differ by a 
fraction and the assumption of equal f-leff is therefore acceptable here. 

As is obvious from Fig. 4.1, the fiuence rate profiles IMc(z) and IM differ greatly. 
This is a result of ignoring the diffuse nature of the light in the tissue. One photon 
can come across the same depth z several times whereby increasing the fiuence rate at 
that place, as mentioned in Section 2.2.2.b. Furthermore, the relative escape function 
(M/(M(O) with f-leJJ=f-leJJ(630 nm) differs from (Mc/(Mc(O) due to the equalization of f-leff 
for the excitation and escaping fiuorescence light. 

There are several methods to try to correct for these simplifications. One method, 
that does not change the results for F(t)/ F(O) obtained in Chapter 2, is to simply 
multiply the fiuence rate IM(z) inthetissue with a constant factor 'Y· This results in 

( 4.8) 



30 Photobleaching in Photodynamic Therapy 

6,------------------, 1.0 

- Monte Carlo IMc(z) - Monte Carlo (Mc(z) 

-·-· Simplified profile IM(z) 0.8 \ -·-· Simplified (M(z) 

····-· Corrected 1M (z) -0 0.6 '--' 
"'--" ....... -N 

0.4 '--' 
"'--" 

0.2 

0 
0.2 0.4 0.6 0.8 

z (cm) 

\ 
\ 
\ 

\ 

\ 

0 

\ 
\ 
\ 

\ ·, 

0.2 0.4 0.6 0.8 

z (cm) 

Figure 4.1: Monte Carlo vs. model. The left graph shows the relative fluence rate 
(630 nm) for IMc(z) and IM(z) in the tissue as function of depth z. It is obvious 
that IMc(z) and IM(z) are totally different, and will therefore give a different result
ing fluorescence signal. The corrected fluence rate "flm(z) will show to vanish this 
difference. The right graph illustrates the relative MC obtained and simplified escape 
functions for (Mc(z) and (M(z). Due to the equalization of J.leff for excitation and 
escaping fluorescence light in the model, these functions differ. 

where 10 still is the incident power density. 
It is possible todetermine 'Y by miniruizing the square sum ofthe difference between 

IMc(z) and JM(z). This gives equal weight to every point of the profiles, whereas the 
long end slope has less infl.uence on the resulting fl.uorescence signal F(t), as has the 
first part, just after tissue penetration. 

Therefore 'Y was determined with a least square fit between IMc(z) and JM(z), in 
which every point was weighted with the escape function ((z) for that point. This 
resulted in "(=5.908. 

Defining a resulting bleaching time constant T and a related dimensionless time -a as 

1 
r=-

cxlo 
and 

t -a= cxlot =
T 

(4.9) 

enables us to calculate the relative fl.uorescence signal as a function -a. This way the 
modeland the numerical simulations can be compared without having to make assump
tions about the value of ex or 10 • 

Using the expressions for IMc(z) and (Mc(z) in Eqs. 4.5 and 4.6, the resulting numerically 
calculated relative fl.uorescence signal is given by 

00 

j IMc(z)CMc(z, t)(Mc(z)dz 

0 
00 

j IMc(z)CMc(z, O)(Mc(z)dz 

0 

( 4.10) 
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where the photosensitizer concentration CMc(z, t) is described by 

CMc(z, t) = Coe-odMc(z)t ( 4.11) 

The initial concentration C0 is taken independent of z to make comparison with the 
model possible. 

Substituting 1J in Eq. 4.10 yields 

00 

j IofMc(z)Coe-alofMc(z)t(Mc(z)dz 
0 

00 

j IofMc(z)Co(Mc(z)dz 
0 

00 

j !Mc(z)e- fMc(z)iJ (Mc(z)dz 
0 

00 

j !Mc(z)(Mc(z)dz 
0 

Recalling the resulting fiuorescence signal obtain in Chapter 2, given by Eq. 2.40. Sub
stituting 1J and JM(z) intheresult for Fn(t), yields 

( 4.13) 

From this it is clear that calculating the relative fiuorescence signal as a function of 1J 
enables us to campare the results of Eq. 4.12 and 4.13 without assuming anything other 
about a and / 0 as that they are equal for both calculations. 

In Fig. 4.2 the results of the numerical integrations of Eq. 4.12 and the model given 
by Eq. 4.13 are pictured. 
The aim of this comparison was to investigate the infiuence that the simplifications, 
made on the fiuence rate profile and the escape function, had on the resulting fluores
cenee signal. Assuming that the fiuence rate profile obtained by MC is the best possible 
salution in comparison with real tissue light distributions, the results of the numerically 
obtained fiuorescence signals simulate reality best. The comparison made here, between 
a numerical calculation and the analytically derived model, is based on assuming equal 
photosensitizer and incident power density. As the example given here is no special case, 
but a general one, the comparison is valid for all a and / 0 . However, "( will depend on 
the optical properties f.La, f.Ls and g. 

Thus, after correction of IM(z) with a factor "(=5.908, it is seen that the simpli
fications are accounted for and that there is virtually no difference between the time 
consuming numerical calculated fiuorescence curves and the analytica! model. Fitting 
of data, with conservation of physical insight, can thus be dorre quick and accurate. 

One should bear in mind that, had we chosen excitation and fiuorescence detection 
wavelengths for which the effective attenuation coefficients ratio differed, case II of 
the model would not be valid anymore. We then had to alter it by choosing another 
salution given in Appendix A. But as we used excitation and detection wavelengths in 
the experiments for which the effective attenuation coefficients do not differ by more 
than a fraction (see Table 4.1), the above given discussion and correction is valid for 
our experiments. 
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Figure 4.2: Resulting fluorescence signal. In the left graph the results of Eq. 4.12 
and Eq. 4.13 are plotted as a function of fJ. A difference between the numerically 
calculated fluorescence signal FMc(fJ) and the corrected analytic fluorescence signal 
FM("yfJ) is hardly seen. For comparison FM({)) with "(=1 is also given. 

4.2.1 Sensitizer concentration 

The photosensitizer concentration distribution can also be written in terms of fJ. 

C(z, t) = C0e-al(z)t Ç=:? C(z, fJ) = C0e-f(z)fJ ( 4.14) 

Here f(z) equals I(z)/ 10 . Using the expression used in our model for IM(z), this results 
m 

( 4.15) 

where we used Eq. 4.8. In Fig. 4.3 the relative photosensitizer distribution is pictured 
as a function of fJ. We have used the value for f.LeJJ at 630 nm, as given in Table 4.1. 

From this figure the relative sensitizer concentration C(z, fJ)jC0 can be obtained. 
Knowing more about a thus makes it possible to determine the depth z on which the 
sensitizer concentration has dropped to a certain level. A possible use for this will be 
discussed in the next Section. 

4.2.2 Therapeutic efficiency 

In deriving the model in Chapter 2 we assumed all transitions to be linear dependent 
on I(z). The excitation of the photosensitizer molecule, from its groundstate So to its 
first excited state 5 1 is linear dependent on I(z) and as the ISC rate is linear with 
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Figure 4.3: Photosensitizer concentration as a function of depth and {). In the left 
graph the relative sensitizer distribution C(z,{))/Co is plotted for several times{). 
The right graph shows a contour plot where one can read out the time {) at which a 
certain depth z has reached a particular sensitizer concentration. For this plot the 
value for J-leff at 630 nm (Table 4.1 is used. 

N1(z, t), it is also linear with I(z). Thus also the singlet oxygen creation and therefore 
the therapeutic effect are linear with the fluence rate2. 

Sirree we assumed the fraction of the singlet oxygen creations that result in photo
sensitizer destruction to be constant, also the bleaching effect is linear with I(z). At 
a place z where most of the sensitizer is bleached, because a lot of singlet oxygen has 
been produced, it is therefore very likely that the PDT has had its effect. 

If we now can tell from the relative fluorescence signal how deep the photosensitizer 
concentration has dropped to a certain level, at which therapeutic effect is likely to have 
taken place, we can control the treated volume of tissue. Although the fluorescence signal 
is independent of /1eff, the concentration distribution still is dependent of the effective 
attenuation coefficient as seen from Eq. 4.15. Therefore, this /1eff has to be known, as 
is assumed in the following discussion. 
The left graph in Fig 4.4 shows the relative fluorescence signal as a function of depth z 
where the relative concentra ti on has dropped to ~. The right graph illustrates a contour 
plot of the relative fluorescence signal F( 1J) / F(O) for several relative concentration drops 
as a function of z. From this graph the depth at which the concentration has dropped to 
a certain relative level, when measuring a particular relative fluorescence signal, can be 
determined. If the initial concentration photosensitizer and the necessary singlet oxygen 
production, needed for desired necrotic effect, is known, the therapeutic depth can be 
determined, as bleaching is proportional to the necrotic effect. Furthermore, measuring 
bleaching this way makes it possible to determine the termination time of the therapy 
when only a limited amount of tissue has to be treated. 

Unfortunately, not much is known of resulting photosensitizer concentrations when 
applying certain amounts of exogenous 8-ALA. The processes involved in transforming 

2This argumentation is valid for low incident power densities 10 , when there is no saturation of the 
triplet state. 



34 Pbotobleaching in Pbotodynamic Therapy 

0.30 3 

0.25 - C(z,19)/C0=lle 

80.20 

~ __....._ 0.15 
~ 

u:; 0.10 

0.05 

2.5 .. 
11 2 
rj 
~ 1.5 
~ 
~ 1 

F(19)/F(0) 

• • 0.45 
• 0.4 
• 0.35 
• 0.3 
• 0.25 
• 0.2 

=~:i: 
0 

0.1 0.2 0.3 0.4 0.5 0.6 

0.5 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 

z (cm) z (cm) 

Figure 4.4: Concentration distribution vs. relative fluorescence signal. In the left 
graph the relative fluorescence signal is plotted against the depth z for which the rel
ative concentration photosensitizer bas reached ~ of its initial value. The right graph 
shows a contour plot of F( iJ)/ F(O) for several relative con centration drops as a Junc
tion of z. From this graph one can determine the depth at which the concentration 
bas dropped to a certain relative level, if one sees a certain relative resulting fluores
cenee signal. This can be used to determine the termination time of a therapeutic 
treatment, if the initial concentration sensitizer and the necessary absolute bleaching 
for desired necrotic effect is known, as bleaching is proportional to this necrotic effect. 

8-ALA into PpiX and the diffusion of 8-ALA into the tissue are yet to be completely 
understood. Therefore it is difficult to say sarnething about absolute sensitizer concen
tration. 

Although it seems as if photobleaching is an unwanted phenomenon in PDT, it has a 
positive effect. Because of the bleaching, treatment of an area is limited by the amount 
of photosensitizer that is present. This way dosimetrie considerations are not depending 
on the irradiation power or illumination time and overtreating due to too much power 
or an extended treatment period is not possible. 

4.3 Animal experiments 

To the evaluate clinical performance of the derived model, experiments were dorre on 
rat tissue. The rat was injected with 100 mg/kg body weight of 8-ALA, 4 hours prior 
to illumination. This time is needed for the PpiX, which is the effective photosensitizer, 
to build up, as explained in Chapter 1. Under anaesthesia, the skin was shaved and a 
homogeneaus looking piece of tissue was picked. Then the naked skin was irradiated 
with a 3 cm diameter spot of 150 m W /cm2 Argon-dye laser beam, adjusted at 630 nm. 
The resulting fluorescence light was collected with the system described in Chapter 3. 

After digitizing the videosignal, produced by the CCD-camera, the images were 
stored at a framerate of one per second. After the experiments the image data was 
recalled and processed with the software written for this application. As the High Pass 
filter in the setup rejects all wavelengths shorter than 665 nm and the CCD-camera is 
sensitive for light up to 900 nm, the pixel value of the digital image corresponds with 
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the total fluorescence between 665-900 nm. The average of (a part of) the pixels corre
sponding with the illuminated spot is then calculated. The results of this experiment is 
shown in Fig. 4.5. 
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Figure 4.5: Photobleaching of rat tissue. The average of the pixel values are given 
in absolute values in the left graph and in relative values in the right. After de
termination of the autofluorescing part of the signal, Aj =0.69·F(O), and the initia] 

fluorescence decrease, Bi =-0.017 s-1 , the relative fluorescence signal is fitted with 
Fi(t) from the model. 

250 

The standard deviation (SD) of the average pixel value is typically 10-40 (pixel 
values). This average is calculated over a large number of pixel values depending on 
the chosen size of the ROl and the threshold value. Normally more than 2500 pixels 
(50x50) are used for determination of one point in the graph. Assuming a worst case 
measurement, the average pixel value is determined with a standard error of the mean 
SE of less than 1 on a scale of 0 to 255. With an average pixel value of 30 the error 
is less than 3%. Normally this average lies higher and more than 2500 pixels are taken 
into account for statistics. Thus it safe to say that the SE of the average pixel value in 
the experiments is less than 1%. 

The raw data, pictured in the left graphof Fig. 4.5, is shown normalized in the right 
graph. From these graphs the initial decrease in the signal Bi is determined and the 
non bleaching component Ai estimated. With the values of these parameters, Eq. 4.4 is 
drawn for all three cases I through III that were discussed in Chapter 2. 

It is clearly seen that case II, were we assumed the effective attenuation coefficient 
Jleff to be equal for both the excitation as the fluorescence light, describes the data best. 
This is not very surprising as case I and III describe borderline cases as discussed in 
Chapter 2 and Appendix A. The results of case II, given by Eq. 2.40 and modified by 
Eq. 4.4 to account for autofluorescence, 

F(t) 
F(O) 

-4 [ -2 ( ~Bt) ~Bt] A' --- --- 1- e2 - e2 + --
3Bt 3Bt F(O) 

A' 
1 + F(O) 

(4.16) 
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where we omitted the subscript II for F(t) and its related parameters A' and B. These 
parameters will be used in the remairring of this Chapter. 

Furthermore, we can do the fitting of the data in areverse way. Insteadof estimating 
A' and B and then drawing F(t), we can fit Eq. 4.16 to the data with the least square 
methad and thus obtain values for A' and B more accurately. For the data shown in 
Fig. 4.5 the autofluorescence then yields A'=0.690±0.001·F(O) and the initial decrease 
ofthe signal B=-(17.0±0.1)·10-3 s-1

. 

4.3.1 Determination of a 

Reeall Eq. 2.39, were the initial decrease of the fluorescence signal B is related to the 
resulting bleaching rate a./0 . From this equation it is seen that, when determining B 
for data obtained by photobleaching tissue with a specific incident power density 10 , we 
are able to calculate the bleaching constant of the used photosensitizer a.. Doing so, 
whereby correcting the fluence rate J(O) as suggested by Eq. 4.8, results in 

2 3 1 
B = --a./(0) ~a.= ---B 

3 2 '"'flo 
( 4.17) 

For the experiment of which the results are presented in Fig. 4.5, the initial decrease of 
the relative fluorescence signal B equals -(17.0±0.1)·10-3 s-1

. The tissue was irradiated 
with a incident power density of 150±10 mW/cm2

, soa. yields (29±2)·10-3cm2/J. 
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Figure 4.6: This ligure illustrates the result of a similar experiment as depicted in 
Fig 4.5. The same rat and same conditions were used to obtain these data. It is 
clearly seen from the left graph that the absolute decrease of the average pixel value 
is small in comparison with the initia] value. The right graph shows relative values as 
a function of time. Despite the small absolute decrease, the relative initia] decreaseis 
nearly equal to that of Fig. 4.5, resulting in a bleaching constant of (29±2 )·10-3 cm2 

/ J. 

800 

In Fig. 4.6 the results of a similar experiment are depicted. The same rat was used, 
but a fresh spot was irradiated, again with a incident power density of 150±10 m W /cm2

. 

The absolute decrease of the average pixel value, conesponding with the decrease of the 
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absolute fluorescence signal, is seen to be small (20% of the initial value) in comparison 
with the decrease seen in Fig. 4.5 (60%). 

We see a small increase of the fluorescence signal after the bleaching of the fluores
cenee light has almast dropped to its constant autofluorescing value. One way to explain 
this increase is that the rat moved towards the CCD-camera, resulting in an increasing 
fluorescence signal due to the shorter distance. As the rat is under anaesthesia, and 
there is no movement visible from the recorded images, this is unlikely to be the case. 
Furthermore, movement artefacts would result in an abrupt increase or decrease of the 
measured signal, what is obviously not the case here. 

What could be seen from the recorded images was that a blood vessel became slowly 
visible during the irradiation of the rat tissue. Such effects of increased perfusion have 
been observed by other investigators. As there are fluorescing particles in blood, this 
may account for the smooth increase in the measured signal. 

Therefore we have fitted Eq. 4.16 only on the decreasing part of the data points 
(t <350 s). With this fit we find A'=4.26±0.06·F(O) and B=-(17.0±0.2)·10-3 s-1 result
ing in a=(29±2)·10-3cm21J. This result is clearly in agreement with the first. 

The wider spread of data points in the first part of the curve is possibly due to 
the anaesthesia. The blood flow in the rat decreases and oxygen supply is no langer 
unlimited ar maybe discontinuous. Resulting effects of this kind of reactions for the 
fluorescence signal are hard to predict or to correct for. 

4.4 Photodynamic Therapy 

During PDT on patients with Condylomata Acuminata, safety for the patient and curing 
from the disease were the primary concerns for the physician. Recording of fluorescence 
images was made possible, without intedering with these priorities, with the setup 
described in Chapter 3. 

In Fig. 4. 7 the results after evaluation of the fluorescence images, obtained during 
PDT of a patient, are depicted. The 8-ALA was topically administrated 8 hours befare 
treatment. The incident power density of the laser was 150 m W I cm2

• Fitting of the 
data with Eq. 4.16 yields A'=2.16±0.04·F(O) and B=-(13.3±0.3)·10-3 s-1

. Equating a 
with these values gives a=(22±2)·10-3cm2 IJ. 

The resulting relative fluorescence signal during PDT of another patient, that was 
treated under the same conditions, is shown in Fig. 4.9. 

In the left graph of Fig. 4.9 we clearly see an abrupt change in the signal at t=50 s. 
This sudden change is caused by movement of the patient relative to the position of the 
CCD-camera ( closer to it). This is also clearly seen from the reearcled images. As aft er 
this movement the position stays more or less the same again, we are able to correct for 
this artefact. In the right graph of Fig. 4.9 the corrected signalis depicted. Fitting this 
curve with Eq. 4.16 results in a=(29±2)·10-3cm2 IJ. 

More fluorescence signal measurements were done during PDT of Condylomata 
Acuminata. Fig 4.9 illustrates this with two graphs presenting different fluorescence 
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Figure 4. 7: This graph displays the results of a Buorescence measurement done 
during PDT on a patient. We have fitted the data points with Eq. 4.16. 
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Figure 4.8: The left graph shows the relative Buorescence signal as obtained during 
PDT. It is seen from this graph that at t=50 s, the signal increases suddenly. This is 
due to movement of the patient towards to the CCD-camera. As there is no sudden 
decrease, and from the images it can be concluded that there was no movement back, 
we can correct for this artefact. The corrected signal is shown in the right graph. 
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measurements. From these graphs it is clearly seen that photobleaching is apparent as 
the signal decreases significantly. 
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Figure 4.9: Fluorescence measurements Erom which no conclusions could be made 
and fitting with Eq. 4.16 was nat appropriate. However, it is clearly seen that the 
signals decrease. Although this is just minor change in the strength of the fluorescence 
signa], it is significant. 

No A' I F(O) óA'I F(O) B óB a óa 
[10-3 Is] [10-3 Is] [10-3cm2 IJ] [10-3cm2 IJ] 

1 110 32 -100 300 170 520 
2 158 20 -94.7 0.5 160 12 
3 290 20 -93.07 0.09 158 11 
4 210 10 -42 2 71 8 
5 11.9 0.4 -33.3 0.3 56 4 
6 7.7 0.3 -17.73 0.03 30 2 
7 0.9 0.1 -17.00 0.08 29 2 
8 31 2 -16.88 0.04 29 2 
9 11 2 -14.07 0.02 23 2 

10 2.16 0.04 -13.3 0.3 22 2 

Table 4.2: Calculated bleaching constants. The order measurements is sorted by 
decreasing a. 

Table 4.2 gives the calculated a for all PDT measurements. They are ordered by 
decreasing a.Number 1 through 3 give a much higher a than the other measurements. 
Forthese measurements the autofluorescing component is much larger than the sensitizer 
component resulting in a high number for A' I F(O). As the fit procedure still tries to 
fit Eq. 4.16, although there may be no bleaching apparent at all, the resulting a's have 
little meaning. 

Measurements number 3 and 4 give a significant larger a than 5 through 10. The 
difference between these two groups of measurements is much larger than the uncertainty 
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in the calculated a's, indicating other than experimental errors to be the cause of this. 
A possible reason could be a large difference in oxygenation and thus in therapeutic 
effect. Investigation of the relation between bleaching rate and therapeutic response, 
indicating singlet oxygen creation, could examine this. 

The calculated bleaching constauts for measurements 6 through 10 show a consis
tency. Furthermore, the average a of (27±4)·10-3cm2/J corresponds to the value for 
PpiX found in rat experiments by Jacques [2] ((26±5)·10-3cm2/J) 3 and the experiments 
discussed in Section 4.3 ( (29±2)·10-3cm2 / J), indicating a tissue independent bleaching 
constant. 

As the results of the model, derived in Chapter 2, are indeed independent of f-leff, 

this makes us confident that the model describes the process of photobleaching in vivo 
accurately. 

3The way in which this value was determined, is completely different from the way in which it is 
clone here. A lot of matching factors are used along the way and physical insight in what is really 
happening is totally lost. 



Chapter 5 

Conclusions 

The main purpose of this study was to develop a model that describes photobleaching 
and gives physical insight when using it to fit experimental data. In Chapter 2 this model 
was derived and solved for some special cases of interest. With this model, experiments 
can be analyzed, with the parameters in the model functions representing real physical 
properties. 

The common sense that one should see photobleaching as an exponential decrease 
in the fiuorescence signal, if only one type of photosensitizer is bleaching, is shown to 
be false. This result is obtained only in the case of a constant fiuence rate through the 
whole tissue (case 111 in our model). This is never encountered when measuring in vivo 
fiuorescence signals. 

The model was tested by comparison with numerically derived fiuorescence signals 
based on MC simulations for 630 nm excitation light and 705 nm escaping fiuorescence 
light. After correcting the fiuence rate of the model with a constant"(, the model equally 
well describes these resulting fiuorescence signals as the numerical calculations. 

Estimation of therapeutic effectiveness from the bleaching rateis shown to be possi
bie with the model if more is known about the initial photosensitizer concentration and 
the optical tissue properties. 

From Section 4.3 it is seen that because the parameters used in the model have a 
physical meaning, the bleaching rate constant a can be determined. Several values for a 
are obtained from fiuorescence different measurements during PDT. The variation in a 
is much bigger than the error in the calculated a. As the exact reason for this variation 
is not known, further study is required. Specially the correlation between the bleaching 
rate and the therapeutic response may show an interesting relation. 

From the calculated consistent values for the bleaching constant it is concluded that 
a for PpiX equals (27±4)·10-3cm2 jJ. 

41 



42 Photobleaching in Photodynamic Therapy 



References 

[1] M.J.C. van Gemert, A.J. Welch, Clinical Use of Laser- Tissue Interactions, IEEE 
Engineering in Medicine and Biology Magazine, December 1989. 

[2] Steven L. Jacques, Rachel Joseph, Gary Gofstein, How photobleaching affect 
dosimetry and fiuorescence monitoring of PDT in turbid media, SPIE Proceedings, 
Optical Methods for Tumor Treatment and Detection, Vol. 1881, pp. 168-179, 
1993. 

[3] M.J.C. van Gemert, T.A. Boon, Lasers in de geneeskunde, Samson Stafiau, Alphen 
aan den Rijn/Brussel, 1987. 

[4] S.G. Bown, Laser techniques for cancer therapy, Hand-out during the Maynaerd 
Phillips Summer School in Oxford, July 1995. 

[5] James C. Kennedy and Roy H. Pottier, Endogeneaus protoporphyrin IX, a clinically 
useful photosensitizer for photodynamic therapy, Joumal of Photochemistry and 
Photobiology B: Biology, 14, pp. 275-292, 1992. 

[6] Michael S. Patterson, Brian C. Wilson, Douglas R. Wyman, The Propagation of 
Optical Radiation in Tissue. IJ: Optica[ properties of Tissues and Resulting Fluence 
Distributions, Lasers in Medical Science, Vol. 6, No. 379, pp. 379-390, 1991. 

[7] R.S. de Bruijn, H.J. van Staveren and N. van der Veen, Ontwikkelingen in fotody
namische therapie met ALA voor huidtumoren, Klinische Fysica (The Netherlands), 
2, pp. 278-283, 1994. 

[8] Thomas J. Dougherty, Photodynamic Therapy (yearly review), Photochemistry and 
Photobiology, Vol. 6, No. 6, pp. 895-900, 1993. 

[9] Anne P. Thorne, Spectrophysics, Chapman and Hall Ltd., London, 2nd edition, 
1988. 

[10] Chi-Wei Lin, Photodynamic Therapy of Malignant Tumors- Recent Developments, 
Cancer Cells, Vol. 3, No. 11, November 1991. 

[11] Akira Ishimaru, Wave Propagation and Scattering in Random Media, Vol 1: Sin
gle Scattering and Transport Theory, Academie Press, New York, 1978. 

[12] C.S. Foote, Definition of Type I and Type IJ Photosensitized Oxidation, Photo
chemistry and Photobiology, Vol. 54, No. 5, p. 659, 1991. 

43 



44 Photobleaching in Photodynamic Therapy 

[13] Haishan Zeng, Calurn MacAulay, Branko Palcic, David I. McLean, Laser-induced 
changes in autofluorescence of in vivo skin, SPIE Proceedings, Laser-Tissue Inter
action IV, Vol. 1882, pp. 278-290, 1993. 



Appendix A 

Analytic salution possibilities for F( t) 

As mentioned in Chapter 2, there are more relations between I-LetJP•exc) and 
/-Leff(À·det) for which Eq. 2.28 is analytically solvable. In this Appendix we will 
derive (probably all) useful analytic solutions of Eq. 2.28. These solutions then 
will he used to support the thesis that case I and 111, as introduced and discussed 
in Chapter 2, are indeed borderline cases of which the solutions enclose all other 
physically interesting solutions for F( t). 

A.l Recursive equation 

Reeall the integral equation for the resulting fiuorescence light given by 

J
oo ( tJe-J.LeJJZ) 

Fn(t) = e-f.Lef!Ze - · e-nf.Lef!Zdz (A.1) 

0 

where iJ=od0t as introduced in Chapter 4 and we assumed 

(A.2) 

with n positive. As we know the primitive of the fi.rst part of the integral Fn(t), i.e. 

J e-1-Lef!Z e ( -iJe-J.L•JJZ) dz = _1_e (-iJe-J.L•JJZ) 

/-Leff{) 
(A.3) 

with partial integration Eq. A.1 yields 

1 ( tJe-J.L•JJZ) oo nj), Joo ( tJe-J.LeJJZ) 
Fn(t) = --e - e-nf.LeJJZ + __!j[ e - e-nf.Lef!Zdz 

f.Lef!{) 0 f.Lef!{) 0 

(A.4) 

The second integral can be rewritten as 

!
00 

(-iJe-J.LeJJZ) 1
00 

(-iJe-J.LeJJZ) ( 1) 
e e-nf.Lef!Zdz = e e- n- f.Lef!Ze-f.Lef!Zdz (A.5) 

0 0 

where the right hand side is identified as Fn_ 1(t). Using this and inserting the limitsin 
Eq. A.4 yields 

(A.6) 

No assumptions, other than that nis positive are made to derive this equation. Therefore 
it is solvable for every n for which Fn-m(t), with m the truncation of n, is known. 
There are only two solvable Fn-m(t) found. Although not mathematically proved we 
are confident that these two are the only analytic solutions. 
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A.l.l n = integer 
Consiclering n to be an integer, means that n-m=O, as mis the truncation of n. Thus 

where we recognize the salution for case I of F(t), one of the two boundary cases. For 
n an integer Eq. A.6 can be written as 

-e-{) n (-e-{) n- 1 ) 
Fn(t) = --_0 + ::0 --_0 + -_0 -Fn-2(t) 

f.Ieff'U u f.Iejf'U ·u 

_{) _{) 1 _{) ( 1) 2 -e -e -e 
--+n---+n(n-1)-- - + ... 
f-1,~{) f-1,~{){} f-1,~{) {) 

(A.8) 

_{) (1)n-l (1)n ... + n(n-1) · · · 3 · 2 · ~ - + n(n-1) · · · 2 · 1 · - F0 (t) 
f-1,~{) {) {) 

Organizing terms this can be summarized by 

(1)n 1 ( {)) e_{) n-1 [ n! (1)k] F: (t) - n' - - 1- e- - -I: -
n - . {) f.Ieff{) f.Ieff{) k=O (n- k)! {) 

(A.9) 

Befare plotting and discussing these results we will fi.rst derive the second solution. 

A.l.2 n = integer+ ~ 
If 2n in Eq. A.6 is an integer we have to know F1 (t). Thus 

2 

(A.10) 

has to be solved. Because 

where "erf" denotes the tabulated Error function, this results in 

(A.ll) 
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Going back to Eq. A.8 nothing changes really. Therefore 

_f) ( -fJ 1 ) -e n -e n-
Fn(t) = --.0 + ::0 --.0 + -.0-Fn-2(t) 

/-LeJJ'll 'll /-Lejf'U ·u 

-e-fJ -e-fJ 1 -e-fJ ( 1) 2 

= --.0 + n--.0 ::0 + n(n-1)--_0 ::0 + ... 
/-Lejf'U /-Lejf'U 'll /-Lejf'U ·u 

(A.12) 

-fJ (1)n-;! (1)n-l 
... + n(n-1) · · · ~ · ~ · ::ff) ~ + ~(n-1) · · · ~ · ~ · ~ Ft(t) 

Again organizing terms, using Eq A.11 and defining 

(m + l)! = 2m + 1 . 2m- 1 ... ~. ~ = (2m + 1)!! 
2 2 2 2 2 2m 

(A.13) 

where m is an integer, we can rewrite this as 

e_f) m-1[ (m+~)! (1)k] 
- /-Lefff) E ((m + ~)- k)! ~ 

(A.14) 

From this it is clear that simple fitting for these solutions is not possible. In Fig. A.1 
the results for the relative fluorescence signals Fn(t)/ Fn(O) are plotted and discussed. 
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Figure A.l: Resulting Fn(t) for several n.For simplicity only the functions for n an 
integer are plotted. One can easily check that the solutions for n+! lie within these 
functions. As is seen Erom the graph, one borderline is set by F0 (t). With increasing 
n, Fn(t) indeed approaches Foo(t). This function is equal to the salution of case III 
in Chapter 2. Thus F1(t) and Fm(t) indeedenclose all useful solutions of Eq. 2.28. 


