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Foreword

Thiswork isthe final report about my research activity asaPh.D. student in the LPAS laboratory
of Prof. Hubert van den Bergh, at the Swiss Federal Institute of Technology - Lausanne (EPFL).
Some parts of this report have been published or submitted during the course of my Ph.D. thesis.
| therefore included the text of the publications instead of an original chapter whenever relevant.
In such a case, the reference is clearly stated. A brief introduction always precedes the resulting
‘chapters'.

Due to thisinclusion, the reader might find some redundant information within this report. On the
other hand, it should be emphasized that each chapter can be read as a stand-alone text and need
not be linked to any other part of the whole work. However, | tried to avoid the unnecessary
repetition of information and thisis especially true for the references. Whenever the reader feels
that a reference should have been included to support an information in the introduction, they
should check the introduction of the following published chapter for a more detailed reference
list. The same criticism applies to the introduction and, again, the reader should check the
published section of a chapter if they fed that it lacks some information.

Aswill be seen in the authors' list of the published chapters of this work, alot has been donein
close collaboration with other people. Whenever relevant (i.e. whenever | don't appear as the first
author of a paper that has been included in my report), | stated in the introduction what my exact
contribution was. It should be understood that those papers have been included in my report with
full knowledge and agreement from my co-authors and Ph.D. supervisors.

Finaly, | would like to apologize to the native English speaking reader for my less than perfect
command of their language.

Lausanne, December 1999
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Abstract

The purpose of this thesis is to study different applications of fluorescence spectroscopy and
imaging to detect early cancerous lesions in two organs: the bronchi and the urinary bladder.
Early diagnosis of epithelial carcinomas is of major importance because the risk of the tumor
infiltrating the underlying tissues and eventually spreading throughout the host increases as the
lesion develops. Endoscopy is a central tool in achieving thisgoal asit facilitates access to hollow
organs. The additional use of fluorescence spectroscopy provides otherwise unavailable
information about the histopathological status of the tissue.

Fluorescence spectroscopy requires a fluorophore. The fluorophores can be of three types, the
exogenous (synthesized out of the patient's body), the exogenously induced (synthesized in the
patient's body from exogenous precursors) and the endogenous fluorophores (synthesized in the
patient's body). Thiswork has consequently been divided in three parts according to the types of
fluorophore.

The exogenous fluorophore mTHPC was used in clinical routine in Lausanne as a photosensitizer
for the photodynamic therapy of early carcinomas in the esophagus and the bronchi. Strong
interpatient fluctuations in therapeutic response have been observed in patients treated with smilar
doses of mMTHPC and light. Thisis thought to be due to metabolic differences between patients
leading to various concentrations of mTHPC in the target organ. To some extent, this can be
compensated by adjusting the light dose for each patient, according to the tissular mTHPC
concentration. Several methods can provide this information, among them fluorescence
spectroscopy. The usual method in Lausanne is to measure the mTHPC fluorescence level with
an optical fiber on the target organ. This can be a difficult measurement, because the operator has
limited control upon the fiber. We propose a simplified way of measuring this concentration in
the oral cavity instead of on the target organ. This location is relevant because it is easily
accessible and because there is a significant correlation between the mTHPC fluorescence signal
in the bronchi or in the esophagus, and in the oral cavity. Five patients undergoing PDT were
included in this study. The mTHPC fluorescence signal was measured in their oral cavity in the
two hours preceding PDT. It was found that this signal isfairly reproducible and little sensitive to
the exact location in the oral mucosa. It is not very sensitive to the pressure applied to the fiber
either. This measurement location is easier to access than the bronchi or the esophagus, yields
more reproducible results and yet does not result in any loss of useful information.

The exogenous fluorophores Lu-Tex, EtINBS and 2I-EtNBS (the last two being Nile Blue
derivatives) have been tested as potential tumor detection agents in a hamster animal model
bearing an early cancerous lesion similar to those encountered in the human upper aero-digestive
tract. The Lu-Tex and the Nile Blue derivatives were expected to localize in greater quantity in the
lesion than in the surrounding healthy tissue. The fluorescence spectroscopy allowed us to
measure a pharmacokinetics curve in both types of tissue and to evaluate the selectivity of these
molecules for early lesions of the hamster. Twenty-six animals received a 12 mg/kg intracardiac
injection of a Lu-Tex solution. The pharmacokinetics curve showed that Lu-Tex displays some
selectivity (1.5:1) in thismodel. Moreover, it seems not to be detectable in the skin of the animals
after 24 hours and this observation was confirmed by skin irradiation tests. This is a clear
advantage of Lu-Tex over fluorophores such as mTHPC or HPD. A similar study was conducted
with EtINBS and 2I-EtNBS on 30 hamsters. Despite promising preliminary results (3:1 selectivity
100-200 min after the injection of 2.5 mg/kg of 2I-EtNBS), this selectivity could not be
reproduced.

Sytox® Green is an impermeant metachromatic dye. This category of fluorophore represents a
different type of approach to cancer detection asit does not rely on the accumulation of different
guantities of fluorophore in the healthy or cancerous cells at a given point in time. Instead, it is
senditiveto local environmental factors (in this case, the permeability of the membrane) that differ

between the two types of cell. The fluorescence quantum yield of Sytox® Green increases 1000-
fold when bound to DNA, an event likely to occur in cancer cells with damaged membranes.



Since Sytox® Green does not cross intact membranes, it will not bind to DNA in healthy cells.
This fluorophore was injected intracardiacally into 9 hamsters (0.3 mg/kg). No pharmacokinetics
curve could be measured, but images have been taken. They display contrasts (up to 10:1)
between healthy and early cancerous cells. Moreover, it seemsthat there is a correlation between
the histopathological status of the tissue and the position of the emission maximum of Sytox®
Green.

The exogenously induced fluorophore Protoporphyrin IX (PPIX) is synthesized in mammals
from 5-aminolevulinic acid (ALA) among others. This highly fluorescent fluorophore is the
immediate metabolic precursor of heme in its biosynthetic pathway. When in contact with an
agueous solution of ALA, cancer cells tend to temporarily accumulate more PPIX than their
healthy counterparts, thus becoming visible under appropriate fluorescence excitation light. This
detection method has been successfully used in recent years for the detection of early cancerous
lesions in the urinary bladder. The use of ALA as a precursor has one drawback, however. Its
properties as a zwitterion at physiological pH reduce its bioavailability because it crosses cell
membranes with difficulty. To circumvent this limitation, we tested more lipophilic precursors,
the ALA-esters, in cultured cells and the best of them, ALA-hexylester in patients. In cultured
cells, it was found that the concentration of long-chained esters at which the PPIX production is
maximal decreases as the chain-length increases (up to two orders of magnitude for C6-C8 side
chains). Above this optimal concentration, the PPIX production decreases again. This production
was also maximal at or around physiological pH. The ALA hexylester was then applied topicaly,
in solution at concentrations ranging from 4 to 16 mM, in the urinary bladder of 25 patients
undergoing a cystoscopy to detect bladder malignancies. The PPIX fluorescence intensity
underwent a twofold increase using the best conditions (8 mM), a 20-fold lower concentration as
compared to ALA.

The endogenous fluorophores are numerous. They occur naturally and are collectively
responsible for the fluorescence properties of biological tissues. This native fluorescence of
tissues is sometimes called autofluorescence. Evidence exists that the autofluorescence of
bronchial tissues changes when they turn dysplastic and to carcinomain situ. Imaging devices
rely on this principle to detect early cancerous lesions in the bronchi. In the third part of this
thesis, we propose a spectroscopic study conducted on 50 patients known or suspected to bear
such lesions to optimize their detection by autofluorescence. Several autofluorescence excitation
wavelengths have been tested, from 350 nm to 495 nm. It was observed that early lesions
undergo a general decrease of autofluorescence with respect to healthy tissues. In the 550 nm
region, this decrease is of up to one order of magnitude, whereasit is less marked in the 650 nm
region, thus inducing a modification of the spectral shape of the autofluorescence emission.
Whereas they also undergo a decrease in autofluorescence, metaplastic and inflammatory tissues
seem to retain their autofluorescence spectral shape. The violet-blue wavel engths (400-465 nm)
give the largest contrast (up to 6 at an excitation wavelength of 405 nm) whereas the UV
wavel engths and those above 480 nm appear not to be very helpful. The contrast is maximized
when the autofluorescence emission spectra are divided into two regions, a 'green’ (500-590 nm)
and a 'red' (600+ nm) region. These results have been implemented in an imaging device to
detect early cancerous lesions. It has been tested in the clinical context on 16 patients between
September and December 1999. Although preliminary, this study shows that the autofluorescence
can help detect lesions that would otherwise have remained invisible under white-light
illumination. Positive predictive values are improved by the concomitant use of autofluorescence
bronchoscopy with respect to white-light bronchoscopy alone. A systematic analysis of the green
and red images showed that a threshold could be defined to have an objective criterion for
lesions positivity and limit the number of false-positive results.



Résumeé

Le but de cette these est d'étudier la spectroscopie et I'imagerie de fluorescence appliquées ala
détection de cancers précoces dans deux organes, les bronches et la vessie. En effet, il est tres
important de diagnostiquer les carcinomes a un stade précoce de leur dével oppement car le risque
de lesvoir infiltrer les tissus sous-jacents et métastatiser atravers le corps augmente au fur et a
mesure de leur progression. Pour ce faire, I'endoscopie est une méthode de choix car elle permet
d'accéder facilement aux organes creux. Compl étée par |a spectroscopie de fluorescence, elelivre
des informations supplémentaires sur le status histopathol ogique du tissu.

Pour qu'il y ait spectroscopie de fluorescence, il faut un fluorophore. On peut classer les
fluorophores en trois groupes. Les fluorophores exogenes sont synthétisés hors de |'organisme
du patient, les fluorophores induits sont synthétisés dans |'organisme du patient a partir de
précurseurs exogenes et |es fluorophores endogenes sont synthétisés dans |'organisme du patient.
Le présent travail est par conségquent séparé en trois parties.

LamTHPC est un fluorophore exogene. A Lausanne, elle est utilisée en thérapie photodynamique
de cancers précoces des bronches et de I'oesophage car c'est un photosensibilisateur. Cependant,
pour une dose de mTHPC et de lumiére données, on observe des réponses thérapeutiques tres
variables d'un patient a un autre. Cela est probablement di au métabolisme respectif des patients,
qui fait que la concentration de mTHPC sur le site du traitement peut varier. || faut par conséguent
gjuster la dose de lumiére appliquée pour compenser, dans une certaine mesure, ces fluctuations,
mais cela implique que I'on connaisse la quantité de mTHPC présente dans le tissu. La
spectroscopie de fluorescence, entre autres, permet d'estimer cette concentration. A Lausanne, la
méthode de choix est de mesurer I'intensité de la fluorescence de lamTHPC en posant une fibre
optique sur I'organe atraiter. Cette mesure peut savérer difficile car I'opérateur n'a de lafibre
gu'un contréle limité. Nous proposonsici une méthode visant a simplifier cette mesure. Au lieu
de lafaire directement sur le site du traitement, il est en effet possible de la faire dans la cavité
buccale. Cet organe est facile d'acces et son signal de fluorescence de lamTHPC est corrélé avec
celui des bronches ou de I'oesophage. Cing patients, qui devaient subir une thérapie
photodynamique, ont été inclus dans cette étude. Le signal de fluorescence de lamTHPC a été
mesuré dans leur cavité buccale dans les heures précédant le traitement. Ce signal est bien
reproductible et peu sensible al'emplacement exact de lamesure ou ala pression appliquée ala
fibre de mesure. Les résultats des mesures dans la cavité buccale sont plus reproductibles que
ceux acquis dans les bronches ou I'oesophage, cet organe est plus facilement accessible et aucune
information utile n'est perdue.

Le Lu-Tex, le EtINBS et le 2I-EtNBS sont aussi des fluorophores exogenes (les deux derniers
nommeés sont des dérivés du Nile Blue). lIs ont été testés dans un modele animal, le hamster.
Dans ce modele, une tumeur précoce qui ressemble aux tumeurs des voies aérodigestives
supérieures humaines peut étre induite. Nous nous attendions a ce que le Lu-Tex et les dérivés du
Nile Blue se localisent en plus grandes quantités dans les |ésions précoces que dans le tissu sain
environnant, faisant ainsi preuve d'une certaine sélectivité pour ces lésions. Nous avons mesuré
leur pharmacocinétique dans les deux types de tissus par spectroscopie de fluorescence. Vingt-six
hamsters ont recu une injection intracardiague d'une solution de Lu-Tex (12 mg/kg). La
pharmacocinétique montre que le Lu-Tex est un peu sélectif (1.5:1) pour les |ésions précoces
dans ce modéle. De plus, il n'est plus détectable dans la peau apres 24 heures (une observation
confirmeée par des tests d'irradiation), un net avantage par rapport a des molécules comme la
MTHPC ou le HPD. Une étude similaire a été menee avec le EINBS et le 2I-EtNBS sur 30
animaux. Malgre des résultats préliminaires prometteurs (nous avons observe une sélectivité de
3:1 100 a 200 minutes apres I'injection de 2.5 mg/kg de 2I-EtNBS), cette sélectivité n'a pas pu
étre reproduite.

Le Sytox® Green est un fluorophore imperméant métachromatique. Cette catégorie de molécules
représente une approche différente de la détection de cancers car €elle ne se base pas sur une
accumulation du fluorophore qui serait différente dans les cellules saines et les cellules de cancers



précoces a un moment donné, mais sur des molécules qui soient sensibles aleur environnement
différent dans les deux types de cellules (en I'occurrence la perméabilité de la membrane). Le

rendement quantique de fluorescence du Sytox® Green augmente d'un facteur 1000 quand il est
lie al'’ADN. Cette association est probable dans les cellules cancéreuses car leurs membranes
peuvent étre abimeées, ce qui n'est pas le cas dans les cellules saines. Ce fluorophore a été injecté
intracardiaqguement a 9 hamsters (0.3 mg/kg). Nous n'avons pas pu mesurer de
pharmacocinétique mais des images ont été enregistrées. Un contraste a effectivement été observe
entre les cellules saines et les cellules cancéreuses (jusqu'a 10:1) avec cette molécule dans ce
modele. De plus, il semblerait que le status histopathologique du tissu soit corrélé avec la position

du maximum d'émission de fluorescence du Sytox® Green.

La protoporphyrine IX (PPIX) est un fluorophore induit trés fluorescent. Chez les mammifeéres,
elle est synthétisée entre autres a partir d'acide 5-aminolévulinique (ALA). Elle est le prédécesseur
immédiat de I'heme dans sa biosynthése. Lorsqu'elles sont en contact avec un solution aqueuse
d'ALA, les cellules cancéreuses accumulent temporairement plus de PPIX que les cellules saines
et celales rend visibles sous une lumiere d'excitation de fluorescence. Ce phénomeéne a été utilisé
avec succes depuis plusieurs années pour détecter des cancers précoces dans la vessie. Le
principal désavantage de I'ALA est qu'il traverse difficilement les membranes cellulaires car c'est
un zwitterion a pH physiologique. Il se trouve donc en faible concentrations a l'intérieur des
cellules, laou labiosynthése de la PPIX alieu. Pour contourner cette difficulté, nous avons testé
des précurseurs de la PPIX plus lipophiles, les esters d'ALA, sur des cellules en culture. Le
meilleur d'entre ces esters, I'hexylester dALA aaussi été testé in vivo, sur des patients. Sur les
cellules en culture, nous avons constaté que la concentration d'ester dALA avec laguelle la
production de PPIX est maximale diminue avec |'augmentation de la longueur de la chaine
aliphatique (jusqu'a deux ordres de grandeur pour les esters C6-C8). Au dela de cette
concentration optimale, la production de PPI X diminue de nouveau. Cette production est aussi
maximal e autour du pH physiologique. L'hexylester dALA a ensuite été appliqué topiquement,
en solution a des concentrations allant de 4 a 16 mM, dans lavessie de 25 patients qui subissaient
une cystoscopie pour détecter des |ésions cancéreuses. Dans les meilleures conditions (8 mM),
I'intensité de fluorescence de la PPIX a été doublée, et cela alors que ces conditions représentent
une diminution de la concentration d'un facteur 20 par rapport al'ALA.

L es fluorophores endogenes sont nombreux. 11s sont naturellement présents dans les tissus et
sont responsabl es de la fluorescence de tous | es tissus biologiques, un phénomene parfois appel é
autofluorescence. |1 est rapporté que I'autofluorescence des bronches change lors du processus de
cancérisation, lorsque de normal le tissu devient dysplasique puis carcinomateux. Il existe des
appareillages d'imagerie basés sur ce principe pour détecter les cancers précoces des bronches.
Dans latroisiéme partie de ce travail, nous présentons une étude de spectroscopie de fluorescence
menée sur 50 patients portant ou a risque de porter une telle Iésion et visant a optimiser leur
détection par autofluorescence. Plusieurs longueurs d'onde d'excitation ont été testées, alant de
350 a495 nm. En général, les |ésions précoces voient leur autofluorescence baisser par rapport a
celle des tissus sains. Autour de 550 nm, cette baisse est d'environ un ordre de grandeur et elle
est moins importante autour de 650 nm, ce qui signifie que la forme des spectres
d'autofluorescence change. Les tissus métaplasiques et inflammatoires voient aussi I'intensité de
leur autofluorescence baisser mais conservent toutefois leur forme. Les longueurs d'onde dansle
violet et le bleu (400 a 465 nm) donnent les meilleurs contrastes (jusgu'a un facteur 6 pour une
excitation a 405 nm) alors que les longueurs d'onde dans I'UV ou au-dessus de 480 nm sont peu
efficaces. Pour maximiser le contraste, il faut séparer le spectre d'émission d'autofluorescence en
deux zones, une zone 'verte' (500-590 nm) et une zone 'rouge’ (600+ nm). Ces résultats ont été
implémentés dans un systeme d'imagerie d'autofluorescence. |l a é&té testé avec succes en clinique
sur 16 patients entre septembre et décembre 1999. Bien que cette étude soit préliminaire, elle
montre gue |'autofluorescence peut aider a détecter des |ésionsinvisibles en lumiére blanche. Les
valeurs prédictives positives sont améliorées par I'usage de la bronchoscopie par autofluorescence
en complément ala bronchoscopie en lumiere blanche par rapport alalumiére blanche seulement.
Une analyse systématique des images rouges et vertes ainsi obtenues a montré que I'on peut
définir un seuil objectif comme critére de positivité pour une lésion. Ce faisant, il est possible de
[imiter le nombre de faux-positifs.
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Harmony

| ntroduction

T his work is the result of a multidisciplinary research approach intended to contribute to
improved management of a major health problem: cancer. Although several dozens of
diseases are included in this term, they all share some common features that distinguish
them from non-cancerous ailments. One of these featuresis their ability, past a certain stage of
development, to spread and invade distant sites of the body. These secondary tumors are known
as metastases and are a typical feature of advanced invasive cancers. However, this ability to
spread appears in the late stages of the disease only. The pre- or early malignant lesions that
precede many invasive cancers are localized lesions. Whereas invasive cancers and metastases are
difficult to eradicate completely, the early localized |esions are manageable with a higher rate of
success. In this report, we will focus on the lesions of the tracheo-bronchial tree and the urinary
bladder. They are frequent cancers but, unfortunately, they are still difficult to diagnose in the
early stages of development with existing detection methods. Consequently, there is a need for
improvement to overcome this difficulty. In fact, most of the techniques used nowadays to detect
cancers are moving towards earlier recognition. In parallel, the treatments of the disease need less
invasive options because the mere removal of an early cancer-bearing but otherwise functional
organ might not be the optimal solution to avery early lesion, barely afew cell layersthick. This
report describes our work in amultidisciplinary team towards both goals, the improvement of the
detection techniques of early cancerous lesions and their therapy by minimally invasive methods.
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It is focused on endoscopically reachable tumors and especially the tumors of the tracheo-
bronchial tree and of the urinary bladder.

Chapter 1 deals with the issue of cancer. It is a brief summary of some facts about cancer, the
current methods of detection and their limits as well as the usual methods of management of the
disease. It is intended as a brief survey of the tools available to clinicians and should not be
regarded as an exhaustive review. Nevertheless, we tried to state the facts that are of importance
for the reader to know as a background for this work.

The fluorescence photodetection and the photodynamic therapy of early cancers of hollow organs
arerelatively new tools in the hand of clinicians. Chapter 2 briefly summarizes the principles of
fluorescence photodetection and photodynamic therapy along with some of their uses. It also
presents their advantages as well as their limitations. Still, these methods show promising results
and are currently under constant development. In this work, each of the subsequent chapters
presents the results of our efforts to contribute to a particular side of this development. It is based
on a decade-long collaboration between clinicians and scientists and awide range of competencies
that work in synergy. There is hope for even more successes in the future in the battle against
cancer. Fluorescence photodetection and photodynamic therapy will certainly bring some
contribution of their own.

Fluorescence photodetection and photodynamic therapy share a common feature in this work:
they rely on the use of spectrofluorometric techniques to investigate fluorescing substances. We
chose to distinguish three categories of such substances, hereafter called fluorophores (FPs).
Exogenous fluor ophores are foreign to the human body (this means that they are synthesized
outside of the organism) and will be dealt with in Part | (Chapters 3, 4 and 5). In Lausanne,
they are essentially used in the clinics as photosensitizers (PS) for the photodynamic therapy of
early cancers of the esophagus or the bronchi and for the photodynamic therapy of the age-related
macular degeneracy (AMD). Chapter 3 presents some developments in the routine application
of the PS mTHPC in the clinical environment of the CHUV Hospital at Lausanne for the
photodynamic therapy of early cancers of the esophagus and of the tracheo-bronchial tree.
Indeed, a major difficulty encountered by the pioneers of the mTHPC-mediated PDT is the
interpatient fluctuations of the tissular level of PS for a constant injected dose which can
potentially lead to under- or overtreatmentsif the light dose is not adjusted accordingly. This has
been overcome by the setting up of individual dosimetry by means of fluorescence spectroscopy.
Our contribution is afurther development of thisindividual dosimetry.

Some other exogenous fluorophores are also injected in Lausanne. Chapter 4 reports the results
of apre-clinical study of a more recent photosensitizer, the Lutetium Texaphyrin (Lu-Tex), inan
animal model. The pharmacokinetics and the tumor vs. healthy tissue localization properties of
this fluorophore are examined. In fact, the poor selectivity of most fluorophores for early
cancerous |lesions make them of little help to localize and delineate the pathological cells. In our
animal model, the Lu-Tex displays a reproducible selectivity for early cancers. Chapter 5 deals
with experiments carried out on the same animal model as in Chapter 4 with further exogenous
fluorophores. Due to some of their physical chemical properties, it is hoped that some of these
substances could be interesting photodetection candidates. In particular, EtINBS, 2I-EtNBS and

Sytox® Green have been investigated in more details and show promising results.

Part 11 (Chapter 5 and 6) of this work deals with exogenously-induced fluorophores.
Whereas exogenous fluorophores were foreign substances injected to the human body,
exogenously-induced fluorophores are fluorophores that are synthesized within the body
following the application of an exogenous substance. In this work, we have studied the action of
5-aminolaevulinic acid (ALA) and some of its ester-derivatives. When in contact with these
substances, living cells start to produce a fluorophore, the protoporphyrin 1X (PPIX). Moreover,
it seems that cells with a higher metabolic activity produce more of it than cells with a lower
metabolic activity. It appears that this is the case with early cancer cells. In Chapter 6, we
present the results of a preclinical study with cellsin culture. A series of ester derivatives has
been tested and our results show that long-chained esters can induce more PPIX than ALA itself.
Thisis probably due to the poor penetration of ALA through the biological membrane because of
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itselectrical charge, adifficulty that is reduced with less polar esters. This study isto be linked to
another preclinical study carried out in Lausanne on the same substances and their interaction with
ex vivo mucosae. Chapter 7 describes the subsequent step of our investigations on this series of
substances, namely the clinical application of these results. The ALA-hexylester (hALA) has been
tested in the urology clinic of the CHUV Hospital to detect early cancers of the urinary bladder. A
topical application of hALA leads to the production of PPIX in cancer cells and lessin healthy
cells, hence yielding a contrast that allows the clinician to better delineate and notice the lesions.
Thisis, in fact, used asaroutine clinical procedure with ALA but, for the aforementioned reasons
of the polarity of ALA, it requires solutions of high concentration and long instillation times. Our
results with hALA suggest that the concentration of the solution could be diminished by a factor
of close to 50 and the ingtillation time by afactor 3 for this application.

The endogenous fluorophores are the central subject of Part 111 (Chapter 8 and 9) of
this work. As stated by their name, these fluorophores are not foreign substances, but rather
naturally occurring fluorophores. They encompass several categories of fluorescing substances
within biological tissue and they are described in detail in Chapter 8, where we aso report a
study on the fluorescence of these endogenous fluorophores (thereafter autofluorescence) in the
tracheo-bronchial tree. We carried out this study to optimize the spectroscopic design of an
autofluorescence imaging photodetection system for the tracheo-bronchial tree. In fact, the
currently available autofluorescence photodetection devices lack a wide optimization study and
this could be detrimental to their efficiency. To improve their performance, we studied arange of
fluorescence excitation wavelengths. We analyzed the resulting autofluorescence spectra and
propose a way to discriminate healthy from pre-/early cancerous tissue. This is of crucia
importance for the development of future autofluorescence imaging devices. Moreover, the use of
acalibrated lamp allowed us to express some of our spectrain physical units rather than in the
usual ‘arbitrary units. Thiswork is also presented in this chapter. In Chapter 9, we discuss the
result of a collaboration with the firm Richard Wolf GmbH (Germany). A novel photodetection
device has been developed that takes into account the spectroscopic measurements presented in
chapter 8 and also presents several advantages over the previous generation of similar systems
(one of them having been developed in Lausanne). Its performances are evaluated in terms of
detection of early cancerous lesions in the tracheobronchial tree. The first clinical results of this
system are presented in this section.

As stated above, the common thread of al these studies is the use of spectrofluorometry. An
optical fiber-based spectrofluorometer has been developed in our group to allow usto perform all
the endoscopical measurements. It has consequently been the central tool in the course of this
work. Its versatility alowed us to probe the same sample with several excitation wavelengths in
real-time, its sensitivity allowed us to detect very faint signals (such as the autofluorescence of
biological tissue) and the fact that it was fabricated in-house alowed us to adapt it and modify it
when necessary to each of our experiments. The exact design and set-up are presented in each
chapter and will therefore not be described here.



Chapter 1
Some facts about cancer
and Its management

1.1 Facts about cancer

he term 'cancer' is a generic denomination (equivalent to malignant tumor) for the diseases

associated with the uncontrolled proliferation of cells and the production of other cancerous

foci at distant sites of the body. These secondary tumors are called metastases. Benign
tumors, also associated with the uncontrolled proliferation of cells, do not metastasize. Astime
elapses, these metastases become more and more invasive, eventually disrupting the organs
which ensure the survival of the whole organism [1,2]. The metastases may cause the same
symptoms as the primary tumor and further damage the host.

In the western world, cancer is the second cause of mortality after cardiovascular diseases. It is
projected that about 25% of males and 20% of females born in 1985 in the United States will
eventually die of cancer. Due to demographic patterns, these figures are unlikely to go down
since a major proportion of the population lives to an age when the risk of developing cancer
becomes high [2].

The causes of cancer are numerous. Whileit isimpossible to point out the origin of every tumor,
two thirds of al cancer deaths in the industrialized world can be attributed to two causes: tobacco
consumption and diet. In particular, tobacco smoke accounts for 30 percent of cancer deaths,



16  Chapter 1: Some facts about cancer and its management

making it the major known carcinogen. Among others, it isrelated to cancer of the lung (the most
frequent cancer in the western world [3]), upper respiratory tract, esophagus and bladder [4,5].
Other causes include solar irradiation (UV rays), ionizing radiation (from radon, for example),
chemicals (asbestos, benz[a]pyrene, aflatoxin) and some viruses [6].

The development of cancer is usually along-term process. Many factors may act together to set
off the initial cellular malfunction (initiation) and stimulate the growth of initiated cells
(promotion). One or two decades may elapse before the initiated cells grow into clinically
detectable tumors[2]. During this time interval, the cells undergo several modifications. Since the
majority of cancers stems from the cells lining the body cavities (epithelia), we will limit our
description here to the changes occurring in epithelial cells along the cancerization process. The
cancers arising from this type of cell are called carcinoma. Metaplasia is the first modification
undergone by the cell. It is characterized by a change in which one adult cell typeis replaced by
another, less-differentiated adult cell type [7]. This change is a defense mechanism for the cells
and it can happen following any type of injury including nutritional ones, like the deficiency in
certain vitamins. Assuming that the injurious agent or the adverse environment is removed and
that the cells have not been initiated by a carcinogen, these lesions are at least potentially
reversible [7]. However, in case it is not removed and it is a carcinogen, the epithelia are then
further modified and are eventually characterized by an increasing degree of cellular and/or
nuclear atypia. Thisis called dysplasia (mild, moderate and severe) and this step is no longer
reversible [7]. The following step is the carcinoma in situ (CIS). At this stage, the whole
epithelial layer isreplaced by atypical cdlls. It is not known which fraction of CIS evolve towards
invasive lesions, but it is believed that all invasive lesions have evolved from an earlier CIS.

The outcome of most cancersis poor in terms of survival. The reason isthat the tumors are often
detected only after symptoms appear [8], which means in alate stage. By that time, many tumors
have already grown large and/or invasive and their management may be difficult. On the other
hand, small early tumors are less likely to have metastasized and are hence easier to treat.
However, these early cancerous lesions are asymptomatic for the patients who do not notice any
alarming symptom. Their small size also makes them difficult for the clinician to localize. This
fact is the main reason for the research carried out in the field that we are dealing with in this
work: fluorescence photodetection of early cancers. It should be noted that, for asymptomatic
people, large-scale screening procedures such as chest x-rays, routine proctoscopies or
widespread mammaographies are better undertaken for specific high-risk patients rather than on a
wide basis for the whole population [6]. For the sake of public health costs and on a pure cost-
benefit analysis, the latter are better advised to perform simple inexpensive measures such as self-
examination of the breast, routine cytology or stool examination for blood traces[6].

1.2 Cancer detection

As stated above, a main feature of cancersisthat an earlier detection is likely to yield a better
outcome. The very first suspicion of a malignant disease relies on subtle clues (such as fatigue,
weakness, weight loss, headache, pain, and so on) or the awareness of risk factors from the
patient's history (family medical history, occupational exposure, personal habits) [6]. Most
detection methods then involve either radiological examination or, in the case of hollow organs,
an endoscopy and the histopathological analysis of cells. Endoscopy is of particular significance
since most cancers (about 90% [9]) arise from the epithelia (maybe due to the fact that epithelial
cells are the most exposed to the various carcinogens). Often, a combination of these methodsis
useful and it increases both the sensitivity (the percentage of positive tests in abnormal tissues)
and the specificity (the percentage of negative testsin normal tissues) of the detection.

Two-dimensional x-ray imaging has benefited from the developments of computational power
over the past three decades. Nowadays, x-ray computerized tomographic scanners (CT) are
widely used to produce 3D images of the inside of the body by measuring the x-ray absorption
coefficient of all the volume elements (voxels) that make up the anatomical structure [10].
Contrast agents can aso be used to enhance a normally weak contrast to make, for example,
blood vessels or lymph nodes stand out. As a matter of fact, in oncology, an iodinated contrast
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enhancement agent (generally a derivative of iodinated benzoic acid) is of much help [10].
Methods like magnetic resonance imaging (MRI) produce a soft tissue contrast between healthy
and pathologic tissue, sometimes also through a contrast enhancement agent - in this case a
paramagnetic substance [10]. Positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) can produce 3D images of physiological functions such as blood
flow, oxygen consumption or glucose metabolism [11]. Ultrasonography, being cheap, non-
invasive and repeatable, is an interesting method for a start, but it may overlook small lesions and
its reliability is very operator-dependent [10]. However, all these methods still suffer from a
limited spatial resolution. Thisis their main drawback and it suggests that the development of
different detection approaches to find smaller hence earlier lesions. They may, however, help
localize lesions for further sampling techniques like fine needle biopsy.

If a tumor is suspected in a hollow organ, for example through a cytological analysis, an
endoscopy can be performed to detect it. This examination will often also allow the physician to
clearly delineate the lesion and to learn more about the type of lesion involved. The limitation of
the endoscopy, though, is that the tumor has to be visible under white-light examination to be
actually localized. Indeed, it is unfortunate that many early cancers closely resemble their healthy
surrounding areas, thus making their detection at an early stage a difficult task. However, when a
tumor is suspected under endoscopic examination, a biopsy is taken and a histopathological
analysis of the cellsis performed. Thiswill confirm or exclude the findings and produce valuable
information about the exact type and staging of the lesion. It should be noted, though, that the
endoscopy is unable to clearly delineate invisible lesions. Some other methods like cytology or
tumor marker (p53, telomerase, etc.) have proven fairly sensitive and specific but they do not
produce any information about the exact localization of the diseased area.

A modality of cancer detection that will be investigated in more detail in this work is the
fluorescence photodetection of pre-/early cancerous lesions. Because light needs to be brought to
the site to be inspected, this method is limited to the hollow organs, to the skin or to the interstitial
treatment of lesions close to the skin's surface. It has been thoroughly studied and is likely to
undergo more devel opments in the near future. Fluorescence photodetection uses excitation light
to excite a fluorophore and detect alterations in the tissue. It is well-tolerated and simple, when
compared to methods like the MRI or the CT. Moreover, it seems promising as a method to detect
pre-/early cancerous lesions. Despite its relative novelty, this feature could provide photodetection
with wide acceptance as a way to find cancerous lesions at an earlier stage and consequently
improve the current poor prognosis associated with the large, invasive lesions.

An ideal method of cancer detection should be quick, cheap and reliable. In such a case, one
could imagine screening the entire population for certain cancers. This goal iswithin reach in the
case of the pap-smear for cervical cancer or cytology for urinary bladder cancers. However, it is
hard to imagine that such a screening would be easy for bronchial cancer. Sputum cytology is
efficient but it does not provide any information about the localization of the lesion. Moreover,
any further investigation requires a bronchoscopy, a difficult and time-consuming examination
that does not even allow the operator to examine the entire organ (unlike a cystoscopy in the
spherical bladder). Considering that, it is not surprising that the systematic screening of the whole
population for bronchial cancer is considered overly demanding on the public health system. It
should also be noted that it is relevant in avery small fraction of the population only, namely the
people who either already have a bronchial lesion or are very likely to have one due to their
personal habits of tobacco consumption. In the particular case of bronchial cancer, a sensible
choice of patients to be screened thus seems the best way to keep the cost/benefit of the detection
of lesions within reasonable limits.

1.3 Cancer treatment

Of al the modalities of treating cancers, surgery is probably the oldest and the commonest [4].
Despite its limitations (traumatic experience of a major operation, need to remove large parts of
healthy tissue to ensure a complete removal of the tumor, not applicable to tumors that have
metastasized throughout the body), it is still the most widely used [12]. Recent developmentsin
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imaging technology and in the computational power available to physicians allowed the
improvement in real-time image-guided surgery as a method of treating cancer [13]. It should be
remembered that it is the sole initial treatment for over 50% of all patients with a localized
malignant disease, for 40% of the patients with a regional malignant disease and less than 10% of
patients when there is a distant spread [6].

Radiation therapy relies on the emission of powerful ionizing radiation (gammarays or x-rays) by
a radioactive source or of particle streams (protons, neutrons, electrons, argon or neon ions)
generated by particle accelerators [14]. This radiation destroys the cells directly (genetic damage)
or indirectly (induction of apoptosis). Since the healthy cells recover from the radiation exposure
more easily than the cancer cells, the functionality of the organ is usually retained [12]. However,
like surgery, radiotherapy is inefficient against tumors that have metastasized widely throughout
the body. Sometimes, it also fails to completely eradicate the tumor cells [12]. Attempts are
reported to identify drugs to enhance the radiation effects (radiosensitizers) or selectively protect
normal tissues (radioprotectors) but are still in an experimenta stage [14].

Chemotherapy is the name given to the systemic administration of anticancer drugs. Although this
method successfully treats some forms of cancer (leukemias, lymphomas and testicular cancers),
it failsto cure the most common cancers alone. Thisis the reason why it is sometimes used as a
complement to either surgery or radiotherapy. The drugs also damage the rapidly growing cells of
the body (bone marrow, hair cells) thus sometimes damaging important body functions [12].
Moreover, some tumors develop a resistance to the anticancer drugs during the course of
treatment. Some forms of breast and prostate cancers are sensitive to the administration of
hormones [4,12]. This sensitivity can be exploited although it is effective on those cancers only.

Most of the treatment modalities mentioned above are well adapted to managing large invasive
tumors. However, the current trend of moving towards improved earlier detection has urged the
clinicians to find less invasive treatments for less invasive lesions. Over the past decades,
photodynamic therapy (PDT, Chapter 2) has proven a valuable alternative to manage them. This
method relies on the combination of light, a non-toxic drug, the photosensitizer (PS), and
oxygen. When the drug is activated by the light, it becomes highly toxic (hence its description as
phototoxic). Aslong as the irradiation takes place at the very location of the lesion or aslong as
the drug has been accumulated selectively in the lesion (or both), the destruction of the lesion can
be selective enough to completely retain the functionality of the target organ. Thisis even true if
the PS has not been accumulated selectively in the lesion. The use of this method is limited to the
early lesions of the hollow organs and/or the skin, since it requires the diffusion of visiblelight to
the target organ and this can only be done through an endoscope, externally for skin cancers or
interstitially in some cases. Some experience has been gained in our group about photodynamic
therapy for cancers of the upper aero-digestive tract, the esophagus and the bronchi [15] and the
bladder [16]. By now, PDT is accepted as a valuable therapeutic choice for suitable cancers as
well as for some non-cancerous diseases [17].
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Chapter 2
Fluorescence
photodetection and
photodynamic therapy:
basic concepts

2.1 Fluorescence photodetection

luorescence photodetection of cancers is the method of cancer detection based on light-
Fi nduced fluorescence (LIF) to characterize tissues. The use of LIF to characterize cancers

has been reported since the first half of this century and has undergone many developments
recently thanks to the progress made in optical fibers and instrumentation [1]. The core of the
method is the ability of light to induce fluorescence and to generate a contrast, be it that of an
exogenous or exogenously-induced fluorophore or that of the naturally-occurring fluorophores
(native tissue fluorescence or autofluorescence). In this work, we will not consider the non-
oncological applications of LIF. Additionally, we will only discuss the cancerous lesions arising
in the hollow organs, thus leaving detection and treatment of cancers of the skin, the liver, the
pancresas, etc. and affections of the eye aside.

The reliable detection of cancersin their early stagesis positively correlated with the prospects of
cure. However, in order to efficiently detect early cancerous lesionsin hollow organs (by means
of an endoscopy), the clinician needs to visualize a contrast between the lesion itself and the
surrounding healthy tissues. Asthe lesions often do not stand out under white-light examination,
an additional method that would produce a better contrast is desirable. In the case of fluorescence
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photodetection, it implies either a selective accumulation of an exogenously-applied fluorophore
or a detectable change in the tissue autofluorescence. It is to be noted that many invasive
cancerous lesions are preceded by premalignant changes such as dysplasias and carcinomain situ
(CIS) and that an efficient method to detect early cancers would also need to be sensitive to and
specific for such changes. Indeed, the method would be of tremendous help to the clinician if it
were to delineate and detect pre- or early malignant tumors that are difficult to spot with the
unaided eye while not generating any contrast on normal epithelia.

Many exogenous fluorophores (most of them being primarily tested as PDT photosensitizers[1])
have been tested in clinical (HPD [2-5], mTHPC [6,7], Lu-Tex [8,9], BPDMA [10]) or pre-
clinical (EtNBA, EtNBS and 2I-EtNBS [11-14] and Sytox® Green) contexts in Lausanne.
Unfortunately, although it has been reported that some of these fluorophores may induce a
contrast between invasive tumors and the surrounding healthy tissue (HPD, mTHPC, in patients;
Lu-Tex and EtNBS in tumors implanted in anima models), none of them displayed a very useful
contrast for the detection of early-stage lesions. Moreover, substances like HPD induce a notable
skin photosensivity that can last for up to a couple of months. This is the major drawback of
exogenous photosensitizers when they are used as photodetection agents. For this reason, such
substances are hardly injected to patients for the sole purpose of detection anymore.

In the search for a useful contrast between early lesions and the healthy mucosa, the method of
exogenous induction of an endogenous fluorophore is more promising. This method relies on the
exogenous supply of a substance that is not a fluorophore itself but a pro-fluorophore. The pro-
fluorophore will be included in the biosynthetic pathways of the cells and turned into a
fluorescent molecule (the actual fluorophore) on the spot, in the target organ. By far the most
widely used pro-fluorophore is the 5-aminolaevulinic acid (ALA) which is an intermediate
product in the biosynthetic pathway of heme (see introduction of Chapter 6). The relative rates of
the biochemical processesinvolved in this biosynthesis lead to the temporary accumulation of an
intermediary product, the highly fluorescent Protoporphyrin IX (PPIX). This method has shown
that it provides a good contrast between early lesions and the surrounding healthy mucosa
because even early cancer cells have a different metabolic turnover than healthy cells. Moreover,
it isreported that some enzymes have a different activity in early cancer cellsthan in normal cells,
thus inducing a different rate of the processes involved in the heme biosynthetic pathway. These
cells therefore accumul ate more fluorescent PPIX than healthy cells, making them easy to spot as
bright red fluorescent patches against a non-fluorescent background. This method has been
successfully used for the detection of tumor cells in the urinary bladder [15-17] or the skin
[18,19]. Some work has also been done in the bronchi [20]. Recently, the ALA-PPIX
fluorescence photodetection of early cancers in the urinary bladder has won worldwide
acceptance as aroutine clinical practice.

The main drawback of the ALA-mediated fluorescence photodetection is the limited extent to
which ALA can enter the target cells. This disadvantage can be linked to the physical chemical
properties of the molecule as ALA is a zwitterion under physiological conditions. The lipid
bilayer of biologica membranesis relatively impermeable to charged molecules, hence the cellular
uptake of ALA is small. Consequently, in order to increase the transport of ALA across the
cellular membranes, high drug doses and long administration times are necessary. These
drawbacks are unwanted for several reasons: firstly, ALA is an expensive drug. Secondly, in
urology for example, long intravesical instillation times require the costly hospitalization of
patients and finally, they are a source of discomfort to the patients. A possible way to overcome
these difficultiesis to use more lipophilic ALA derivatives, provided they have the same PPIX
generation properties. The transformation of ALA into a series of its ester derivatives has been
conducted in our group. These new substances have been tested in vitro on cellsin culture. This
work is presented in Chapter 6. The ALA esters have also been involved in an ex vivo study in
Lausanne [21]. Based on these preclinical works, aclinical pilot study has been undertaken. It is
presented in Chapter 7. The results of this study indicate that the use of ALA-hexylester (hALA)
could be associated with a significant decrease in the cost of this technique with respect to ALA
and an increase in the comfort of the patient, thanks to shorter instillation times and lower drug
concentration.
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Methods relying on tissue autofluorescence to detect early cancerous lesions have been widely
studied. In principle, they provide information about the biochemical state of the tissue, as most
endogenous fluorophores are metabolism-related [22,23]. Generally, a decrease in
autofluorescence is observed in pre-/early cancerous lesions along with modifications of the
spectral shape of the autofluorescence emission spectrum. The results of these studies have been
implemented in several commercial and laboratory imaging devices [5, 24-26]. Despite their
varying approaches in the treatment of the light detected, all of them take advantage of a
difference in the emitted steady-state fluorescence by healthy and cancerous tissues to produce a
contrast. The point spectroscopic [1,23] or autofluorescence imaging [1,27] studies about agiven
organ are numerous (larynx [28], bronchi [29-33], UADT [34-36], colon [37-39], skin [40], oral
cavity [41,42], breast [43], esophagus [44,45], bladder [46], cervix [47,48]) and report
interesting selectivities and specificities for the point spectroscopic approaches. The
implementation of the findings of these point spectroscopic approaches into imaging systems
allows the investigation of large areas of the tissue at once instead of probing several discrete
locations. Unfortunately, the imaging systems do not enjoy the unequivocal acceptance they are
aiming at [30,33,49,50]. This might be due to the fact that the process of imaging the
autofluorescence of awhole zone of an organ through an endoscope is much more difficult than
point-recording an autofluorescence spectrum with an optical fiber (edge effects, faintness of the
detected signals, geometry of the organ, etc.). This might also be due to the lack of optimization
of most commercia devices. Two principles seem to emerge in the conception of these devices,
namely the pure autofluorescence (Xillix, Pentax) that relies on the fluorescence emitted by the
tissue only and the 'autofluorescence + retrodiffusion’ (Storz) that uses both the fluorescence
emitted by the tissue and some of the excitation light that is backscattered by the tissue. However,
in both cases, the devices rely on sub-optimal evidence and there is room for improvement. We
carried out a study of the autofluorescence of bronchial tissuesin vivo. This study was intended
to optimize the spectral features of a future autofluorescence imaging photodetection device and
its results are presented in Chapter 8. In the frame of a collaboration with the company Wolf
Endoskope GmbH (Knittlingen, Germany), we implemented these results into the development
of a novel photodetection device. It is briefly described in Chapter 9, along with early clinical
results.

It has been proposed that time-resolved autofluorescence could produce more information about
the mechanisms underlying the modifications of the autofluorescence spectra along the
cancerization process. These results have been presented in some recent systems for time-
resolved autofluorescence point-measurements [51] and imaging applications [52] to detect pre-
or early cancerous lesions.

2.2 Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is amethod of treatment of cancer (as well as some non-cancerous
diseases) based on the interaction of a photosensitizer (PS), light and molecular oxygen. None of
them are, by themselves, toxic and only their interaction leads to cellular/tissular damage. Two
mechanisms have been proposed [53] for the phototoxic effects: in both cases, a photon excites
the PS from its singlet ground state to an electronically-excited singlet state and then, via an inter-
system crossing, the PS is sometimes transformed into an excited triplet state. This triplet state
can undergo two types of reactions: it can react either directly with the surrounding molecules to
form radical or radical ions which will eventually form cytotoxic species after subsequent
interaction with oxygen (Type | reaction) or it can react with molecular (triplet) oxygen and
generate singlet oxygen, a highly cytotoxic molecule (Type Il reaction) [54]. In both cases, all
three elements, namely aPS, light and oxygen are necessary for successful PDT [53].

Theidea PS hasthe following characteristics: it is selectively accumulated by tumor tissues (very
seldomly achieved by current PSs [53]); it is a pure compound to avoid the complex
pharmacokinetics and localization properties of PSs made up of mixtures of different compounds,
it israpidly excreted from the body (hence it avoids the lasting skin photosensitization which is
the main secondary effect of HPD/Photofrin®-PDT). Theideal PS should also be non-toxic and
water-soluble to facilitate its administration to the patient. It should absorb light in the 600+ nm
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region of the spectrum because photons of a longer wavelength will penetrate better in the
biological tissue, and finally it should have a good singlet oxygen generation quantum yield to
shorten the irradiation times.

There are numerous PSs on the market and many are used in a clinical context. The most
commonly used [55,56] and best-known PS used for the PDT of tumors is probably the

Hematoporphyrin Derivative (HPD) and its purified form Photofrin® which is the only PSto
have been granted FDA approval aswell as approval in other countries (France, the Netherlands,
Canada, Japan, etc.) for clinical use. It has, however, some major drawbacks: it is a mixture of
compounds, its absorption coefficient in the red part of the spectrum is small, itsinjection into
patients invariably results in an extended skin photosensitivity (lasting for up to two months) that
can be not only uncomfortable but also potentialy life-threatening and it displays no selectivity
for early cancerous lesions. All these drawbacks emphasi ze the need for the development of new
PSs.

Among the so-called second-generation PSs currently under clinical evaluation, 5,10,15,20-

tetra(m-hydroxyphenyl) chlorin (mTHPC, Foscan®) has been extensively studied in clinical
practice in our group for the photodynamic treatment of early cancers of the bronchi and the
esophagus. One part of this work focuses on the clinical use of this PS. Its advantages are clear
compared to Photofrin®, namely its purity, its strong absorption properties at 652 nm, its strong
phototoxicity and limited skin photosensitization [57]. Its therapeutic efficiency has been
demonstrated in numerous publications although its selectivity for early tumors has not been
clearly established.

Further second-generation PSs include the Benzoporphyrin Derivative Monoacid Ring A
(BPDMA), under current clinical assessment for the photodynamic treatment of Barrett's
esophagus, an ailment resulting from the contact of stomachal acid with the esophagus
epithelium, eventually resulting in general metaplasia of the esophagus surface and an increased
risk of developing cancerous foci. The BPDMA is also under clinical assessment for the
photodynamic treatment of age-related macular degeneracy (AMD), a non-cancerous condition
affecting some 28% of the population above 75 years in the USA and leading to severe and
rapidly progressing vision loss and eventually to blindness. This condition is thought to be due to
a progressive accumulation of photoreceptors waste products between the retinal pigmented
epithelium (RPE) and the choroid. The growth of novel blood vessels, termed
'neovascularization’, from the choroidal layer towards the RPE causes damage to the
photoreceptors and consequent vision loss. In this case, PDT could be an effective trestment as
the effect of the PS in such atreatment is to close the neovascularisation. Clinical trialsin phases
[, I1 and I11 have been completed for the BPDMA mediated PDT of AMD. BPDMA is also under
investigation for the treatment of skin cancer and, at a preclinical stage, for the treatment of
rheumatoid arthritisin animal models.

Lutetium Texaphyrin (Lu-Tex) has severa very interesting features. It also seemsto display some
selectivity for the neovascularization, and has been involved in large-scale phase | and 11 clinical
studies in Lausanne as a treatment for AMD. It has undergone trials in patients with
atherosclerosis [58] and in anima models bearing transplanted tumors (human mammary sarcoma
in mice [8], human colon carcinoma in mice [9], SMT-F tumors in mice [59,60]) with good
selectivity properties. This might be due to the fact that tumors also have the ability to induce the
growth of neo-vessels when they grow past a certain stage. In the frame of this work, we only
studied Lu-Tex at apreclinica stage for early cancer detection in an anima model.

New PSs with interesting properties are being regularly reported on in the literature for different
types of tumorsin an anima model or in the first phases of clinical trias. All these PSs bear some
advantages compared to HPD or mTHPC, be it their solubility in water, their quick excretion
after an injection or their selectivity itsalf.

There are also reports about PPIX-mediated PDTs. The same properties that made it an
interesting photodetection molecule make it an interesting PS. Its generation (topical application
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of a precursor), its selectivity for malignant lesions and its rapid elimination from the site have
several advantages over other PSs (no skin photosensitization, no stress on the immune system
of the patient, no systemic effects). In this work, though, we only used it as a photodetection
molecule.

As a treatment modality for early cancers, PDT has several advantages over methods like
chemotherapy, radiotherapy or surgery. First of al, it islessinvasive: the treatments require one
injection of PS only and the light is brought to the target organ via an endoscope through the
natural openings of the body. This minimal invasiveness is beneficial to the patient as it only
requires short anesthesia, it keeps the healing process to the location of treatment only (no
external scar) and it does not bring about severe side-effects like nausea or hair loss associated
with other methods of treatment. It is also beneficial to the health system in genera asit requiresa
short stay in hospital - sometimes only one day. Secondly, PDT isdesigned to locally treat early
lesions with as little as possible damage to the surrounding or deeper layers of tissue. This
feature, together with the healing faculties of the tissues, alowsiit to retain total functionality of
the target organ, a characteristic of much importance to the patient who would otherwise undergo
an esophagectomy or a cystectomy, for example. In principle, the PDT could benefit from a
double selectivity - that of the PS and that of the excitation light. Still, the method is efficient with
one selectivity only (usually that of the applied light). The third advantage of PDT is its
repeatability. Whereas some methods involving systemic application of exogenous substances
can induce resistance phenomena, the PDT can be repeated as many times as necessary without
any kind of diminishing efficiency. These features may well explain the low mortality associated
with careful PDT and its outstanding results in terms of cosmetics and quality of life of patients
after trestment.

The major drawbacks of PDT are, in the first place, the skin photosensitization associated with
certain PSs. Whereas the first generation PSs could induce a sensitivity that could last for up to
two months, mTHPC, for example, requires patients to stay in the shade for a couple of weeks
only [60]. Thisisasignificant improvement but it is aso questionable as an ethical problem as
some of these patients may undergo PDT for palliative and not for curative reasons. It istherefore
necessary to ask whether the deal is fair. Moreover, whereas some side-effects of the other
methods may be more uncomfortable than dangerous (hair loss), skin photosensitization is
potentially life-threatening depending on the surface of skin that has been exposed, the length of
the exposure and the general condition of the patient. Another drawback of PDT isits limited
range of application asfar as the size of tumors goes. Since it isdifficult for visible light to reach
layers of tissue deeper than typically 2 cm, this sets the maximal depth of the manageable tumors.
This unavoidably limits the range of application of PDT to early localized lesions on the surface
of the target organ. Although it isin phase with the current trends in detection methods, it also
means that some tumors may be beyond the capabilities of PDT. As well, with the notable
exception of interstitial PDT (in which case, the advantage of low invasivenessis lost), PDT is
inefficient against tumors that are not reachabl e through an endoscope or at least an optical fiber.

In summary, PDT has imposed itself as a valuable alternative in the hands of the clinicians over
the past two decades for the treatment of early cancers. Like other methods, it has advantages and
limitations, it can manage certain types of tumors and not other ones. Still, it has the potential to
improve the curative and the palliative treatments of some cancers, along with a demonstrated
ability to reduce the cost of such treatments with respect to other methods. The careful use of this
method for the management of selected patients suffering from relevant lesions will certainly
make it amore frequently used treatment in the future.
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Thefirst part of this thesis reports the uses of fluorescence spectroscopy for the investigations of
exogenous fluorophoresin vivo (for a definition of exogenous fluorophores, see p. 13).

We separated thisfirst part in three chapters: the first chapter deals with the clinical applications of
MTHPC, a second generation PS. In Lausanne, it is now mainly used for the photodynamic
therapy of early cancers of the bronchi, the esophagus or the UADT [1,2]. Although now
accepted in routine practice in Lausanne, the mTHPC mediated PDTs require some care in order
to be successful and we present the limitations as well as a possible improvement for this
modality of treatment. A brief summary of some of the work done by other groups with this PS
precedes the description of the clinical applications of mMTHPC in Lausanne.

The second chapter presents pre-clinical results obtained on an animal model with another
second-generation PS, the Lutetium Texaphyrin (Lu-Tex). Although we used it as a
photodetection substance on early cancerous lesions in this model, it should be noted that it has
also been used in Lausanne as a photodynamic therapy molecule for the treatment of AMD, a
non-cancerous ocular affection. The selectivity and skin photosensitization properties of Lu-Tex
are the core of the study presented here.

The third chapter of thisfirst part reports on moretrials we carried out on the same animal model
with the Sytox® Green. Most fluorophores used nowadays (Photofrin®, mTHPC or Lu-Tex) are
localizein early lesions at adifferent extent than in normal tissue. The Sytox® Greenissenditive

to its physical chemical environment and changes its spectroscopical or fluorescence properties
according to itslocalization.

Some additional fluorophores have been tested in the hamster animal model. This work is
described in the Appendix A2.
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Getting ready for a PDT in the esophagus
(Medlight SA, CH-1024 Ecublens)

Chapter 3
MTHPC In the
clinical context

his chapter deals with the clinical uses of the PS 5,10,15,20-tetra(m-hydroxyphenyl)chlorin

(systematic name, also abbreviated as mTHPC) or Foscan® (commercial name). The first

section briefly summarizes the physical chemical properties of this substance. The structure
of the mTHPC, its excitation and emission spectra are presented. In the following section (3.2),
we give a summary of the clinical work reported by other groups with the mTHPC as well as
their observations and difficulties encountered when dealing with this molecule. Section 3.3
surveys the pre- and early clinical work carried out in Lausanne on mTHPC. Animal studies and
clinical optimization studies have been conducted, thus generating wide experience in the use of
this PS. Particular attention is paid to the inherent characteristics of the mTHPC mediated PDTs
and to the behavior of this PS when injected into the human body. Finally, in section 3.4, we
include the results of a study that we carried out to ease the necessary measurements implied by
the mTHPC mediated PDTSs.

3.1 The photosensitizer

The photosensitizer (PS) 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (Foscan®, mTHPC) is one
of the so-called second generation PSs. It is an amphiphilic molecule that hardly dissolvesin
water. As a matter of fact, for i.v. injection, it has to be dissolved in a mixture of water,
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polyethylene glycol 400 and ethanol (5:3:2 vol/vol/vol). Its chemical structure is given in Fig.
3.1.

mTHPC is a pure compound (= 98%) and has an

absorption coefficient of 38'000 M-1cm-1 at 652
nm, which is about one order of magnitude
greater than that of HPD [3]. mTHPC is also
more phototoxic than HPD and it has a
fluorescence quantum yield of about 20% in
tissue [4]. These features make it a very potent
PS. Its excitation spectrum is given in Fig. 3.2a
(detection wavelength: 690 nm) and emission
spectrum in lung tissue is given in Fig. 3.2b
OH (excitation wavelength: 420 nm). As a PS for
PDT, mTHPC displays clear advantages over
Photofrin®. It has therefore been tested in both
preclinical and clinical studies.

OH

HO
Figure 3.1: mTHPC.

3.2 Clinical work with mTHPC by other groups

Following preclinical studies on nude mice bearing mesothelioma xenografts [5,6], Ris et a
presented afirst clinical study about the PDT of chest malignancies with mTHPC [7]. In this
study, the authors describe how they applied mTHPC PDT to the tumor bed of malignant
mesotheliomas after the surgical resection of the tumor. They injected 0.3 mg/kg of mTHPC i.v.
and, after a drug-light interval of 48 hours or 72 hours, applied laser light at 650 nm for the
phototherapy. The authors report a tumor vessel necrosis and thrombosis as the cause for the
tumor necrosis. They also report first-order kinetics of the mTHPC in the organism (half-life of
about 12 hours) and a selectivity of the PS for the tumor of up to 6:1 (tumor vs bronchi) at 48
hours. Their measurements of the PS tissue level was done by HPLC. In the case of
mesothelioma,

PDT seems to be

an  attractive

1000 T T T T T T T modality of

treatment. Indeed,

— surgery is the only
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- produces some

@ results [7] and the
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Figure 3.2a: Excitation spectrum of tmTHPC in the injection solution (c=  effect of the

1.87 uM, in accordance with the protocol described in section 3.4, mTHPC, an

Materials and Methods). The detection wavelength is 690 nm. observation that
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Figure 3.2b: Autofluorescence of the bronchial tissue and fluorescence emission
spectrum of mTHPC 96 hours after an i.v. injection (measured in vivo in
accordance with the protocol described in section 3.4, Materials and Methods).
The excitation wavelength is 420 nm.

has also been reported by other authors [3]. However, because of the aggressiveness of
mesothelioma, all patients involved in their study eventually died from the disease during the
follow-up. No recurrence was observed on the sites of combined treatments. The authors
conclude that the intraoperative PDT is feasible, although associated with additional morbidity if
large areas are treated.

The mTHPC has been used to treat oral cancers by Fan et al [8]. This modality of managing oral
cancer has been successful, with most of the localized single early lesions cleared after a non-
thermal irradiation at 652 nm 72 to 96 hours after the i.v. administration of the PS. The authors
also report treatments of patients with field cancerization but with less success. In the stomach,
Ell et a [9] report promising results. They evaluated the mTHPC-mediated PDT as an aternative
to radical surgical treatment for early cancers on 22 patients. Again, they used red light at 652 nm
to irradiate the spots to be treated and they administered the PSii.v. at a dose of 0.075 mg/kg.
They also used adrug-light interval of 96 hours. The authors report that the PDT was successful
in 73% of the patients for afollow up period of 12 months. They a so report skin photosensitivity
and some local pain asthe major side effects.

In astudy about several types of tumors in patients (prostate, larynx, nasopharynx and bronchi),
Ronn et al [10] detect a peak of mMTHPC plasma level within the first 24 hours after thei.v.
injection. Their main finding is that this peak does not occur immediately after the injection. The
authors do not recover any mTHPC nor any of its metabolites in the urine of patients (in
agreement with Ris et a). They aso postulate that the interaction of mTHPC with the metabolism
of patients is not a simple function of weight or body surface and caution that subsequent
decisions about PDT dosing parameters should not be made without further study of some
metabolic functions. In a later study by the same group [11], the authors injected a dose of
mTHPC in the range of 0.0375 mg/kg to 0.15 mg/kg into animal models and 16 patients six days
before PDT. When comparing the plasma levels of PS between the different species, they found
that the plasma levelsin humans were not only markedly higher than in animal models, but also
that within one species, the interindividual plasmalevels of mTHPC varied by up to threefold for
agiven injected dose. An interesting conclusion of their work is therefore that no matter whether
animal or human, there is a significant variability from one individual to another after the
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. . . injection. M , the auth
Location InsituSCC  Micro-invasve  Totd ;ﬂggggtn tha?res%vrﬁre ti r(,ad?\l,Ji dgg
sScC tailoring of the light dose be
applied, based on the patient's
UADT 34 22 5/6 | plasmalevel of PS to compensate

Esophagus 9/10 12/18 21/28 | foritsvariability.

Bronchi 11/12 2/4 13/16 | The use of mTHPC as a PS for
PDT has also been reported for the
Tod 23/26 16723 3950 treatment of carcinoma of the head

Table 3.1: Results of photodynamic therapy with Foscan® and neck [12] and for
for 50 early squamous cell carcinomas (SCC) inthe upper  nonmelanomatous skin tumors
aerodigestive tract (UADT), the esophagus and the bronchi: [13]. In both cases, the authors
complete responses with no recurrence as a function of the  gpgerve a 96-hour drug-light

tumor staging and site[1]. interval and use 652 nm light.

Neither of these studies involves
formal light dosimetry but whereas in the former the authors use exactly the same irradiation
parametersfor al the patients, in the latter, the authors vary the light doses according to the tumor
depth and histology. They also sometimes report different tumor and normal tissue reactions for
patients treated with the same light and drug dosages.

More has been done with mTHPC. It is beyond the scope of thiswork to go into too much detall
about it. A good reference list can be found in a short summary edited by the producer of the PS
[14].

3.3 Pre- and clinical work with mTHPC in Lausanne

One of the early clinical studiesisthat of Braichotte et al [15] that presents the pharmacokinetics
of mTHPC in patients. These authors observe that mTHPC fluorescence reaches a maximum
after some 30 to 90 hours following injection, depending on the site of the measurement (lesion
or healthy tissue) and the patient. They also observe a slower clearance of mTHPC from healthy
tissue than from the lesion. Aswell, these authors report a significant interpatient variation of the
fluorescence signal of mTHPC for the same injected dose of 0.15 mg/kg. They warn that these
disparities could lead to over- or undertreatments if not taken into account at the time of PDT.
Another observation they present is the fact that the serum level of mTHPC islow just after the
injection. They suggest that the PS might be taken up in the liver first and then slowly released
again, a mechanism also suggested by Ronn et al [10]. These authors finally report a selectivity
of mTHPC for advanced carcinoma as high as 16:1 but did not observe the same selectivity on
early lesions. In two subsequent works, Braichotte et a [16,17] devise a way to overcome the
interindividual variations of the tissular mTHPC level. They propose a simple approach based on
alarge database: the product of the mTHPC fluorescence level measured in the target tissue and
the light dose should be constant for a given PDT result. This approach allows clinicians,
provided they know the fluorescence level of mTHPC, to easily calculate the light dose to be
applied, thus individualizing the PDT. The light dose monitoring method has been used ever
since in Lausanne and has proven successful (Tables 3.1 and 3.2) [1,18]. Severa methods have
been compared [19] and the light-induced fluorescence (LIF) method of light-dose monitoring
has been chosen in Lausanne.

The principle of LIF monitoring is the following: the fluorescence intensity of mTHPC is
measured on the target organ just before the PDT with an optical fiber. The light dose is then
calculated using this fluorescence intensity and adjusted to the patient undergoing treatment.

The method of monitoring the light dose by LIF on the target organ suffers from one drawback,
though. It has to be performed endoscopically. This fact is associated with some difficulties and
might be subject to some simplifications, provided another testing location could be found that
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would produce the same information about the fluorescence level. This has been studied in our
group and the results of this study can be found in Section 3.4. They also have been published in:

Matthieu Zellweger, Pierre Grosjean, Philippe Monnier, Hubert van den Bergh, Georges

Wagniéres, 'Stability of the fluorescence measurement of Foscan® in the normal
human oral cavity as an indicator of its content in early cancers of the esophagus
and the bronchi', Photochemistry and Photobiology, 69(5), 605-610, 1999.

The drug-light interval has also been studied in .
Lausanne for mTHPC-mediated PDTs [20]. In this | ESophagotrached fistula
study, the authors used an animal model, the Syrian | Occult esophaged perforation
hamster, to find the best delay between the injection .
of the PS and irradiation in terms of PDT efficiency. | ESophagedl stenosis
The authors report that the PDT-induced tissue |Bronchia stenosis
damage is strongly dependent on the drug-light . o
interval. They observe an optimal interval on SCCs LSKin photosensitization 12
if the irradiation takes place between 3 and 8 days Table 3.2: Complications following
after the injection and they also observe that it photodynamic therapy with Foscan® for
diminishes significantly on the healthy mucosa early cancers of the UADT, the
between these two pointsin time. Somelightisalso  esophagus and the bronchi [1].

shed upon the mechanism of mMTHPC PDTs in this

model as the authors observe a different type of tissue reaction depending on the drug-light
interval. Indeed, the PDT damage is massive and non-selective if irradiation takes place between
6 and 48 hours after the injection, which seemsto hint at a vascular localization of the PS. On the
other hand, if the PDT takes place between 4 and 8 days after the injection, the damage seemsto
be more like a direct effect on cells. These observations are in agreement with the authors
additional experiments of fluorescence microscopy that shows an epithelial localization of the PS
at these drug-light intervals. In Lausanne, we chose to perform the mTHPC PDTs 96 hours after
the injection of the PSinto the patient.

W NN W

Other factors have also been studied in Lausanne such as the effect of the fluence rate on the PDT
outcome in an animal model [21], the dependence of the PDT outcome on the irradiation
wavelength in an animal model [22] and the extent of skin photosensitization following the
injection of the PSinto patients [3].

Finally, alot of work about mTHPC has been done in Lausanne by Glanzmann [23]. In a work
about the pharmacokinetics of mTHPC in human plasma [19], this author and his coauthors
propose a detailed pharmacokinetics curve of the PS in the plasma of 20 patients. It is very
interesting to note that the curve actually shows that the level of mTHPC first diminishes after
injection and then increases again to reach a maximum after about 10 hours. Thisis not only in
agreement with other studies but also with the devised mechanism that the liver might trap the PS
first and release it slowly afterwards. These authors also show that there is good correlation
between the fluorescence signal of the tissular mTHPC measured in the bronchi and the oral
cavity and very good correlation between the fluorescence signal of the tissular mTHPC
measured in the esophagus and the oral cavity. This can be considered as a starting point of the
study presented in Section 3.4. Glanzmann et a [24] also studied the correlation between the
pharmacokinetics and the pharmacodynamics of mTHPC in an animal model, namely the Syrian
hamster, and its clinical counterpart in patients. They find a similar pharmacokinetics curve but a
factor 3 in the fluorescence signal of the PS for the same injected drug dose, in agreement with
previously reported inter-species fluctuations [11]. The authors demonstrate that the mTHPC
pharmacokinetics in early SCCs of the human UADT, the esophagus and the bronchi are better
correlated to that of the chemically-induced early SCC of the hamster cheek pouch mucosa than to
that of implanted advanced carcinomain other rodent tumor models. They also demonstrate that
this model is therefore useful to gather startup values for first clinical trials with new PSs, to a
multiplicative scaling factor, although it should be used with some caution when investigating the
PS uptake or the PDT response. Their final conclusion is that ... the usefulness of this animal
model is rather to be found in preclinical screening studies of new PSthan in optimization of PDT
parameters of PSalready in clinical use'.
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Stability of the fluor escence measur ement of Foscan® in the normal
human oral cavity asan indicator of itscontent in early cancers of
the esophagus and the bronchi.
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Abbreviations: PDT, photodynamic therapy; Foscan® (mTHPC): 5, 10, 15, 20-tetra(m-
hydroxyphenyl)chlorin; PS: photosensitizer; LIF: light-induced fluorescence; HPR: half-peak
range; FWHM: full width at half maximum; SD: standard deviation; AD: adimensional standard
deviation; SNR: Sgnal to Noise Ratio.

ABSTRACT

Photodynamic therapy (PDT) with Foscan® (mTHPC) is used to cure early cancers of the
esophagus or the tracheo-bronchial tree. However, fixed PDT parameters (drug dose, light dose,
etc) do not permit an accurate prediction of the tissue damage. Large interpatient fluctuationsin
tissue drug level, at the time of light application, suggest that the light dose must be adjusted to
the drug dose shortly before the PDT. This drug dose can be measured endoscopically by Light-
Induced Fluorescence spectroscopy, but this measurement is inconvenient and somewhat
difficult. A better test site, yet yielding comparable information, is needed. The oral cavity seems
ideal. However it first had to be established to what extent the estimation of the drug dose was
dependent upon the location of the measurement and the pressure applied to the probe. These
measurements prove not only correlated to similar measurements in the esophagus or the bronchi,
but also more consistent and |ess sensitive to the location and the applied pressure. The buccal

mucosa s therefore recommended as a test site for measuring the Foscan® fluorescence signal at
the time of PDT in the esophagus or the bronchi. This measurement is accurate enough for usein
light dose adjustment.

Photochemistry and Photobiology, 69(5), 605-610, 1999.
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INTRODUCTION

Photodynamic therapy (PDT) with Foscan®
(mTHPC) has been used among others for
the curative treatment of early stage cancer of
the head and neck, the esophagus and the
tracheo-bronchial tree (1-7). In these
studies, the following therapeutic parameters
have been thoroughly investigated: dose of

Foscan®, drug-light interval, illumination
wavelength and light dose (3-7). However,
it has been reported that for identical
treatment parameters there was an important
interindividual fluctuation in the degree of
tissue damage after PDT (4,5,8). Whereas
some patients exhibited only little tissue
destruction sometimes leading to tumor
recurrence, others showed massive necrosis
and in afew cases severe complications such
as fistulae or stenosis occurred (8).
Interpatient variability in drug metabolism,
leading to as much as an order of magnitude
difference in drug concentration 4 days after
injection, may well account for this fact (9,
10). The bottom line of this observation is
that one cannot control the photosensitizer
(PS) level in the tissue of interest from the
injected dose only.

These fluctuations can, to some extent, be
overcome by adapting the light dose to the
tissular PS level, i.e. compensating for low
drug levels by giving a higher light dose and
vice versa. Light-induced fluorescence
(LIF), among others (11, 12), has been
shown to be a valuable method to estimate
this PS level (4, 5, 10, 13). The actual
measuring of the LIF spectra can be
performed endoscopically with a previously
described (14) optical fiber-based
spectrofluorometer. However, in vivo
spectrofluorometry in the esophagus or the
bronchi is not very convenient in routine
clinical practice. The measurement itself may
be sensitive to several factors such as,
among others, the positioning of the optical
fiber, the heterogeneity of the tissue or the
experience of the physician. The major
consequence is a large amount of
fluctuations in the observed fluorescence
signa even when measured over asmall and
apparently homogeneous tissue surface. As
we want as accurate an estimation of the
fluorescence signal, and consequently as
accurate an estimation of the tissular
Foscan® as possible, it is best to keep the
fluctuations of the fluorescence signalsto a
minimum. Performing such clinical LIF

measurements in the oral cavity seemed
ideal, because the oral cavity is very
accessible. Moreover, since there is little or
no contrast in the Foscan® uptake between
normal and early stage malignant tissues (4,
5, 10), the LIF signals can be obtained on
normal tissues. Furthermore, a highly
significant correlation between the LIF
signals in the bronchi or the esophagus on
the one hand and the LIF signals in the oral
cavity on the other hand has been
demonstrated (10). Last but not least,
shifting the monitoring measurements from
the busy operating room during anesthesiato
another location just prior to the intervention
isaso highly advantageous.

Hence, the aim of this study is to assess the
sensitivity of the LIF measurement in the
oral cavity to the above-mentioned factors
like pressure and location, and to confirm
whether or not the endoscopical LIF
measurements can be replaced by faster,
simpler and more reproducible
measurements in the oral cavity without loss
of relevant information.

MATERIALS AND METHODS
Patients. Five patients (4 male and 1 female)
were involved in this study. The mean age
was 68.1 years (range 63-75). The patients
were scheduled for PDT of an early cancer
in the bronchi (1 case) or the esophagus (4
cases). They received an i.v. injection of
0.15 mg of Foscan® per kg of body weight
according to the protocol accepted by the
Ethics Committee of the CHUV Hospital in
Lausanne, Switzerland. The LIF
measurements took place just before PDT,
96h after the drug injection, and within 2
hours prior to anesthesia. All the patients
gave their written informed consent and
none of them reported any pan or
discomfort due to the measurements in the
ora cavity.

Foscan®. Foscan® was kindly supplied by
Scotia Pharmaceutical Ltd., Guildford, UK
as a lyophilized dark purple crystalline
powder and was stored in the dark at 4° C.
Immediately prior to use, twenty milligrams
of Foscan® were dissolved in a 5 ml
solution of 30% polyethylene glycol 400,
20% ethanol and 50% water. The solution
was then i.v. injected over 5 to 10 min
through a bacterial filter within 30 min of
preparation at a dose of 0.15 mg/kg.
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Foscan® (solution in methanol) has a strong
absorption band centered at 416 nm (Soret
band, half peak range (HPR): 394 to 427

nm, € = 189,000) and four minor absorption
bands centered at 516 nm (HPR: 498 to 530

nm, € = 14,800), 542 nm (HPR: 554, no
lower value because of overlap, € = 9,600),
594 nm (HPR: 587 to 606 nm, € = 5'100)

and 650 nm (HPR: 642 to 656 nm, € =
33,500) respectively (15).

Fluorescence spectroscopy. Our optical
fiber-based spectrofluorometer (Fig. 1)
consists of an excitation source (UXL-75
XE, 75W high pressure Xenon lamp, Ushio
Inc., Japan) whose light is diverted into a
spectrograph (Chromex 250, Chromex,
Albuguerque NM 87107, USA), filtered
(BG3, Schott Glaswerke, D-55116 Mainz,
Germany, blue band pass, center
wavelength: 372 nm, Full Width at Half-
Maximum (FWHM): 184 nm) and injected
into an optical fiber (PUV600T, CeramOptec
GmbH, D-53121 Bonn, Germany,

NA=0.4, 4.2m, 600 um core diameter). The
excitation wavelength is 420+£7.5 nm and the
typical power at the end of the fiber is 60

HW. The detection range is between 450 nm
and 800 nm and the resolution of the
apparatus is 11 nm (FWHM). The fiber can
be inserted into a metallic cylindrical
handpiece (diameter 5.6 mm, length: 60
mm) in such away that an application of the
handpiece on the tissue results in a direct
contact of the fiber tip with the organ. The
fluorescence is collected in the same fiber
and separated from the excitation light by a
dichroic mirror (DC450, Reynard, San
Clemente CA 92673-6227, USA, dichroic
mirror, cut-off wavelength: 440 nm). It is
then filtered by a long-pass filter (FG455,
Andover Corporation, Salem NH 03079-
2800, USA, long-pass filter, cut-on
wavelength: 450 nm) and dispersed in a
spectrograph (Chromex 250, Chromex,
Albuguerque NM 87107, USA) to be
detected by a Peltier cooled CCD (TE/CCD-
256, UV coated, Spectroscopy Instruments
GmbH, D-82205 Gilching, Germany). The
whole setup is controlled by a 486 PC (Fast
486/50, Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) with CSMA
software (Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) and mounted
on a trolley that allows transport to the

medical facility. The acquisition time of the
spectrais 1 second.

—>—N\

Excitation
Monochromator

Filterwheels

Peltier cooled CCD
1024 x 256 pixels

Figure 1. Experimental setup for point
fluorescence measurements.

Before clinical measurements, the
fluorescence spectrum of an agqueous
solution of Rhodamine B (c = 1*10-6 M) in
a 10mm quartz cuvette is measured. The
magnitude of the peak at 575 nm allows for
a certain degree of instability of the
spectrofluorometer setup to be taken into
account and corrected for. Fluorescence
excitation is also at 420 nm and detection
between 450 and 800 nm.

Procedure. The fluorescence spectrum of the
oral mucosa was measured at several
locations in the oral cavity of the patient:
upper right cheek, middle right cheek, lower
right cheek, dorsal tongue, ventral tongue,
upper lip, lower lip, upper left cheek, middle
left cheek and lower left cheek. Thenthe LIF
spectra were measured again on the middle
right cheek applying a range of increasing
pressures: gentle touch, light pressure, high
pressure and pressure applied with one
finger from the outside of the cheek (for a
description of our estimation of these
pressures, see below and in Table 1). The
probe was held perpendicular to thetissuein
every measurement. Six spectra were
measured at each location and at each
pressure. No photobleaching was observed
during the measurements.

The pressure applied to the fiber tip was
subjectively assessed by the physician. An
estimate of the pressure was obtained in the
following manner: a small piece of chicken
muscle was laid on an analytical balance.
The balance was set to zero. The handpiece
was applied ten timesin arow onto the piece
of meat with approximately the same force
as when measuring in the oral cavity: gentle
touch, light pressure, high pressure and very
high pressure (simulating the highest
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pressure obtained when applying a force
from the outside of the cheek). The value
was recorded each time. The mean value and
the standard deviation were calculated; the
range of pressures as given by the smallest
and the largest values were also observed.
Thisyielded the following values:

Mean vaue Range
Gentletouch | 0.03+ 0.01 [ <0.04 N
N
Light 0.19+ 0.03 | 0.12-0.25 N
pressure N
High 097+£03 [ 0.7-1.2N
pressure N
Veyhigh | 35+0.6N >25N
pressure

Table 1: Estimated pressures applied to the
fiber tip. The values represent the average
of ten measurements of the force applied
together with the corresponding standard
deviation.

Table 1 indicates that, although estimates,
the values are reproducible enough and well
separated. It is possible that the actual value
applied to the patient's mucosa is somewhat
different. Nevertheless, it was assumed here
that the pressures actually applied to the
patient's mucosa were of the same order of
magnitude as our estimation. Moreover, as
will be seen later, one should note that the
LIF spectra proved quite insensitive to the
pressure applied to the fiber tip. This
reduces the importance of the estimation of
the applied pressure.

Endoscopic measurements (esophagus and
bronchi). After the routine endoscopical
observation of the site, the optical fiber of
our spectrofluorometer was passed through
the biopsy channel of the endoscope. It was
then placed onto the site to be measured and
the endoscopical illumination was switched
off. Four spectra were recorded on the same
location and the endoscopical light was then
switched on again. The site was checked for
the absence of blood prior to proceeding to
further measurements. Again, no
photobleaching was observed during the
measurements.

Analysis of results. The magnitude of the

Foscan® fluorescence peak at 652 nm was
obtained by subtracting the autofluorescence
background. The autofluorescence was
measured on the healthy oral mucosa of

three patients without PS and applying a
scaling factor in the 610-620 nm window.
Hence four values (esophagus, bronchi) or
six values (oral cavity) were obtained for
each location and each applied pressure.
From these values, the mean and the
standard deviation were calculated. They are
plotted in Fig. 2 through 4. For visual
comfort, they are plotted relatively to the
largest, hence described as 'relative units
[r.u.].

The fluctuations of the mean valuesin each
figure give a measure of the interpatient
fluctuations. To quantify the intra-patient
fluctuations, the adimensional standard
deviation (ASD = SD divided by the mean)
has been calculated and expressed as a
percentage of the mean. The ASDs are
plotted in Fig. 5.

Statistical Analysis. The statistical
significance of our results has been tested
with the two-sided Wilcoxon Mann-Whitney
Test (16). It is indicated in the figure

caption.

RESULTS

Bronchi

The LIF datafrom the bronchi are shown in
Fig. 2a. Each bar represents the mean value
for one patient of the measurements taken at
several sites in the bronchi (3 to 7 sites
depending on the patient). The standard
deviation of the mean is also indicated. The
mean values quantify the inter-patient
fluctuations of the Foscan® fluorescence
signal. These inter-patient fluctuations are up
to a factor higher than 5. The intra-patient
fluctuations are quantified by the ASDs and
plotted in Fig. 5 Brl-Br4. They range
between 27% and 59% (41% in average,
plotted as a straight line).

Esophagus

Figure 2b isaset of similar data measured in
the esophagus. The mean values represent
the mean of the measurements taken in one
given patient at several sites (4 to 6 sites
depending on the patient). The inter-patient
fluctuations are up to a factor higher than 4.
The intra-patient fluctuations are quantified
by the ASDs and plotted in Fig. 5 ES1-ES5.
They range between 15% and 49% (30% in
average, plotted asa straight line).

Oral cavity
The values of the LIF signals from the oral
cavity are shown in Fig. 3 (dependance
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upon the location) and Fig. 4 (dependance
upon the applied pressure).

In the Fig. 3, the mean values represent the
mean of the measurements taken in one
given patient at several sitesin the oral cavity
(upper right cheek, middle right cheek,
lower right cheek, dorsal tongue, ventral
tongue, upper lip, lower lip, upper left
cheek, middle left cheek, and lower left
cheek). The inter-patient fluctuations are up
to a factor higher than 4. The intra-patient
fluctuations are quantified by the ASDs and
plotted in Fig. 5 Locl-Loc5. They range
between 8% and 22% (14% in average,
plotted as a straight line).

In the Fig. 4, the mean values represent the
mean of the measurements taken in one
given patient at several pressures on the
middle right cheek mucosa (gentle touch,
light pressure, high pressure and pressure
applied with afinger from the outside of the
cheek). The inter-patient fluctuations are up
to afactor higher than 5. The intra-patient
fluctuations are quantified by the ASDs and
plotted in Fig. 5 Prl-Pr5. They range
between 7% and 29% (16% in average,
plotted as a straight line).

At this stage, it isalready clear that the intra-
patient fluctuation is smaller %)y afactor 2 to
3, p<0.01) when the Foscan® fluorescence
signal is measured in the oral cavity instead
of the bronchi or the esophagus. A better
reproducibility is precisely what was
intended with the assessment of the oral
cavity as a test site for the measurement of

the Foscan® fluorescence s gnal.
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Figure 2a: Mean fluorescence
signals of Foscan® (measured 96h
after i.v. injection of 0.15 mg/kg)
in the bronchi of four patients on
normal mucosa. Each bar

represents the average of 3 to 7
sites measured from a given patient.
The uncertainties given correspond
to the 67% confidenceinterval.
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“Figure 2b: Mean fluorescence

signals of Foscan® (measured 96h
after i.v. injection of 0.15 mg/kg)
in the esophagus of five patients on
normal mucosa. Each bar
represents the average of 3 to 7
sites measured from a given patient.
The uncertainties given correspond
to the 67% confidence interval.
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Figure 3: Mean fluorescence

signals of Foscan® (measured 96h
after i.v. injection of 0.15 mg/kg)
in the oral cavity of five patients as
a function of the location. Each bar
represents the average of 10
different sites in the oral cavity (6
measurements on each site). The
uncertainties given correspond to
the 67% confidence interval.
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“Figure 4: Mean fluorescence sgnals

of Foscan® (measured 96h after
i.v. injection of 0.15 mg/kg) in the
oral cavity of five patients as a
function of the pressure. Each bar
represents the average of 4 different
pressures in the oral cavity (6
measurements at each pressure).
The uncertainties given correspond
to the 67% confidence interval.
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“Figure 5. Adimensional Standard
Deviation (ASD) of the mean values of

the fluorescence signals of Foscan®
(measured 96h after i.v. injection of 0.15
mg/kg) measured in the bronchi (Br1-
Br4), the esophagus (Es1-Es5) and the
oral cavity (Locl-Loc5 and Prl-Pr5)
expressed as a percentage of the mean.
The ASDs are grouped by type of
measurement. For each group, the
averageisplotted asa straight line.

DISCUSSION
A successful PDT depends on several
parameters, among which the tissular PS

level at the time of light application and the
light doseitself. Only a good combination of
both will ensure a positive outcome of the
treatment. The fluorescence signal of

Foscan® measured in vivo in different
patients at the same time after PSinjectionis
known to fluctuate from one patient to
another, even when all patients receive the
same dose of PS (3-5, 10). Braichotte et al.
suggested (4, 5) that a small tissue
concentration of PS could, up to a certain
extent, be compensated by a large dose of
light and vice-versa. At the time of light
application, it is therefore of major
importance to the clinician to evaluate the

tissular level of Foscan®. This will allow
them to calculate the appropriate light dose to
be applied.

Endoscopical LIF measurements
In the study presented here, we measured

the fluorescence signal of Foscan® (shown
to be correlated with the tissular level of this
PS (10)) endoscopically on the site of the
subsequent PDTSs, hence in the bronchi and
the esophagus (Fig. 2a and 2b respectively).
Severd sources of fluctuations were likely to
influence the LIF measurements, among
which the instrumental fluctuations, the
physiological fluctuations within one patient,
the metabolic fluctuations from one patient to
another or the positioning fluctuations. In
our setup, the instrumental fluctuations were
taken into account and corrected for (see
'‘Materials and Methods' section) and the
typical Signal to Noise Ratio (SNR) was of
about 250. It was therefore assumed that the
instrumental fluctuations were of anegligible
impact upon the results of the LIF
measurements. We found, as it has also
been described by Braichotte et al. (4, 5) and
Glanzmann et a. (10) that an inter-patient
fluctuation of the fluorescence signal of
Foscan® of up to one order of magnitude
occurs. In our study, these fluctuations were
guantified by the fluctuations of the mean
values ranging from 1 t0 5.8. It islikely that
these fluctuations reflect metabolic
differences (9) between the patients and are
therefore unavoidable with the present

formulation of Foscan®. Nevertheless, as
these fluctuations can be corrected for using
the abovementioned method, they are not a
major drawback either. It is interesting,
though, to note that these inter-patient
fluctuations were similar in al the Fig. 2
through 4.
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A more critical issue is the intra-patient
fluctuations. Both the physiological
fluctuations and the positioning fluctuations
contribute to them. The physiological
fluctuations are true inhomogeneities in the
amount of PS in a given organ. There are
therefore to be observed in our
measurements. The positioning fluctuations
are due to the difficulties encountered by the
clinician when probing a target organ
through the working channel of the
endoscope. This is a clear limit of the
endoscopical measurements since the
clinician only has a remote influence upon
the placing optical fiber probe onto the
tissue. Moreover, due to the geometry and
the mechanical properties of both the bronchi
and the esophagus, the control of the
location and the pressure applied to the
probe during the measurements is difficult.
As well, since the illumination light of the
endoscope is switched off during the
measurements, some unavoidable
movements (be it from the clinician or the
patient) can displace the probe without the
operator noticing. All these reasons account
for the observed intra-patient fluctuations. In
our study, we quantified the intra-patient
fluctuations with the ASDs. We found that
the ASDs were consistently smaller (2to 3
times in average) when the fluorescence
signal was measured in the oral cavity than
when it was measured endoscopically
(p<0.01). This was the primary goal of our
study and it implies that the pre-PDT
monitoring measurements can
advantageously take place in the oral cavity
rather than through an endoscope on the site
of the treatment. These intra-patient
fluctuations seem to be smaller in the
esophagus than in the bronchi. This is at
first surprising since one would think that
due to its geometry and mechanical
properties, and the subsequent difficultiesto
place the probe, the values would fluctuate
more in the esophagus than in the bronchi.
One possible explanation is that the
difference between the best measurements
and the worst ones might be larger in the
bronchi than in the esophagus because al the
measurements in the esophagus are slightly
inconvenient. In the bronchi, some
measurements are relatively comfortable
whereas other ones are difficult. The
comparison between the inter- and the intra-
patient fluctuations is possible and
necessary. A monitoring method would be
useless if the intra-patient fluctuations were

to be larger than the inter-patient
fluctuations. In our study, the inter-patient
fluctuations range from 1 up to 5.8 whereas
the intra-patient fluctuations reach up to 59%
of the mean value. It is therefore necessary
to take the inter-patient fluctuations into
account and to monitor the light dose for
each PDT.

Measurements in the oral cavity

The aim of our study was to assess the
relevance of the use of the oral cavity as a
test site for the LIF measurements. A better
test site for the evaluation of the PS tissular
level issuch that it would allow the clinician
to decrease the intra-patient fluctuations
while yielding the desired information, the
PS fluorescence signal in the target organ. It
has been reported by Glanzmann et al. (10)
that a highly significant correlation exists
between the Foscan® fluorescence signal
measured in the bronchi or the esophagus

and the Foscan® fluorescence signal
measured in the oral cavity. Our observation
isthat the intra-patient fluctuationsare 2 to 3

times smaller when the Foscan®
fluorescence signal is measured in the oral
cavity. Although some of the fluctuations
that are observed in the bronchi or the
esophagus are certainly due to the
experimental difficulty of the measurement
itself (positioning fluctuations), some
fluctuations (observed in all organs) are aso
certainly due to real differences in the

amount of Foscan® present in the tissue at
this particular time and location or to
changes in the tissue optics or architecture
etc (physiological fluctuations). This is
reflected in the measurements done in the
oral cavity. It is possible to keep the
contribution of the positioning fluctuations
to the total fluctuations to a minimum when
measuring in the oral cavity. It is however
impossible to avoid dlight fluctuations of the

Foscan® fluorescence signal due to
physiological fluctuations. The oral cavity
can be used as a test site and the exact
location within the oral cavity where the
measurements take place is not of crucial
importance. Moreover, the LIF
measurements in the oral cavity prove little
sensitive to the pressure. Although the ASD
values themselves would not be relevant for
the pressure measurements (Fig. 4) since al
the measurements took place at the same
location, their value gives a measure of the
reproducibility of the measurements. For the
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pressure measurements (Fig. 4), the ASD
range from 7% to 29%, hence are even
smaller than the ASDs for the measurements
as a function of the location (Fig. 3). This
means that the measurements as a function
of the pressure (Fig. 4) are even more
reproducible than the ones as a function of
the location (Fig. 3). Consequently, we can
assume that the pressure is not a crucially
important issue either. In one patient,
though, thereis alinear correlation between
the pressure and the fluorescence signal: the
increasing pressure yielded a monotonically
decreasing fluorescence signal. Even in this
case, the standard deviation of the individual
pressure measurements was rather small
(data not shown). One possible explanation
for this could be that this patient was
particularly slim (185 cm, 57 kg, Body
Mass Index (BMI) = 16.7, whereas the
other four patients had the following
features. 164 cm, 59.3 kg, BMI = 22.04;
170 cm, 84 kg, BMI = 29.07; 178 cm, 93
kg, BMI = 29.35; 173 c¢m, 74 kg, BMI =
24.73 (17)) and therefore probably had
thinner, and hence more pressure sensitive,
mucosae.

An interesting feature of Fig. 2-4 is that the
ranges of the mean values for the four
figures are quite similar. It is no surprise as
it islikely that the inter-patient fluctuations
are due to their metabolism (metabolic
fluctuations) and should therefore be
observed whatever the measurements.

Most of the mentioned drawbacks of the
endoscopical measurements are easily
avoided if the measurement session isto take
place in the oral cavity: this location is of
easy access, hence the clinician can have
direct control of the probe, the movements
of the patient due to respiration and heartbeat
are much less critical, etc.

Our measurements took place before the
PDT itself. Thisis of great importance. The
LIF measurements can be performed in any
quiet room in the medica facility instead of a
busy operating room. Moreover, shifting
these measurements from the operating time
to the preceding hours also shortens the
anesthesia duration, which is certainly
beneficial for the patient.

CONCLUSION

The monitoring of the tissular Foscan®
fluorescence signal in the oral cavity instead
of on the PDT target site (bronchi or
esophagus) has been shown to be feasible.
This measurement location is more
accessible and well tolerated. The previously
reported inter-patient LIF signal intensity
fluctuations are confirmed here in the
bronchi and the esophagus. The correlation
between the LIF signals for the oral mucosa
on the one hand, and the esophagus and the
bronchi respectively on the other hand
impliesasignificant clinical simplification of
the pre-PDT LIF measurement, while
yielding comparable information.
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Animal studies
(http://lwww.angelfire.conv/tn/allabouthamster s/story.html)

Chapter 4
Lutetium Texaphyrin

also called Lu-Tex, Lutrin™ or Antrin™ [1]. The Lu-Tex is supplied by Pharmacyclicsin

Sunnyvale, CA, USA. Section 4.1 first briefly surveys the physical chemical properties of
this substance in terms of chemical structure and absorption and emission spectra. In section 4.2,
we present an overview of the preclinical and clinical uses of Lu-Tex aswell asits propertiesasa
photodetection or photodynamic agent. This aso includes some generalities about the work done
in Lausanne with Lu-Tex as a PS to treat AMD. Finally, in section 4.3, we give the text of a
study about the selectivity properties of Lu-Tex in our hamster cheek pouch animal model. In this
paper, we report on the localization behavior of this molecule with respect to early squamous cell
carcinoma and we present the pharmacokinetics of this behavior measured by LIF.

I n this chapter, we report about the use of a novel second generation PS L utetium Texaphyrin,

4.1 The photosensitizer

The PS Lutetium Texaphyrin (thereafter Lu-Tex) is a member of the Texaphyrin family. The
texaphyrins are tripyrrolic pentaaza expanded porphyrins. The structure of Lu-Tex is given in
Fig. 4.1. It is a pure synthetic compound that is soluble in water. The incorporation of the
paramagnetic ion gadolinium into the texaphyrin moiety yields a substance that can be used as a
radiation sensitizer and MRI contrast agent [2].
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Lu-Tex has an absorption
coefficient of 126,000 at 474 nm
(Soret) and of 42,000 at 732 nm
in MeOH [2]. Its fluorescence
guantum vyield has been
evaluated at 0.15% against
fluorescein in PBS
supplemented with 10% BSA
[3]. It is a shiny green
crystalline solid. Its absorption
spectrum is given in Fig. 4.2a
and emission spectrum in
hamster tumor-bearing cheek
pouch tissue is given in Fig.
4.2b (excitation wavelength: 460
nm).

OH

Figure 4.1 Lutetium Texaphyrin (LU-Tex).
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major limitations 1
of the available
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4.2 Preclinical and clinical uses of Lu-Tex

In a preclinical study on mice, Young et al [2] test the localization properties of Lu-Tex in a
mouse mammary tumor. These authors implant the tumor model in the animals and then inject
Lu-Tex intravenously. They measure the quantity of Lu-Tex in different tissues of the mice by
means of radio-labeled Lu-Tex. The authors report good selectivity properties of this PS. Indeed,
they observe tumor-to-muscle ratios of up to 10.55 5 hours after the injection of the PS.
Moreover, they succeed in curing 100% of the tumors by PDT (irradiation at 732 nm) when
irradiation takes place 3 hours after the injection. This cure rate is down at 75% when the drug-
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light interval is 5 hours. The authors link this difference to modifications of the plasma
concentration of the PS. However, their experiments with larger tumors in the same model
produced less promising results, with a cure rate of 43% for cancers of larger size (thickness: 3-7
mm and surface diameter: 6-15 mm). It should be mentioned that the authors do not observe any
skin photosensitivity in any of the treated animals.

A clinical Phase |
study with Lu-Tex
is reported by
Wieman et a [4]
for patients with
malignancies
accessible to light.
The patientsin this
study underwent a
Lu-Tex mediated
PDT with light at
732 nm and with
varying doses of
Lu-Tex (from 0.5
pumol/kg to 2.5
umol/kg). The
. | | | | | | authors report
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400 450 500 550 600 650 700 750 800 significant drug-
Emission Wavelength [nm] related systemic

Figure 4.2b; AUtolluorescence of the hamsier cheek pouch tssue and  LOxicity — nor
fluorescence emission spectrum of Lu-Tex in the hamster tumor-bearing ~ Significant ~ skin

4
1410 | | | | | |

[ERN
N
=
(=)
I
|

110* |
8000 |
6000

4000

Fluorescence Intensity [a.u.]

2000 [

cheek pouch tissue (measured in vivo in accordance with the protocol photosensitization.
described in section 4.3, Materials and Methods). The excitation Moreover_, they
wavelength is 460 nm. report a 15:1 tumor

vs healthy skin
ratio and tumor responses in breast cancers, Kaposi's sarcoma and basal cell carcinoma. All in
all, the authors observe that the treatments are well tolerated with the exception of some local pain
at the treatment site for patients receiving adose of Lu-Tex > 1.7 umol/kg. The fact that this PS
induces few side effects is also reported by Sickenberg et a [5]. These authors only mention
temporary tinglings in the fingers of some patients following the intravenous injection of Lu-Tex
(2-4 mg/kg).

Another preclinical study in an anima model is presented by Kostenich et a [6]. In this paper,
these authors use in vivo LIF to non-invasively measure the distribution kinetics of Lu-Tex in the
tissue, their aim being to find the optimal drug-light interval to achieve the highest possible ratio
between the tumor and the healthy tissue at the time of irradiation. To carry out their study, they
use mice bearing a human colon tumor. The authors present a kinetics curve displaying a
maximum 3 to 4 hours after injection in both the healthy and the tumor-bearing foot of the mice.
Interestingly, the fluorescence signal of Lu-Tex is higher in the normal foot than in the tumor-
bearing one at the time of this maximum but then it decreases faster in the normal foot than in the
tumor-bearing one and, as aresult, the PS's fluorescence is higher in the tumor-bearing foot than
in the normal one after 24 hours. This seems to last for at least another 24 hours as the
fluorescence signal in the normal foot goes down to zero whereas it does not decrease anymorein
the tumor-bearing foot in this interval. Consequently, these authors chose to perform the PDTs
24 hours after the injection of Lu-Tex. Their explanation about the pharmacokinetics of thisin
both feet is that the fluorescence signal was collected from the skin and the underlying tissues
such as the tumor and muscle. Still, these authors used light at 488 nm to excite the fluorescence
of the Lu-Tex and it islikely that the effective penetration of thislight in the tissue would be < 1
mm. They therefore probably only probed the skin of the mice. This is consistent with the
mention by the authors of another work that shows that the Photofrin 11 concentration in the skin
overlying small tumors can be significantly different from its concentration in the contralateral
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skin [7]. If it were the case, it could be seen as a limitation of the model chosen by the authors, as
human tumors implanted in mice probably model the human tumors up to a certain extent only.
The PDTs performed by the authors on these model tumors demonstrate however that Lu-Tex has
agood antitumor efficiency when excited at 730 nm.

In another study with implanted murine tumor in mice, Woodburn et al [8] report a selectivity of
Lu-Tex for the tumor over the normal leg of the mice of 2:1 15 hours after the injection when
excited at 450 nm. These authors also perform PDTs on the legs of the mice. Irradiations at 3
hours after the injection of Lu-Tex give 100% cures wheresas irradiations at 5 hours give only
50% cure rates. These authors do not observe any cure when the irradiations take place at 12 or
24 hours after the injection of the PS. Thisisin disagreement with the findings of Kostenich et al
[6], although both studies were conducted with the same animal model.

Hammer-Wilson et a recently compared the photodynamic activity of Lu-Tex with that of
Photofrin [9]. By means of a study about the toxicity of Lu-Tex for their animal model (mice),
the authors first report that all the mice excrete colored urine beginning one hour after the injection
and returning to normal by 24 hours after the injection. The authors also present the results of
their irradiating the tumors at 740 nm 5 hours after the injection of the PS. They also show that
this drug-light interval produces the best PDT effects (up to 67% of the animals remain tumor-
free during the whole follow-up period) as shorter intervals lead to significant mortality (1 hour)
or difficult healing, extensive tissue damage and impaired movements (3 hours). On the other
hand, longer drug-light intervals lead to little reaction (12 hours) or no reaction at all (24 hours).
These authors conclude that Lu-Tex is abetter PS than Photofrin as 100% of the tumors respond
to the PDT (67% with Photofrin) and 40% of the mice remain tumor-free during the observation
period (16%). They also propose the vasculature as the primary target of the Lu-Tex mediated
photodynamic effect.

The selective accumulation of Lu-Tex in the atheromatous plaque is reported by Woodburn et a
[10-12] in arabbit model. The subsequent PDTs show promising results as away to selectively
destroy the plague without damaging the surrounding normal arterial wall. A phase | clinical
study for the same disease in humans is reported by Rockson et al [13]. The PDTs seem to be not
only efficient against the disease, but aso well tolerated and apparently do not lead to any adverse
effect.

Past a certain stage of their development, tumors induce the growth of new blood vessels, a
process called neovascularization. Under the conditions applied, the uptake and removal
processes of Lu-Tex can make it selective for such tumors [14]. In our group, Lu-Tex has been
involved in alarge-scale study as a PS for the treatment of CNV in AMD by PDT [3,5]. Although
this affection is a non-cancerous disease, it is also characterized by neovascularization. In this
case, the PSisinjected into the patient intravenously and is then activated by laser radiation. In
principle, this leads to the selective thrombosis of the new vessels through a photodynamic effect.

Since Lu-Tex is a relatively new PS as compared to HPD or mTHPC, much remains to be
studied about it. One question isits selectivity in a non-grafted tumor. As a matter of fact, most
studiesthat involve Lu-Tex [2,6,8,9] have been carried out on immuno-deficient animals bearing
a human tumor or a grafted tumor from a donor animal. Although this is a valuable model for
various reasons, it does not give much information about the behavior of a given substance in an
early tumor from the animal itself. Thisis the reason behind our investigations in the hamster
cheek pouch model. The results of this study are given below in section 4.3 and can be found in:

Matthieu Zellweger, Alexandre Radu, Philippe Monnier, Hubert van den Bergh, Georges
Wagnieres, 'Fluorescence Pharmacokinetics of Lutetium Texaphyrin (PCI-0123,
Lu-Tex) in the skin and in the healthy and tumoral hamster cheek pouch
mucosa.', Journal of Photochemistry and Photobiology B: Biology, 55(1), 56-62, 2000.

The measurement of the PK of Lu-Tex in the hamster model is similar to the measurement by
Glanzmann [15] of the PK of mTHPC in the same model. In both cases, the hamsters bore
chemically-induced early cancerous lesions of the cheek pouch mucosa and, in both cases, the
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PK of the FP was measured by LIF. The results of both studies are therefore comparable. In his
study, Glanzmann also compares the PK of mTHPC in hamsters to that in humans and finds
similar shapes, albeit with a factor 3 of intensity difference. This inter-species comparison is
beyond our scope here, but we can compare these two FPs in the same animal model.

The PK of Lu-Tex in the hamster cheek pouch model is very different from that of mTHPC in the
same model. Lu-Tex reaches a fluorescence intensity maximum after about 100 min following
injection and is down to undetectable levels after 24 hours in all cases. On the other hand,
MTHPC reaches its fluorescence intensity maximum in the hamster cheek pouch mucosa after 4
to 6 days and has a half-life after the maximum of about 12 (+ 3) days. Assuming that five half-
life periods bring the fluorescence to undetectable levels, it means that in the most conservative
estimations, mTHPC is down to undetectable levels after 45 days. Thus, it can be seen that the
PK of mTHPC is much slower than that of Lu-Tex in the hamster model.

Much is not known at the present time about the behavior of FPsin organisms. Consequently,
the linking of such differences to specific properties of the molecules is difficult. However, the
first striking difference between Lu-Tex and mTHPC is their solubility in water. Whereas Lu-Tex
isafairly soluble species (the injection solution is aqueous), mMTHPC is rather lipophilic and has
to be injected in a half-agueous half-organic solvent mixture. It is possible that the agueous
environment of the hamster vascular system induces the precipitation or the aggregation of
MTHPC at the time of injection, whereas it does not have such an effect on Lu-Tex. Thisisone
of the reasons invoked by Glanzmann et a to explain the PK of mTHPC in another study, this
time in the human plasma[16]. The other one, in agreement with other studies in anima models
[17], is thought to be the trapping of MTHPC by the liver, a very likely event in the case of a
lipophilic drug. Neither of these reasons can apply to Lu-Tex however, as it is a hydrophilic
drug. In this sense, its rapid PK is probably much closer to that of fluorescein, another
hydrophilic drug whose PK in all models shows a very quick excretion of the dye following
injection. For instance, Hammer-Wilson et al state [9] that the mice they use excrete green-
colored urine during the first 24 hours after the Lu-Tex injection, afact that we also observed in
all our animals.

In the hamster model, mMTHPC has been found to be little selective for the induced early lesions.
Indeed, Glanzmann [15] reports that the differences in the fluorescence level measured on
different mucosae are likelier to be of statistical nature rather than reflecting a true selectivity. In
humans, Glanzmann reports some selectivity of mTHPC for early SCCs in the bronchi 4 days
after the injection of the solution (1.5:1) [15]. This discrepancy shows that it is difficult to
extrapolate any conclusions about the selectivity of a FP in humans based on its selectivity in
animal models. It should be noted however, that unlike mTHPC, Lu-Tex has been found to be
slightly selective for the chemically-induced early cancerous lesions of the hamster cheek pouch
(see below, Section 4.3). Again, it isdifficult to link this property to any molecular feature of the
species. It should be noted, however, that Fingar et a [14] observed (but do not provide any
explanation for this observation) that Lu-Tex can selectively induce the closure of neo-vessels
without damaging the surrounding blood vessels. If found to be true, such an observation could
suggest properties such as a selectivity for neovessels. This could be one of the reasons behind
the selectivity of Lu-Tex for early cancerous lesions.

Fluorescence microscopy studies with tissue samples of hamster cheek pouches have been
performed with mTHPC-injected animals. They have been reported by Andrejevic et a [18]. The
authors observe what hints at a vascular localization of mTHPC shortly after injection and a
cellular localization afterwards. Although such studies produce crucia information about the exact
localization of the FP in the tissue, they were impossible to perform with Lu-Tex due to its very
low fluorescence quantum yield. Consequently, not much is known about its localization in the
tissue. It can be estimated, however, that the excitation wavelength of 460 nm used to probe the
Lu-Tex penetrates to a depth similar to that of 420 nm (reported by Glanzmann to be around 200
pm [15 and references 35-39 therein, p. 39]). It therefore probes the epithelium (50 to 100 pm
thick in the hamster [15]) and some of the underlying layers of the hamster tissues. This
information does not, however, produce much useful information and it is likely that the low
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fluorescence quantum yield of Lu-Tex will prove a major limitation to further investigations of
thiskind.

The PK of BPDMA was also measured by LIF in the hamster animal model [19]. Asitisa
lipophilic molecule, it was injected to the hamsters (2 mg/kg) in aliposomal formulation. This
formulation is fairly soluble in water and was therefore injected after dissolution in standard
saline. In the case of liposoma BPDMA, the PK looks similar to that of Lu-Tex with a rapid
uptake of the FP in the cheek pouch mucosa[19], followed by a maximum at around 100 minutes
after the injection and a plateau afterwards. It seems that there could be another increase in the
fluorescence signal after the plateau, starting at around 200 minutes, but this is beyond the scope
of preclinical testsinvolving this FP as it has been approved for human use between 60 and 120
minutes after the injection only. It should also be noted that this FP does not show any selectivity
for early lesionsin humans.

Similar measurements on the same animal model with the FP Zinc-phthal ocyanine (ZnPC)
demonstrated that this lipophilic FP might be alittle selective for the painted cheek pouch of the
hamster (2.5:1) [20]. The PK of this FP shows greater similarity to that of mTHPC than to that
of Lu-Tex as the increase in the fluorescence signal is rather slow, reaching a local maximum
after 25 hours, followed by a plateau and a possible further increase of the signal. The
measurements were performed up to 55 hours after the injection but, at that time, the signal
showed no sign of decreasing and it cannot be excluded that it would increase even more after a
longer interval.
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ABSTRACT

We investigated the pharmacokinetics (PK) of Lutetium Texaphyrin (Lu-Tex), a second
generation photosensitizer, in the Syrian hamster cheek pouch early cancer model.

Ten male hamsters, five with chemically induced early squamous cell cancer of the left cheek
pouch, received an intracardiac injection of a 10 mg/ml Lu-Tex solution resulting in adose of 12
mg Lu-Tex per kg of bodyweight. The pharmacokinetics of the dye was measured during the 24
hours following the injection with an optical fiber-based spectrofluorometer on the ventral skin,
the healthy and the tumoral cheek pouch mucosa. The Lu-Tex fluorescence was excited at 460
nm and detected around 740 nm.

All the measurements yield very similar pharmacokinetic curves. The fluorescence intensity
reaches a maximum between two and three hours after the injection and, at its maximum, it is
consistently higher (up to 1.5 times) on the tumor than on the healthy mucosa. It remains smaller
on the skin than on cheek pouch mucosa. After 24 hours, the Lu-Tex fluorescence is no longer
detectable either on the skin, on the lesion or on the healthy mucosa. Moreover, Lu-Tex clearly
displays a significant fluorescence selectivity between early carcinoma and healthy mucosain this
model. Furthermore, the inter-animal fluctuations of the fluorescence signal are small (£ 16% on
the tumor-bearing mucosa). Eight minute-long skin irradiation tests have been performed 24
hours after the injection of the Lu-Tex on the ventral skin of sixteen additional animals with a
solar simulator. No reaction was observed, neither macroscopically nor microscopically, which
further demonstrates, as suggested by the fluorescence measurements, that this photosensitizer is
significantly cleared from the skin after 24 hours.

Journal of Photochemistry and Photobiology B: Biology, 55(1), 56-62, 2000.
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INTRODUCTION

Photodynamic therapy (PDT) [1-5] is a
treatment for cancer as well as non-
cancerous diseases. It is based on the
combined effects of a photosensitizer (PS)
and light [6]. This method has been
successfully used to treat early tumoral
lesions in organs such as the esophagus, the
bronchi, and the skin among others [7-14].
Hematoporphyrin Derivative (HPD) and its
somewhat purified form Photofrin® are the
first PSs to have been used on alarge scale
and the latter was eventually granted FDA
approval in the USA as well as approval in
other countries for the treatment of various
cancers by PDT. However, despite good
clinical efficacy, this first generation PS
suffers from some major drawbacks: lack of
clearly defined chemical composition,
relatively low phototoxicity, small if any
selectivity for early carcinomas, and
relatively long retention in the skin after
intravenous administration. Thisinitiated the
search for new PSs. Among the second

generation PSs, Foscan® (mTHPC) has
been widely studied [15-21]. Despite the fact
that Foscan® represents an improvement
over Photofrin® in terms of chemical purity,
phototoxicity and duration of skin
photosensitization [22], it still has some
drawbacks such as low solubility in water,
slow clearance from the body (4-6 weeks)
and lack of clear selectivity for early cancers.
The situation is similar for some of the other
second generation PSs [23]. Hence, the
search for better PSsis still on. Of the many
molecules tested, L utetium Texaphyrin (Lu-
Tex, PCI-0123) displays interesting
properties. It is a pure compound, it is water
soluble, it absorbs in the near-IR range (732
nm) and it shows minor toxicity [24].
Studies conducted by Young et a [25],
Woodburn et al [26], and Kostenich et al.
[27] in mice with implanted tumors reveal a
high selectivity of Lu-Tex for the lesions
with a good anti-tumoral response after
PDT. However, little is known about its
behaviour in animals bearing an early non-
grafted tumor. Both the photodetection and
the PDT of early cancers will improve with
enhanced uptake and better contrast of the
PS between neoplastic and normal tissue.
We therefore investigated the
pharmacokinetics (PK) of Lu-Tex, by means
of Light Induced Fluorescence (LIF), in a
chemically induced early squamous cell
carcinoma of the hamster cheek pouch, in

the normal cheek pouch and on the ventral
skin. We also irradiated the skin of the
hamsters with a solar simulator 24 hours
following the injection of the Lu-Tex to
support the observations that were made
through the LIF that the PS isin negligible
guantity in the skin at that time. The hamster
cheek pouch is an interesting model for the
superficial squamous cell cancers of the
upper aero-digestive tract and esophagus in
humans [28, 29].

MATERIALS AND METHODS

Animal Model

Twenty-six pathogen-free, male, 5-6 weeks
old golden Syrian hamsters weighing 110-
140 grams, were used in our experiments
(BRL, Fuellinsdorf, Switzerland), ten for
the LIF measurements and sixteen for the
skin photosensitization tests. Chemically
induced early squamous cell carcinomas
(carcinoma in situ and microinvasive
carcinoma) of the left cheek pouch were
produced in five of these animals by topical
application of a 0.5% 7,12-
dimethylbenzanthracene (DMBA, Sigma
Chemicals, Buchs, Switzerland) in paraffin
solution three times weekly for ten weeks
following a previously described protocol
[28]. The malignant changes occurring
during the carcinogenesis are highly
reproducible between different groups of
animals and resemble both macroscopically
and microscopically those encountered in
humans with carcinomas of the upper
aerodigestive tract and the esophagus [28].
The right cheek pouch, which was not
painted with DMBA, served as a control.
The animals were housed at room
temperature with a 12 hour light/dark cycle.
Food and drinking water were given ad
libitum. All experiments were performed
under intraperitoneal anaesthesia (Ketalar
150 mg/kg and Xylesine 15 mg/kg) and in
accordance with protocols approved by the
Experimental Animal Ethics Committee of
the CHUV Hospita in Lausanne.

Photosensitizer

A drug product formulation of Lu-Tex (PCI-
0123) was Kkindly supplied by
Pharmacyclics, Inc. (Sunnyvale, CA,
USA). Bacterial contamination was avoided
by filtering the solution into presterilized
containers inside a laminar flow hood. The
Lu-Tex solution was then stored in the dark
at 4°C. Lu-Tex has a strong Soret-type

absorption band at 474 nm (¢ = 126'000)
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and a Q-type absorption band at 732 nm (g =
42'000) in methanol [25].

Fluorescence Spectroscopy

Our optical fiber-based spectrofluorometer
has been described elsewhere [30]. In brief,
it consists of an excitation source (UXL-75
XE, 75W high pressure Xenon lamp, Ushio
Inc., Japan) whose light is passed through a
spectrograph (Chromex 250, Chromex,
Albuquerque NM 87107, USA), filtered
(DC550, Reynard USA, blue-green band
pass, center wavelength: 475 nm, Full
Width at Half-Maximum (FWHM): 110 nm)
and injected into a quartz optical fiber
(PUV600T, CeramOptec GmbH, D-53121
Bonn, Germany, NA=0.4, 4.2m, 600 pm
core diameter). The excitation wavelength is
460 nm and the typical power at the end of
the fiber is 75 pW. The fiber can be inserted
into a metallic cylindrical handpiece
(diameter 5.6 mm, length: 60 mm) in such a
way that an application of the handpiece on
the tissue results in contact of the fiber tip
with the organ [30]. The fluorescence is
collected in the same fiber and separated
from the excitation light by a dichroic mirror
(DC475, Reynard, San Clemente CA
92673-6227, USA, dichroic mirror, cut-off
wavelength: 480 nm). It isthen filtered by a
long pass filter (FG495, Andover
Corporation, Salem NH 03079-2800, USA,
long-pass filter, cut-on wavelength: 500 nm)
and dispersed in a spectrograph (Chromex
250, Chromex, Albuguerque NM 87107,
USA) to be detected by a Peltier cooled CCD
(TE/CCD-256, UV coated, Spectroscopy
Instruments GmbH, D-82205 Gilching,
Germany). LIF is observed in the range
between 500 nm and 800 nm with a
resolution of 11 nm (FWHM). The whole
setup is controlled by a 486 PC (Fast
486/50, Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) with CSMA
software (Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) and mounted
on a trolley for transport to the medical
facility. The acquisition time of one
spectrum is 1 second.

Procedure

Pharmacokinetics studies were carried out in
the following way. The animals were first
anaesthesized. A background
(autofluorescence) spectrum was then
measured on the skin of the belly, the tumor-
bearing and the healthy cheek pouch
mucosa. The cheek pouches were turned

inside out for the acquisition of the spectra.
The hamsters were then injected
intracardiacally with the relevant quantity of
Lu-Tex, according to their weight, in order
to achieve the dose of 12 mg PS per kg of
bodyweight (the control animals did not
receive this injection). The fluorescence
spectra of the belly, the healthy and the
tumoral cheek pouch mucosae were then
measured at several time intervals between
10 minutes and 24 hours after the injection.
The anaesthesia was not extended and the
animals therefore woke up during the
measurement sessions. At each time interval,
four different spectra were recorded after a
slight displacement of the fiber on each of
the three abovementioned locations. The
animals were sacrificed with an overdose of
ether at the end of the measurement session.
The entire tumoral and healthy cheek pouch
mucosae were resected and fixed in 5%
buffered formalin (pH=7.0), paraffin
embedded, sectioned in 5 um thick slices
and stained with haematoxylin and eosin for
standard histological examination in order to
check the accuracy of the induced lesions.

Analysis of results

The spectra of each hamster were first
normalized at 525 nm (since the
autofluorescence of any one hamster is
expected to be constant over time, as has
been observed during the measurement
sessions, this allows for a certain degree of
instability of the spectrofluorometer setup to
be taken into account and corrected for). The
magnitude of the Lu-Tex fluorescence peak
at 740 nm was then obtained by subtracting
the autofluorescence background (the
autofluorescence was measured on the cheek
pouch mucosa of each hamster before the
Injection), thus yielding arelative measure of
the fluorescence intensity of the Lu-Tex in
thetissue. The fluorescence units obtained in
this way are termed “relative units’ (r.u.) in
the figures. Four independent measurements
were made at each site and time interval on
each animal. From these data, the mean
value and the standard deviation were
calculated. Inter-animal variations of the
fluorescence signal were expected and
observed as the values of LIF signals varied.
A graph representing all these measurements
isshown in Fig. 2 and 3 (scattered dots) and
a curve has been drawn through the data
points for visual interpretation only.
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inirradiation tests

The skin photosensitization was evaluated
with a solar simulator (81192 Solar
Simulator, Oriel, Stratford, CT 06497,
USA) designed to simulate the solar
spectrum from 200 nm to 2500 nm at noon
on a clear summer day at sea level at our
latitude (45° N). The light intensity was 100

mW/cm#4. Sixteen hamsters, separated in 4
groups of 4 animals, were irradiated under a
protective mask bearing four circular holes
of 15 mm diameter. All the animals had their
belly shaved beforehand. Thefirst 4 animals
received no injection of Lu-Tex and served
as control. They received an anaesthesia and
an irradiation of 5 min, 10 min, 20 min and
30 min respectively to assess the damage to
their skin due to the light itself. They were
sacrificed at 5 days after the irradiation, the
samples of the skin were resected and fixed
in 5% buffered formalin (pH=7.0), paraffin
embedded, sectioned in 5 um thick slices
and stained with haematoxylin and eosin for
standard histological examination in order to
check the extent of the damage. The 12
remaining animals received an intracardiac
injection of the relevant quantity of Lu-Tex,
according to their weight, in order to achieve
the dose of 12 mg PS per kg of bodyweight.
Twenty-four hours after the injection, which
is the time at which we did not detect any
fluorescence from the Lu-Tex in the skin of
the animals, the animals were anaesthesized
and irradiated under the solar simulator for 8
minutes, a light dose that proved to be just
under the threshold of light-induced skin
damage. The animals were sacrificed with an
overdose of ether at 1 day, 2 days and 4
days after the irradiation. The irradiation
spots of the ventral skin were resected and
fixed in 5% buffered formalin (pH=7.0),
paraffin embedded, sectioned in 5 pm thick
slices and stained with haematoxylin and
eosin for standard histological examination
in order to check for the presence or the
absence of necrosis.

RESULTS

Lu-Tex pharmacokinetics

Figure 1 represents the pharmacokinetics
curves measured on atumoral and a healthy
cheek pouch mucosa (5 hamsters). They
show a simultaneous maximum for the
tumoral and the healthy tissue after about
100 min. A rapid decay then follows that
reaches 50% of the maximum after 300 to
500 min. Each dot represents the mean value
of four measurements on a given site in one

animal as afunction of the timeinterval after
the injection. The standard deviations have
been omitted in all but a few dots for the
sake of clarity. At the time of maximal
intensity, the Lu-Tex fluorescence is
consistently (up to 1.5 times) higher in the
tumor than in the healthy cheek pouch.
Similarly, Fig. 2 represents the data from the
healthy cheek pouch mucosa and the skin of
the belly (5 animals). The maximum for the
healthy cheek pouch mucosais around 100
min, asin Fig. 1, and the maximum for the
ventral skin is around 200 min. In al three
cases (tumor-bearing cheek pouch, healthy
cheek pouch and ventral skin), the
fluorescence of the Lu-Tex returns to the
detection limit after 1440 min (24 hours).
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Figure 1. Normalized fluorescence signals
due to the Lutetium Texaphyrin (Lu-Tex,
PCI-0123) injected at 12 mg/kg measured
on the healthy (dotted line and white
circles) and tumor bearing (plain line and
black circles) cheek pouch mucosa of five
hamsters. Each dot represents the average
of 4 measurements on a given animal. The
uncertainties given correspond to the 67%
confidence interval. The curve has been
drawn for visual support.
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Figure 2: Normalized fluorescence signals
due to the Lutetium Texaphyrin (Lu-Tex,
PCI-0123) injected at 12 mg/kg measured
on the healthy cheek pouch mucosa
(dotted line and white circles) and the
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ventral skin (plain line and black triangles)
of five hamsters. Each dot represents the
average of 4 measurements on a given
animal. The uncertainties given
correspond to the 67% confidence
interval. The curve has been drawn for
visual support.

Skin photosensitization

The 4 control animals were observed daily
after the irradiation they received. The
animal that received 5 minutes of irradiation
did not display any erythema. At no point in
time was there any visible spot on its belly.
A very light erythema was observed on the
first day but it might have been due to the
shaving. The animal that received 10
minutes of irradiation displayed avery mild
erythema. The shape of the irradiation spots
was dlightly visible after four days but this
mark receded on the fifth day. The animal
that received 20 minutes of irradiation had a
marked erythema on the second day after the
irradiation. The shape of the spots was
clearly visible and there was a clear
desguamation of the skin. On the fourth day,
the skin was still dry with marked spots, a
small coagulation crust and on the fifth day,
the skin was recovering albeit still dry and
desguamating. The animal that received 30
minutes of irradiation had a marked
erythema on the second day after the
irradiation. The erythema was clearly
visible, as well as the exact shape of the
irradiation spots. On the fourth day, blisters
were observed as well as an important
desquamation and significant marks. On the
fifth day, scars were observed at the location
where blisters previously lied.

For the subsequent irradiations, it was
decided to use an irradiation time of 8
minutes asit is below the observed threshold
(10 minutes) of an erythematous reaction
induced by the light alone. It should be
noted that thisirradiation time has aso been
used to assess the skin damage due to the

presence of Foscan® in the skin [22]. The
hamsters underwent the same procedure,
except that they had previously received an
injection of Lu-Tex. The irradiation took
place 24 hours after the injection to
investigate the presence or absence of
photosensitizer in the skin of the belly. The
animals were observed daily and sacrificed
after 1, 2 and 4 days. After one day, no
reaction was visible on any of the four
irradiated animals. No reaction was

observed either on any of the animals after 2
days or after 4 days. To assess the
microscopical damage, the sections of the
skin of the hamsters were observed in a
transmission microscope and no trace of
necrosis or damage to the mucosa or the
underlying tissues was observed either. This
suggests that the PS was in negligible
quantities in the skin of the animals at the
time of irradiation, 24 hours after the
injection. This seems to corroborate our
observation that the fluorescence signal of
the Lu-Tex was below the detection limits
when measured by LIF.

DISCUSSION

Our study focussed on the PK of Lu-Tex in
early superficial squamous cell cancer of the
cheek pouch, healthy cheek pouch mucosa
and skin of the Syrian golden hamster. This
model was thought to be particularly
appropriate because a standard procedure,
namely aregular painting of the cheek pouch
with a carcinogenic agent, yields
reproducible early tumoral lesions [28].
These tumors have not only proven an
appropriate model for the human
aerodigestive lesions [29], but they actually
are early tumors of the hamster itself and not
xenografts. Indeed, many animal models
used for the assessment of PSs and similar
studies rely on implanted or transplanted
tumors. They are usually much more
invasive tumors than the early lesions we are
dealing with in this paper. For this reason,
the PK of the PS obtained on such invasive
grafted tumors can be significantly different
from that obtained on early lesions.

Our results show a rapid fluorescence
intensity maximum after the injection of the
PS (after 100 minutes for the cheek pouch
and after 200 minutes for the skin of the
belly) and a clearly higher fluorescence
signal of the Lu-Tex on the tumor-bearing
cheek pouch mucosa. This maximum iswell
reproducible. This kind of behavior has not

been demonstrated for Foscan® in early
cancers neither in the same animal model
[29, 31] nor in patients [32]. One also
observes a rapid decay of the PS
fluorescence intensity (that becomes
undetectable after 24 hours) from the
measured locations (Fig. 1). It also appears
that little Lu-Tex is detectable in the skin of
the animals (Fig. 2). Such an observation, if
transposabl e to human beings, could signify
adrastic improvement over previously used
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PSs as extended skin photosensitivity is a
major drawback [22]. Moreover, since the
overall fluorescence signal of Lu-Tex in the
skin is kept to a small value, it could be
expected that the skin photosensitivity
should be small. This is confirmed by our
results. Indeed, the irradiation during eight
minutes, a light-dose that is below the
threshold of light-induced damage to the
skin, of the skin of the hamsters with a solar
simulator 24 hours after the injection of the
Lu-Tex leads to no detectable damage. This
is a procedure which has been used in
humans to assess the skin photosensitivity

following the injection of Foscan® [22].
This study has indeed shown that the
Foscan®, unlike the Lu-Tex, induces a skin
photosensitization lasting for up to 6 weeks.
This observation has also been confirmed as
one of the major side effects following the
Foscan® injection in humans [22]. Clearly,
our results show that there is a negligible
quantity of PS in the skin of the animals or
in the underlying layers and thisis consistent
with the LIF measurements. This is in
contrast with Foscan® in the same model
[31], where it is observed that this PS
accumulates non-negligibly in the skin of the
animal. Care should be exercised, though,
as the skin of arodent is not necessarily a
good model for the human skin.
Nevertheless, the observation of no skin
photosensitivity is consistent with
previously reported results in a study
conducted on mice with Lu-Tex by Y oung et
a [25]. It is aso in agreement with results
presented by Woodburn et al [26] about
photodynamic therapies taking place with the
Lu-Tex in tumors implanted in a rodent
model. As a matter of fact, these authors
report that the normal tissues surrounding
the treatment sites do not undergo significant
damage. They also report that the therapies
taking place after 24 hours lead to no cure of
the tumor [26], but rather demonstrate that
short time periods after the injection lead to
better cure rates than longer intervals, an
observation that is consistent with the idea of
arapid elimination of the PS from the body
of the mice and in agreement with the
findings of Young et a [25]. Hammer-
Wilson et a also recently compared the
photodynamic activity of the Lu-Tex with
that of Photofrin in a mouse model [33]. By
means of a study about the toxicity of the
Lu-Tex for their model, the authors first
report that all the mice excrete colored urine

beginning one hour after the injection and
returning to normal by 24 hours after the
injection. The authors also present the
results of their irradiating the tumors at 740
nm, 5 hours after the intravenous injection
of the PS. They also show, in agreement
with Young et a [25] and Woodburn et al
[26] that this drug-light interval yields the
best PDT effects (up to 67% of the animals
remain tumor-free during the whole follow-
up period) as shorter intervals lead to
significant mortality (1 hour) or difficult
healing, extensive tissue damage and
impaired movements (3 hours). On the other
hand, longer drug-light intervalslead to little
reaction (12 hours) or no reaction at all (24
hours). Another preclinical study in an
anima modd is presented by Kostenich et al
[27]. In this paper, these authors use in vivo
LIF to non-invasively measure the
distribution kinetics of the Lu-Tex in the
tissue of mice bearing a human colon tumor,
their aim being to find the optimal drug-light
interval to achieve the highest possible ratio
between the tumor and the healthy tissue at
the time of irradiation. The authors present a
kinetics curve displaying a maximum 3 to 4
hours after the intraperitoneal injection in
both the healthy and the tumor-bearing foot
of the mice. Unexpectedly, the fluorescence
signal of the Lu-Tex is higher in the normal
foot than in the tumor-bearing one at the time
of this maximum but then it decreases faster
in the normal foot than in the tumor-bearing
one and, as aresult, the PS's fluorescence is
higher in the tumor-bearing foot than in the
normal one after 24 hours. This seems to
last for at least another 24 hours as the
fluorescence signal in the normal foot goes
down to zero whereas it does not decrease
anymore in the tumor-bearing foot in this
interval. Consequently, these authors chose
to perform the PDTs 24 hours after the
intraperitoneal injection of the Lu-Tex. Their
explanation about the pharmacokinetics of
this PS in both feet is that the fluorescence
signal was collected from the skin and the
underlying tissues such as the tumor and
muscle. However, the contribution to the
fluorescence signal of these tissues is
measured collectively and with little control
over the exact contribution of each of them.
The administration mode of the Lu-Tex
might also explain why these authors find a
lasting presence of the Lu-Tex in the body of
their animal model and a higher Lu-Tex
fluorescence in the normal foot than in the
tumor-bearing one, especially since these
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findings seem to contradict those of
Woodburn et a [26] who used the same
animal model, albeit not the same tumor
model. Indeed, whereas Woodburn et al
[26] and Young et a [25] injected the Lu-
Tex intravenously, Kostenich et al [27]
administer it intraperitoneally and this type
of administration may potentially affect the
biodistribution, the uptake and the clearance
rate of the PS. This is maybe also a
limitation of this model as human tumors
implanted in mice probably model the early
human tumors up to a certain extent only.
Other authors aso report the absence of skin
phototoxicity in humans following the
injection of the Lu-Tex [34].

The inter-animal fluctuations in PK are a
major issue when dealing with PSs. In
clinical conditions, it is observed that agiven
injected dose of PS does not necessarily
mean that the tissular dose will remain
constant from patient to patient. It is likely
that thisis a consequence of their individual
metabolism [30, 35]. In our study, we
quantified the inter-animal fluctuations using
the maxima of the pharmacokinetics curves.
For the tumor-bearing mucosae, we found a
fluctuation of + 16% (range 0.76-1.08) in
the fluorescence intensity (5 hamsters).
Similarly, we found a fluctuation of + 12%
(range 0.6-0.8) (10 animals) on the healthy
cheek pouch mucosa Finally, we found
fluctuations of + 48% (range 0.14-0.44) on
the ventral skin (5 animals). These values
are small as compared to what is observed
with others PSs, like Foscan® in animal
models [29] or in patients [35] where they
can reach one order of magnitude. However,
they indicate that a certain injected dose of
PS can lead to tissular fluorescence levels
which vary in intensity from one animal to
another. The exact reason why the
fluctuations are larger on the ventral skin
than on the cheek pouch mucosa is
unknown. However, several factors may
account for this variability. The fluorescence
signal of Lu-Tex is small on the skin. The
SNR is therefore smaller than on the cheek
pouch mucosa. In addition, it is more
difficult to perfectly clean the ventral skin
than the cheek pouch mucosa due to the
presence of hair. It may well be that some
fluorescent species (traces of Lu-Tex
containing urine, food leftovers) remained
despite our thorough cleaning of the skin.

The fluorescence spectra were normalized to
compensate for the fluctuations of the
spectrofluorometer within one measurement
session; these spectrawere normalized to the
maximum of the autofluorescence. It isto be
noted that this procedure was applied for the
spectra of one hamster at a time. This is
consistent with the idea that the
autofluorescence of one animal should not
dramatically change during 24 hours, hence
it has been used as an internal standard for
the normalization. Consequently, the scale
of Fig. 2 and Fig. 3 has to be seen as the
relative fluorescence intensity of the Lu-Tex
as compared to an autofluorescence level of
unity. It should be added that the
autofluorescence measurements themselves
(the background spectra acquired on each
animal before the injection) were very close
in both shape and intensity from one animal
to another and showed very little (less than
5%) fluctuation in intensity during the
measurements sessions (data not shown).

It has been demonstrated by Glanzmann et
a. [35] that there is a good correlation
between the fluorescence contrast and the PS
content in the tissue with the Foscan® dye.
Due to amuch smaller fluorescence quantum
yield of the Lu-Tex as compared to that of
the Foscan®, the detection threshold for Lu-
Tex will be higher, and hence such a
correlation more difficult to demonstrate.
Nevertheless, our results seem to indicate
that the Lu-Tex fluorescence signal is
consistently lower in the healthy than in the
early lesion bearing mucosa and that this PS
does not accumulate significantly in the skin
24 hours after the injection. Both these
observations are improvements over the
existing PSs.

CONCLUSION

Of the many novel PSs available, Lu-Tex
(PCI1-0123) appears promising. Its
fluorescence signal is clearly higher on the
early lesions than on the normal mucosa, it
shows a rapid clearance from the body and
from the skin in this animal model and it
displays smaller inter-animal fluctuations as
compared to Foscan®. These properties
make it a very interesting photodetection
candidate. Moreover, Lu-Tex has some
major advantages over the other known dyes
in terms of ease of use and administration,
physical chemical properties and behaviour
inan anima model.
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Chapter 5
Sytox® Green

chapter, we deal with a possible novel photodetection agent, Sytox® Green (the work that

we conducted on additional substances is reported in Appendix A2). Most photodetection
candidates are molecules which are expected to localize preferentialy in the tumorsin comparison
with healthy tissue or whose retention will be longer in the former than in the latter. This amounts
to relying on different quantities of photodetection agent at a given moment. Here, we present a
different approach. The spectroscopic properties of Sytox® Green are modified by its physical
chemical environment. This behavior is called metachromasia The ideal metachromatic
photodetection agent will undergo dramatic spectroscopic changes when in contact with a cancer
cell, be it a shift of its emission maximum, a change of its fluorescence quantum yield or any
other change that will clearly distinguish it from its counterparts in contact with healthy cells only.

T here are countless substances that are potential photodetection agents or PSs. In this

Wagniéres et al [1] have proposed some work on in vivo anima models using metachromatic
dyes. They studied the behavior of a DNA-staining fluorescent dye, TOTO-1, in arat bladder
tumor model. Thisis an impermeant dye that undergoes a 1000-fold increase in its fluorescence
guantum yield when bound to DNA. We therefore chose not to use this molecule.

The administration of the substance (solvent, concentration) was adjusted in healthy untreated
animals first. Then, a basic pharmacokinetics curve was measured on their cheek pouch by LIF.
The same pharmacokinetics curve was then measured on the cheek pouches of treated hamstersto
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determine the maximal intensity of fluorescence of both the healthy and the treated cheek pouch
and hence the maximal contrast as a function of the elapsed time. Images were also recorded.

The protocol of regular painting of the hamster cheek pouch with a carcinogenic agent is
described in section 4.3, Materias and Methods as well asin apaper by Andrgjevic et a. [2]. The
healthy untreated animals were kept following the same rules as the painted animals.

This chapter closes the first part of this work. Exogenous dyes are numerous and novel
substances are reported regularly. Next to the substances that are in routine clinical practice, itis
important to keep looking for new and improved photodetection agents or PSs. With this
prospect, a relevant animal model can be of tremendous help. However, when testing new
fluorophores, it should aways be kept in mind that the ultimate goal of such research is the
clinical application of the molecule. Consequently, questions like the applicability of the dyein
clinical practice, its toxicity, its side-effects and so on should be assessed very early in the
investigations, no matter how interesting it might look. This is the challenge, and maybe
sometimes the frustration, of clinically-oriented applied research.

5.1 Sytox® Green: the fluorophore

The fluorophore (FP) Sytox® Green isanucleic acid stain. It is amember of the cyanine family
[3]. Its structure is proprietary information and its molecular weight is around 600 g/mol
(approximate value, not including counterions) [4]. The interesting feature of this FP isits ability
to mark the cells with compromised membrane and not the healthy cells (impermeant FP). Upon
binding to nucleic acids, its fluorescence is enhanced by afactor of 1000 (excitation: 450-500 nm
and emission: 500+ nm) [4,5]. It is essentially non-fluorescent except when bound to DNA or
RNA. Figure 5.1 gives the normalized absorption and emission spectra of DNA-bound Sytox

[5].

Absorbance
Fluorescence emission

400 450 500 550 600 650 700
Wavelength (nm)

Figure5.1: Normalized absorption and emission spectra of the DNA-bound
Sytox® Green. The spectra are normalized to an arbitrary value of 100 and
hence expressed in relative units. The detection wavelength is 530 nm and
the excitation wavelength is 488 nm [ 5].
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Sytox® Green isatypical metachromatic dye. Moreover, its inability to cross the uncompromised
cell membranes should prevent it from marking the normal cells. The changes undergone by the
dye upon nucleic acid binding should also avoid possible mistakes in the assignment of the cells
in the wrong category.

Sytox® Green staining is reported to be quite selective for nuclear DNA [4,6]. Indeed, some
pictures taken in our group (Fig. 5.2 [7]) on cell cultures show a clear difference between non-
marked (dark dull green) and marked (bright green) cells.

The cellsundergo
many
transformations
along the
cancerization
process. Some of
these involve
modifications of
the membrane, its
structure and its
function. Among
many others, we
should mention
the alteration of
the composition
of the cell surface
and the increased
uptake of amino
acids and several
other exogenous
. . molecules [8].
Flgure5.2: Cdlls marked with S_/to Green [7] Genera”y’ we
can consider that both the changes in the membrane that have been inferred and the changes that
have been observed alter the functionality of the cell membrane. Some of these changes are
summarized in Fig. 5.3 [§].
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As given in Fig. 5.3, the permeability of the cell membrane might be altered during the

cancerization process [1,8,9]. If so, Sytox® Green should mark the cancer cells and not the
healthy ones - their membrane function is to exclude such big organic molecules[9]. Thisisthe
reason behind our trying to test this dye in our animal model.

5.2 Sytox® Green: the study

Preparation and administration

Sytox® Green was obtained from Molecular Probes, Eugene, OR, USA asa’5 mM solution in
DMSO. The stock solution was diluted with sterile PBS by a factor of 20. This resulted in no
precipitation nor any kind of formation of a cloudy residue or any change in the solution color.

Each hamster was first anaesthesized. A background spectrum was then measured on both cheek
pouches before the injection, along with a reference spectrum acquired on a Rhodamine B cuvette
before the measurement session (this was intended to correct the actual value later measured on
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Figure 5.3: Some cellular alterations observed after neoplastic
transformation [8].
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Figure 5.4: Fluorescence emission spectrum of Sytox® Green on the cancerous
cheek pouch of one hamster 120 min after the injection of 0.3 mg/kg. The
excitation wavelength is 465 nm. The result spectrum is obtained after the

procedure described above.

The measurements were done by spectrofluorometry, using our optical fiber-based
spectrofluorometer described in Appendix Al. The excitation wavelength was 465 nm and
detection took place above 525 nm (Filters: Short Pass 550 nm; Dichroic 550 nm; Long Pass 495
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nm). The background curve was subtracted and the value of the fluorescence intensity was
calculated at the maximum of the peak (in the 550-555 nm window) with no further correction.

The spectrawere acquired at different timeintervals after the injection (4 spectrafor each point in
time), thus allowing us to calculate a mean value and a standard deviation, both plotted on the
graphs (see Fig. 5.4 for an example). Twelve treated hamsters were involved in this study.
During the first part of the study (November 1998), two animals received an injection of Sytox®
Green. Some of the results are plotted in the form of pharmacokinetics curvesin Fig. 5.5. The
second part of the study (February 1999) involved 10 more animals. These results are displayed
in Fig. 5.7 and the following figures.

Results and discussion
Figure 5.4 shows the spectra obtained in vivo. The three curves are the raw measured spectrum
(#1), the background spectrum (#2) and the resulting spectrum (raw spectrum - background, #3).

Figures 5.5a and 5.5b are the pharmacokinetics curves obtained on the first two animals. Each
curve represents the measurements for one animal. The vertical scales are comparable. For each
graph, not only the mean value and the standard deviation of the mean have been plotted, but also
the maximal value observed on both the healthy and the cancer bearing mucosa.
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_ 3.5 10 F T T T T T T T T T T T [ ) Healthy’ max
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Figure 5.5a; Fluorescence emission signal of Sytox® Green on the healthy
and cancerous cheek pouch of one hamster as a function of the time interval
after the injection of 0.3 mg/kg. The excitation wavelength is 465 nm and
detection is above 495 nm. For each point, the mean of four measurements
together with the standard deviation are displayed (white markers). As well,
the maximum value for that time interval is plotted (black markers).

It should be noted that the point measurements have been carried out on two animals only.
Additiona animals were included in an imaging study.

As can be seen on Fig. 5.5a and 5.5b, it is unclear what the exact pharmacokinetics curve looks
like. The most puzzling information is not the non-reproducibility of the curves but the maximal
value of the fluorescence on both the healthy and the cancerous mucosa. On the healthy mucosa,
the maximal values are kept small, relatively constant and the standard deviations of the means are
also small.
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fluorescent signal  Figure 5.5b: Fluorescence emission signal of Sytox® Green on the
(which one would healthy and cancerous cheek pouch of one hamster as a function of the
expect if the dye time interval after the injection of 0.3 mg/kg. The excitation
binds to the DNA) wavelength is 465 nm and detection is above 495 nm. For each point,
and some do not. the mean of four measurements together with the standard deviation
This could mean that  are displayed (white markers). As well, the maximum value for that
our slight timeinterval isplotted (black markers).

displacement of the

fiber between two measurements on one site was sufficient to go from afluorescent spot (like a
small patch of early cancerous cells) to a non-fluorescent spot (like the healthier surrounding
mucosa), as one would be likely to observe on afield cancerized mucosa. Thisis the reason why
we also plotted the maximal values for each time point. There is no doubt that, at these pointsin
time, a highly fluorescent signal was measured. However, this seemed to happen randomly (it is
not correlated to the time) and it seemed to be very limited as far as actual geometrical range goes.
To overcome this difficulty, we decided to take images together with spectroscopical
measurements on the following series of animals.

During anaesthesia, the cheek pouch to be observed was exposed by means of a homemade
device (Fig. 5.6) [10]. The whole site was illuminated by means of an argon ion laser at 457 nm.
The pictures were then recorded with a color CCD camera and taped on a standard VHS VCR.
They were printed and are given in Fig. 5.11-5.13, along with the relevant fluorescence emission
spectrum (Fig. 5.7-5.8, measured after the procedure described above) and the histopathol ogical
analysis of the spot (a surgical thread was used to mark the measurement spot and a biopsy was
taken after the sacrifice of the animal). It should be noted, though, that the taking of abiopsy isa
difficult operation and that, consequently, the accuracy of this biopsy may be limited.

The biopsies were analyzed in aroutine fashion and the results of the histopathological analysis
are given below in Fig. 5.7 and 5.8, along with the fluorescence spectra of the corresponding
location.

As can be seen in Fig. 5.7 and 5.8, a certain correlation can be found between the fluorescence

intensity of Sytox® Green in the mucosa and the histopathological status of the location. It is
clear that the inaccuracy inherent to our biopsy-taking procedure may induce a discrepancy
between the spot that has been measured and the spot that has been observed by the
histopathologist. All that is certain isthat every measurement on a non-healthy spot has been done
on a site bearing some kind of pre-/early cancerous lesion. This indicates that the
histopathological status of the non-healthy mucosa should be treated with some caution.
However, the healthy spots (or in Fig. 5.7, the light dysplasia) come from the contralateral cheek
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pouch that has not been painted with the carcinogen. It is therefore certain that these spectra are
those of relatively spared mucosa. It isinteresting to note that, in both figures, the contral ateral
spot produces a spectra whose intensity at 550 nm is significantly smaller than that of the non-
healthy mucosae. This may be regarded as an encouraging result in our investigations of Sytox®
Green.

Figure 5.6: The homemade device to open the mouth of an anaesthesized

hamster.
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Figure 5.7: Fluorescence spectra of the Sytox® Green in the cheek pouch
mucosa of one hamster as a function of the histopathological status. The
excitation wavelength is 465 nm and the injection-measurement interval is 30
minutes.
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Figure 5.8: Fluorescence spectra of the Sytox® Green in the cheek pouch
mucosa of one hamster as a function of the histopathological status. The

peak of
hemoglobin),

excitation wavelength is 465 nm and the injection-measurement interval is ~ which  could

30 minutes.

account for the

displacement of the peak from below 550 nm for the light dysplasia to above 560 nm for
microinvasive carcinomas. This would also be accompanied by a concomitant increased
absorption at 575 nm (second absorption peak of hemoglobin). This does not seem to be
observed in our results. It islikely that this displacement is due to more complex modifications of
the tissue. The large standard deviations also indicate that, with the notable exception of the
healthy tissue and the invasive carcinoma, there is a non-negligible overlap in the position of the
maximum, and thisis likely to be detrimental to a clear-cut explanation of the phenomenon. It
should also be mentioned that there is an uncertainty on the horizontal axis (histopathol ogical
analysis) asthisresult is known to be operator-dependent.
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It can be observed in Fig. 5.7 and 5.8
that a shift of the fluorescence emission
maximum occurs as the normal tissue
turns dysplastic and to carcinoma in
situ. Figure 5.9 gives the position of the
maximum fluorescence emission as a
function of the histopathological status
of the tissue (given as a number, see
Table 5.1). The fluorescence emission
maximum shifts towards longer
wavelengths as the histopathol ogical
status of the tissue proceeds from
healthy to cancer.

“Table 5.1; Histopathological status of the lesions of
the hamster cheek pouch mucosae and their
corresponding number .



A similar plot is
given in Fig. 5.10.
In this graph, the
fluorescence
intensity is plotted
as afunction of the
histopathol ogical
status of the site of
the measurement. It
should be noted
that the correlation
observed in Fig.
5.9 is less marked
in Fig. 5.10. In
particular, the
invasive lesions do
not display a higher
fluorescence on
average than the
microinvasive
carcinoma or the
carcinoma in situ.
Part of this could
be due to the fact

localized lesions.
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Figure 5.9: Position of the maximum fluor escence emission as a function
of the histopathological status of the site of the measurement (average
position of the maximumin 7 hamsters).
that invasive lesions might be necrotic on their outer side and poorly vascularized, thus keeping
large amounts of the dye away from these cells. On the other hand, the correlation is interesting
for the dysplasias and the carcinomain situ and the microinvasive carcinoma, all of them early
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Figure 5.10: intensity of the maximum flUorescence emission as a
function of the histopathological status of the site of the measurement
(average intensity of the maximumin 7 hamsters).
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Images

3 e x \ =
Figure 5.11a: White-light image of the cheek pouch of a hamster following an
injection of Sytox® Green.

Manual

Figure 5.11b: Fluorescence image of the cheek pouch of a hamster following

an injection of Q/tox® Green. The green fluorescent spots are clearly visible
wher eas the surrounding healthy mucosa is dark. The excitation took place at
457 nm.
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Figure 5.12a: White-light imae of the cheek pouch of a hamster followi ng
an injection of Sytox® Green.

Figure 5.12b: Fluorescence image of the cheek pouch of a hamster
following an injection of Sytox® Green. The green fluorescent spots are
clearly visible whereas the surrounding healthy mucosa is dark. The
excitation took place at 457 nm.
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Figure 5.13a; White-light image of the cheek pouch of a hamster following
an injection of Sytox® Green.

Figure 5.13b: Fluorescence image of the cheek pouch of a hamster
following an injection of Sytox® Green. The green fluorescent spots are
clearly visible whereas the surrounding healthy mucosa is dark. The
excitation took place at 457 nm.
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Much remains to be done in the race for the perfect photodetection agent. Most of the work is
carried out to find more selective dyes or dyes that will be retained longer in the early lesions. The
approach of finding dyes that are sensitive to their microenvironment and thus undergo
spectroscopic changes rather than temporarily accumulating in different quantities might be a
promising one.

Sytox® Green appears to have a potential selectivity for early lesions that has not been found in
previously used exogenous fluorophores. Its exclusion from healthy cells and its very specific
binding to DNA participate to its interesting properties. The limitations of this molecule are
elsewhere, however. It has never been injected to humans and our tests are among the earliest
ones on living animals. Very little is known about its systemic or topical toxicity, but its
mechanism of action - the nucleic acid binding - islinked to the carcinogenic properties of other
well-known DNA-marking molecules (ethidium or propidium halides). If similar cancer-

induction properties are found in the Sytox® Green, it ishighly unlikely that it will ever be used
in patients. Still, ssimilarly selective molecules should be tested because the primary goa of these

investigations is to mark early lesions and Sytox® Green achieves this goal better than most
substances that are currently used. As well, its very high fluorescence quantum yield makes it
easy to detect (amajor drawback of Lu-Tex) even in low concentrations, when bound to DNA.

Exogenous fluorophores can be helpful to detect early cancerous lesions. Because most of them
remain for along time within the body of the patients, however, they are usually used for the
photodynamic treatment of such lesions only. In this respect, a fluorophore like Lu-Tex could
represent an improvement over previous ones because it seems that it isindeed excreted rapidly
after injection. Itislikely that this property is linked to its water-solubility and this could be a hint
asto the properties to be searched for in novel exogenous fluorophores to come.

The use of exogenous fluorophores for the photodetection is also a bit difficult in terms of
administration because it requires an injection which increases the risks of allergic reaction. In
some cases, it contributes to the detection of early lesions but these substances will only be
accepted as good detection alternatives when this contribution will be more marked and more
reproducible as well as carrying fewer side-effects.
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The second part of this thesis deals with the uses of fluorescence spectroscopy and imaging to
investigate exogenously-induced fluorophores (for a definition of exogenously-induced
fluorophores, see p. 13). The fluorophore is Protoporphyrin IX (PPIX).

We separated this second part in two chapters, both of them published in peer-reviewed journals.
The first chapter deals with a preclinical study in cultured cells. We used this model to test a
series of ALA ester derivatives. The ALA ester derivatives are increasingly lipophilic with the
increasing length of the aliphatic chain and this might overcome the difficult internalization of
ALA by cdlsin culture. After an intracellular de-esterification, these molecules enter, asALA, the
biosynthetic pathway leading to heme via PPIX. As expected, our results show that the
concentration of ALA-esters solution required for a given fluorescence level of PPIX decreases
with the increasing length of the aiphatic chain.

Following this preclinical study on cellsin culture and a concomitant preclinical ex vivo study on
urothelium, we tested our best ALA ester, the hexylester (hALA), in the urology clinics of the
CHUV Hospital. The use of ALA hexylester as a profluorophore allows the clinician to reduce
the instillation times by a factor of 3 and the concentration of the drug by a factor of 20. We
present here the first results of apilot clinical study.
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Chapter 6
PPI X in cultured cells

n mammals, the biosynthesis of porphyrins is found in almost all types of cells, with the

exception of mature red blood cells. This process starts with the condensation of glycine and

succinyl Coenzyme A (CoA) to form the aminolaevulinate, the zwitterion form of the 5-
aminolaevulinic acid [1]. This step is catalyzed by the 5-aminolaevulinate synthase. This
biosynthesis eventually gives the non-fluorescent heme through chelation of an iron ion into the
porphyrin ring (see Fig. 6.1), a step that is catalyzed by the ferrochelatase. Heme is found in
proteins such as the myoglobin, the hemoglobin, the cytochrome ¢, among others. The presence
of heme inhibits the 5-aminolaevulinate synthase, thus stopping the production of ALA. In this
biosynthesis, the immediate precursor of heme is the highly fluorescent and phototoxic
protoporphyrin I X (PPIX) and the chelation of the iron ion is the rate-limiting step of the whole
process. Exogenously administered ALA bypasses the feed-back mechanism. Thus, when in the
presence of a solution of ALA, cellsinclude it into the normal biosynthetic pathway. This can
lead to the temporary accumulation of PPIX. The importance of the PPIX accumulation can vary
according to the cell type [2] or according to the pathological status of the cells within one type of
cells or one organ. In vivo, the exogenous administration of ALA leads to a higher accumulation
of PPIX in cancerous cells. This might be due to the fact that the activity of the ferrochelatase is
lower in cancer cells, thus leading to alower chelation of aniron ion and a higher accumulation of
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PPIX or to the higher activity of the porphobilinogen deaminase in some tumor cells, thus leading
to a higher production of PPIX [3,4]. Thiswhole process also appliesto ALA derivativesif they
areturned into ALA after their internalization by the cells.
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Figure 6.1 The biosynthesis of heme.

There are anumber of studies about the exogenous administration of ALA to detect or treat early
cancers. This modality has been successfully used in dermatology [5] and urology [6,7]. Several
studies about the interaction between ALA or its ester derivatives and cellsin culture have also
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been reported. In this chapter, we will focus on the preclinical studies on cellsin culture asit is
the core of the work that we present. The clinical applications will be dealt with in more detail in
Chapter 7.

Thefirst step of the whole processisthe internalization of ALA. Gaullier et a propose astudy [8]
about human and hamster cells treated with ALA and ALA aliphatic esters. In human cell lines,
these authors find that the long-chained esters (Cg-Cg in their study) induce the production of
PPIX 30 to 150 times more efficiently than ALA, whereas short-chained esters (C1-Cg3) are less
efficient than ALA. They mention that the ester yielding the highest production of PPIX invitrois
the hexylester. They also find that the PPIX formed by ALA-esters is the same as the species
formed by ALA, thusindicating that the mechanism of ALA-esters mediated formation of PPIX
probably goes through the initial de-esterification of the molecule by intracellular esterases. As
will be seen, our results are fully consistent with those reported by these authors.

Kloek et al [9] also present a study about the in vitro behavior of ALA ester derivatives and the
subsequent tests of the most promising ALA derivativesin an animal model. Whereas the study
by Gaullier et a [8] and our study (section 6.2) only consider ALA monoesters and aliphatic
esters (with the only exception of cyclohexylester in our study), these authors synthesized
diesters as well as heterocyclic esters. All of the ALA derivatives are reported to induce the
formation of PPIX more efficiently than ALA, including the short-chained esters, although this
difference is not quite as marked for the methylester. Moreover, these authors report that smaller
concentrations of ALA esters induce more PPIX than higher concentrations of ALA, thus
demonstrating what we report - that the optimal concentration for the induction of PPIX issmaller
for the ALA estersthan for ALA. The authors aso show that diesters do not induce the formation
of PPIX in the cultured cells. This might be due to the fact that these molecules are too lipophilic
and are trapped in the cellular membrane. Indeed, to efficiently cross the cellular membranes, a
molecule should have both lipophilic and hydrophilic properties, a characteristic which might be
lost in diesters.

In a study comparing the PPIX synthesized by normal and malignant urothelial cells when
exposed to ALA, Steinbach et a [10] present the result that cancerous cells display fluorescence
intensities 9 to 16 times higher than normal cells. For their experiments, these authors use the
malignant cell line J82 that we also chose because of its relevance as amodel for the transitional
cell carcinomas of the urinary bladder. The authors also demonstrate a correlation between the
concentration of ALA and the intensity of the fluorescence as well as a further correlation between
the duration of exposure and the intensity of the fluorescence. Interestingly, whereas the latter is
linear, the former reaches a plateau after a certain concentration (which appears to be cell-type
dependent) of ALA, aresult that we also observein vitro. The authors did not, however, observe
adecrease in the fluorescence intensity for even higher concentrations of ALA. This dependence
on higher than optimal concentrations for the production of PPIX has been studied on a human
dermal microvascular endothelial cell line (HMEC-1) by He et a [11]. The authors find a
monotonic increase of the PPIX accumulation by the cells up to a certain concentration (optimal
concentration) and then a decline for higher concentrations. In agreement with Steinbach et al
[10], they find atime dependence of the PPIX accumulation. Similar results are also reported by
Krammer et a [4]. Again, the authors show that the fluorescence intensity of the PPIX increases
up to a certain concentration of ALA and then decreases for higher concentrations. These authors
also investigate the pH dependence of the PPIX formation but do not give much detail about the
preparation of the solutions at various pH. They find that below a pH of around 6, they do not
detect the fluorescence of the PPIX. They also find that this fluorescence increases exponentially
between pH 6 and 8. Our results, as will be seen, are in agreement with the observation that an
acidic pH is detrimental to the fluorescence of PPIX, either because of a pH dependent precursor
uptake or because the pH influences the formation of the PPIX or any other step in the
biosynthetic process.

Thefield of ALA-related PD/PDT has undergone a huge expansion within the past years[3] and
the results reported in the literature attest that it is likely to continue. Thus, more and more studies
are necessary on in vitro and in vivo models or in the clinical practice. This aso reflects the fact
that there isroom for improvement in the use of this method. Indeed, ALA isahighly hydrophilic
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molecule and hence its penetration through cell membranesis relatively low. The production of
the required PPIX is induced after the topical application of high concentrations of agueous
solutions and long exposure times. Thisis a problem for cellsin culture since high concentrations
of ALA damage the cells and reduce their viability. It is also a problem in vivo, in urological
practice, for the patient undergoes a urological investigation after a relatively long instillation
duration (4-6 hours in standard procedure). In the case of the clinical application of ALA
solutions, it is also a problem of public health cost since a concentrated solution of ALA is of
non-negligible cost. It was therefore necessary to test new substances with more lipophilic
features than ALA while hopefully retaining its properties as a precursor of PPIX. A series of
ALA-esters have therefore been synthesized by Dr. Norbert Lange and tested in our group.

Thefirst step of the preclinical tests of these substances was to investigate their behavior on cells
in culture. This study is reported in this chapter (section 6.2). It isin press and will be published
in 2000 under the reference:

Pascal Uehlinger, Matthieu Zellweger, Georges Wagnieres, Lucienne Juillerat, Hubert van den
Bergh and Norbert Lange, '5-aminolevulinic acid and its derivatives: physical
chemical properties and protoporphyrin 1X formation in cultured cells, Journal of
Photochemistry and Photobiology, B: Biology, 54(1), 72-80, 2000.

This study was the core subject of the final graduation work of Pascal Uehlinger to obtain the
MSc in Biological Science at the University of Geneva, Switzerland. His work took place in the
laboratory of Dr. Lucienne Juillerat and in the laboratory of Prof. Dr. Hubert van den Bergh
between April 1998 and January 1999 under the supervision of Dr. Norbert Lange and Matthieu
Zellweger. It has been summarized in Pascal Uehlinger's Master's Degree Thesis [12] following
extensive preliminary work by Dr. Norbert Lange (synthesis of ALA ester derivatives, design of
the study) and Matthieu Zellweger (setting-up of the cultured cells model, setting-up of the
experimenta protocol of ALA-derivatives-cell interaction).

6.1 The model

To systematically investigate the features of the ALA-esters we set up a cell culture model. The
cell lines were chosen for their relevance as models for the tumors we investigate and for their
availability. The cell lines were the following (all obtained from ATCC, Rockville, MD, USA):

ab49 human lung carcinoma
t24 human urinary bladder transitiona cell carcinoma
j82 human urinary bladder transitiona cell carcinoma

BEAS-2B immortalized human normal bronchial epithelium cells

The cells were grown following standard procedures for cell culture [13, see section 6.2,
'Materials and Methods for details]. Upon reaching reproducible results of colonization in 48-
well plates, we studied the interaction of these cell lines and the available ALA-esters.

In this part of our work, fluorescence was used to detect the formation of PPIX in the cell
cultures. The 48-well dishes were placed into awarm (37°C) fluorescence multiwell plate reader
and the fluorescence of the PPIX was excited at 409 + 10 nm. It was then detected in the region
of the maximal fluorescence emission (640 + 20 nm). Strictly speaking, this was not the use of
fluorescence spectroscopy as no actual spectrum was measured. However, the spectral
characteristics of the PPIX have been utilized in this chapter (band detection of the PPIX). In
Chapter 7, the emission spectrum of the PPIX in the human bladder tissue is presented.



82  Chapter 6: PPIX in cultured cells

References
1. 'Biochemistry', L. Stryer, Fourth Edition, W.H. Freeman and Company, New Y ork, USA, 1995.

2. Kennedy, J., S. Marcus, R. Pottier, 'Photodynamic therapy (PDT) and photodiagnosis (PD) using endogenous
photosensitization induced by 5-aminolevulinic acid (ALA): mechanisms and clinical results, Journal of Clinical
Laser Medicine and Surgery, 14(5), 289-304, 1996.

3. Peng, Q., K. Berg, J. Moan, M. Kongshaug, J. Nesland, '5-aminolevulinic acid-based photodynamic therapy:
principles and experimental research’, Photochemistry and Photobiology, 65, 235-251, 1997.

4. Krammer, B., K. Uberriegler, 'In-vitro investigation of ALA-induced protoporphyrin 1X', Journal of
Photochemistry and Photobiology, B: Biology, 36, 121-126, 1996.

5. Cairnduff, F., M. Stringer, E. Hudson, D. Ash, S. Brown, 'Superficial photodynamic therapy with topical 5-
aminolevulinic acid for superficial primary and secondary skin cancer', British Journal of Cancer, 69, 605-608,
1994.

6. Jichlinski, P., M. Forrer, J. Mizeret, Th. Glanzmann, D. Braichotte, G. Wagniéres, G. Zimmer, L. Guillou, F.
Schmidlin, P. Graber, H. van den Bergh, H.-J. Leisinger, 'Clinical evaluation of a method for detecting superficial
transitional cell carcinoma of the bladder by light-induced fluorescence of protoporphyrin 1X following topical
application of 5-aminolevulinic acid: preliminary results, Lasersin Surgery and Medicine, 20, 402-408, 1997.

7. Kriegmair, A., R. Baumgartner, R. Knuechel, P. Steinbach, A. Ehsan, W. Lumper, F. Hofstadter, A.
Hofstetter, 'Fluorescence photodetection of neoplastic urothelial lesions following intravesical instillation of 5-
aminolevulinic acid', Urology, 44, 836-841, 1994.

8. Gaullier, J-M., K. Berg, Q. Peng, H. Anhalt, P. K. Selbo, L.-W. Ma, J. Moan, 'Use of 5-aminolevulinic acid
esters to improve photodynamic therapy on cellsin culture', Cancer Research, 57, 1481-1486, April 15th, 1997.

9. Kloek, J., G. Beijersbergen van Henegouwen, 'Prodrugs of 5-aminolevulinic acid for photodynamic therapy',
Photochemistry and Photobiology, 64(6), 994-1000, 1996.

10. Steinbach, P., H. Weingandt, R. Baumgartner, M. Kriegmair, F. Hofstadter, R. Knuchel, 'Cellular
fluorescence of the endogenous photosensitizer Protoporphyrin I X following exposure to 5-aminolevulinic acid,
Photochemistry and Photobiology, 62(5), 887-895, 1995.

11. He, D., S. Behar, N. Nomura, S. Sassa, H. Lim, 'The effect of ALA and radiation on porphyrin/heme
biosynthesis in endothelial cells, Photochemistry and Photobiology, 61(6), 656-661, 1995.

12. Pascal Uehlinger, 'Optimalisation de la production de PPIX par des cellules tumorales humaines en culture &
partir de l'acide 5-aminolévulinique et de ses esters, Travail de dipléme, EPFL, Janvier 1999.

13. Dr Lucienne Juillerat, CHUV, personal communication.



6.2

5-Aminolevulinic acid and itsderivatives. physical chemical
properties and protoporphyrin I X formation in cultured cells.

Pascal Uehlingerl, Matthieu Zellwegerl, Georges Wagniéresl, Lucienne Juillerat2, Hubert van
den Berghl and Norbert Langel

institute of Environmental Engineering, Swiss Federal Institute of Technology, EPFL, CH-
1015 Lausanne; 2Institute of Pathology, CHUV Hospital, CH-1011 L ausanne, Switzerland.

Keywords: 5-aminolevulinic acid, 5-aminolevulinic acid esters, photodynamic therapy,
fluorescence, protoporphyrin IX, ALA esters, lipophilicity, PDT.

ABSTRACT

Protoporphyrin I1X (PplX) is used as a fluorescence marker and photosensitizing agent in
photodynamic therapy (PDT). A temporary increase of PplX in tissues can be obtained by
administration of 5-aminolevulinic acid (ALA). Lipophilicity is one of the key parameters
defining the bioavailability of a topically applied drug. In the present work, octanol-water
partition coefficients of 5-aminolevulinic acid (ALA) and severa of its esters were determined to
obtain a parameter related to their lipophilicity. The influence of parameters such as lipophilicity,
concentration, time, and pH value on PplX formation induced by ALA and its esters was then
investigated in human cell lines of lung and bladder origins.

ALA esters were found to be more lipophilic as compared to the free acid. The optimal
concentration (Copt: precursor concentration, at which maximal PplX accumulation was observed)
was then measured for each precursor. Long-chained ALA esters were found to decrease the
value of copt by up to two orders of magnitude as compared to ALA. The reduction of PplX
formation observed at higher concentration than copt Was correlated to reduced cell viability as
determined by measuring mitochondrial activity. Under optimal conditions, the PplX formation
rate induced by the longer chained esters was higher than that of ALA or the shorter chained
esters. A biphasic pH dependence on Ppl X generation was observed for ALA and its derivatives.
Maximal PplX formation was measured under physiological conditions (pH 7.0 — pH 7.6),
indicating that further enhancement of intracellular Ppl X content may be achieved by adjusting the
pharmaceutical formulation of ALA or its derivativesto these pH levels.

Journal of Photochemistry and Photobiology, B: Biology, 54(1), 72-80, 2000
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INTRODUCTION

The exogenously stimulated formation of
intracellularly generated protoporphyrin 1X
(PplIX), a precursor of heme, is becoming
one of the fastest developing areas in the
field of photodynamic therapy and
fluorescence photodetection (PD) of
malignant and non-malignant diseases (see
[1] and references therein). In most clinical
and pre-clinical studies, systemic or topical
application of 5-aminolevulinic acid (ALA)
is used to temporarily increase the
concentration of PplX in the target tissues.
Administration of ALA, a metabolic
precursor in the biosynthetic pathway of
heme, bypasses the negative feedback
control exerted by heme on the enzymatic
step in ALA synthesis. Although PplX
formation is present in nearly every
nucleated cell, preferential formation and
accumulation of this photosensitizer have
been demonstrated in tissues known for a
high cellular turnover. The main reason for a
somewhat selective PplX accumulation in
the latter cell types is still not completely
understood. Experimental evidence has been
found that, in some tumors, the
ferrochelatase activity is reduced, while the
activity of the porphobilinogen deaminase is
enhanced [2,3]. For historical reasons [4]
and due to the ease of administration to the
skin of both drug and light, the main
applications of ALA mediated PplX therapy
are in dermatology. This modality is now in
Phase 111 trials for the treatment of actinic
keratosis and has also been employed
clinically for the treatment of basal cell
carcinoma. Recently, other medical fields
namely Pulmonology [5], Urology [6-9],
Gastroenterology [10], ENT [11],
Gynecology [12], and Neurosurgery [13]
have implemented this technique for the
improved management of cancer. In addition
to its tumor selectivity, the administration of
ALA prevents prolonged cutaneous
photosensitivity, one of the major
drawbacks of some of the earlier
photosensitizers [14].

Despite promising results, it appears that this
methodology is open to quite significant
improvement, in particular in the case of
topically applied ALA. Since ALA is a
hydrophilic molecule, its penetration through
cellular membranes and into the interstitial
space of tissues is low. Hence, ALA-
induced PplX formation is often limited to
superficial tissue layers. Furthermore, Ppl X
formation shows considerable heterogeneity,

when ALA is applied topically. Both,
inhomogeneous and limited tissue
distribution results in non-efficient treatment
of deeper lying or nodular lesions, even if
light in the red region of the PplX
absorption spectrum is used [15,16]. Since
deeper lying lesions are often not accessible
by PDT, they are missed after topical
application of ALA. Consequently, relatively
high doses of ALA have to be applied over
long periods of time, increasing the risk of
complications [17,18].

Due to these drawbacks, PplX-mediated
PDT and diagnosis has recently been started
with more lipophilic derivatives of ALA in
order to enhance ALA’ s poor bioavailability.
Several groups have shown that using such
ALA prodrugs may enhance the PplX
concentration by up to two orders of
magnitude as compared to the parent
molecule [19-23].

Since lipophilicity is one of the key
parameters, in the present study the
octanol/water partition coefficient P of some
alkyl esters has been determined as a
measure related to this property. With the
final goal to define clinical protocols with
improved bioavailibility of ALA, we
investigated the impact of lipophilicity, pH
value, concentration and duration of
exposure of ALA and its derivatives on
PplX formation and cell viability. This was
performed by means of fluorescence
spectroscopy of PplX using four different
human cell lines. It was demonstrated that
long-chained ALA derivatives and
physiological pH values resulted in the
highest relative fluorescence values. Using
ALA derivatives, the choice of the optimal
concentration of the PplX precursor was
shown to be of major importance for cell
viability and maximal PplX formation.

MATERIALS AND METHODS

Chemicals

ALA hydrochloride, ALA-methylester
hydrochloride (m-ALA), (3-4,5-
dimethylthiazol-yl)-2,5-diphenyl tetrazolium
bromide (MTT), and n-octanol were
purchased from Sigma (Fluka, Buchs,
Switzerland). 0.1N NaOH was obtained
from Merck (Darmstadt, Germany). Other
ALA esters (Table 1) were synthesized in
our laboratories following the procedure
described recently by Kloek et al. [20].
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Compound R R?  Mol. Mass[g/mol]  Abbreviation
ALA H H 167.6 ALA

ALA-methylester CH, H 181.6 m-ALA
ALA-ethylester CH,CH; H 195.6 e-ALA
ALA-butylester (CH,);CH;4 H 223.8 b-ALA
ALA-hexylester (CH,)sCH;4 H 251.8 h-ALA
ALA-octylester (CH,),CH, H 279.6 0-ALA
ALA-cyclohexylester CBHE H 249.8 ch-ALA

Table 1: List of hydrochlorides of ALA and esters used for in vitro experiments (HCI
RPoN-CH2-CO-CH2-CH2CO-OR" = general structure).

Determination of physical chemical
properties

The apparent partition coefficients (P) of
ALA and its esters were determined in an

octanol/buffer system at 21°C. The agueous
phase was a 0.1 M phosphate buffered
saline solution (PBS) of pH 7.4. The PBS
solution and the octanol were mutually
saturated before use. Twenty milligrams of
the compound to be investigated were
dissolved in 10 ml of the aqueous phase and
an equal quantity of octanol was added. The
mixtures were shaken for about 30 minutes
and left for phase separation overnight at 4
°C. Absorption of both phases was
measured with an UV-VIS absorption
spectrometer (Cary 5, Varian, Australia) at
269 nm (see Figure 1a). The partition
coefficients P were calculated according to:

P=Coct/Cpes=absoct/abspes (1

Where coct and cpps represent the solute
concentration in the organic and the agqueous
phase respectively, and absyct the absorption
of the compound measured in the octanol
and abspgs the absorption in the PBS
solution (see Figure 1b). The use of low
concentrations and storage at low
temperatures impaired the formation of
dimerization products. The absence of these
products was confirmed by the absence of
characteristic absorption bands in the
absorption spectrum of the measured
solutions.

Values of acidity constants of ALA and its
esters were measured by means of
potentiometric titration with a standard pH
electrode (Bioblock, Frenkendorf,
Switzerland). In brief, 20 mg of the
corresponding drug was dissolved in 10 ml

of demineralized water and titrated with 0.1
N NaOH solution. The pH of the solution
was plotted against the total volume added.
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Figure 1: A) Absorption spectra of b-

ALA (10 mM) in PBS B) Absorption at

269 nm dependent on b-ALA

concentration (¢ b-ALA in octanol; n b-
ALA in aqueous phase).

Ppl X Fluorescence Measurements

For fluorescence measurements, cells,
subcultured in 48-well dishes, were exposed
to various concentrations of the
corresponding PplX precursor and
transferred into a thermostated fluorescence
multiwell plate reader (CytoFluor Series
4000, PerSeptive Biosystems, Framingham,

MA, USA, excitation wavelength A= 409 £

10 nm, detection wavelength A = 640+ 20
nm). Correction for cell autofluorescence
and other offset parameters was provided by
five wells not exposed to the PplX
precursors. Reference was provided by 200
ml of a Rhodamine 6G (0.1 g/l) (Lambda
Physik, Goéttingen, Germany) solution



86  S-Aminolevulinic acid and its derivatives: ...

always present in one of the dishes. The
absolute amount of PplX produced per mg
of protein content was estimated from a
standard curve.

Cell Cultivation

All cell lines were from ATCC (Rockville,
MD, USA) and grown as described. J82 and
T24 cells were derived from human
transitional cell carcinoma of the bladder,
A549 cells from human lung carcinoma, and
BEAS-2B cells were immortalized from
normal human bronchial epithelium. Culture
was performed in the presence of 10% fetal
calf serum (FCS) and penicillin/streptomycin

at 37°C and 6% CO2 in a humid
environment. For measurement purposes,
the cells were subcultured in 48-well dishes
(Costar 3548, Integra Biosiences,

Cambridge, MA, USA) to give 10°
cells/well 72 hours prior to incubation with
the ALA or one of itsderivatives.

Determination of cell viability

The cell viability was tested by means of an
MTT assay. This technique allows
quantification of cell survival after cytotoxic
insult by testing the enzymatic acitivity of the
mitochondria. It is based on the reduction of
the water-soluble tetrazonium salt to a
purple, insoluble formazan derivative by the
mitochondrial enzyme dehyrogenase. This
enzymatic function isonly present in living,
metabolically active cells. The optical density
of the product was quantified by its
absorption at 540 nm using a 96-well ELISA
plate reader (IEMS Reader MF, Labsystems,
USA). MTT, 0.5 mg/ml, was added to each
well five hours after exposure to ALA or its
derivatives and incubated for 2 hours at

37°C. The medium was then removed and
the cells were washed with PBS. For cell
lysis and dissolution of the formazan
crystals formed, 250 ml of isopropanol
containing 1% 4N HCI was added, and the
absorption of each residue was determined
by using the plate reader at 540 nm.
Absorbance of the solution from cells
incubated with ALA or its derivatives was
divided by the absorption of the solution
from the control cell plates to calculate the
fraction of surviving cells.

Concentration and Time Dependence
of PplX Formation

The influence of precursor concentration on
the total Ppl X amount formed was measured

by permanent incubation of the different cell
lineswith agiven ALA derivative dissolved
in PBS at pH 7.4. Ppl X was measured three
and six hours after drug exposure.
Concentration dependent saturation of PplX
biosynthesis in A549 cell cultures was
determined using different concentrations
(0.1-2 mM) of h-ALA. Cells were incubated
with a medium containing 5% FCS and
fluorescence measurements were carried out
every 30 minutes during 24 hours. The
influence of the presence of FCS on the
Ppl X formation was examined by incubation
of A549 cells with 0.8 mM solution of h-
ALA containing no, 1%, and 5% FCS,
respectively. In order to correct all data for
background autofluorescence in each
experiment six wells were incubated without
any PplX precursor.

Pharmacokinetic studies

PplX formation in cells incubated with
different derivatives of ALA was followed
over a period of 5 hours. For this purpose,
the cells were incubated with the
corresponding Ppl X precursor at its optimal
concentration (as determined according to
the above-mentioned procedure).
Measurements of fluorescence intensity were
taken every 15 minutes.

pH Dependence of PplX Formation
The impact of initial extracellular pH was
determined using solutions of ALA, h-ALA,
and ch-ALA in sterile, isotonic NaCl (ag.,
0.9%). The initial pH values, ranging
between 5.5 and 8.5, were adjusted with 1N
NaOH for ALA and 0.1IN HCI for ALA
derivatives. ALA and its derivatives were
applied using concentrations inferior to their
optimal concentration, typically one half of
Copt- FlUOrescence intensity was measured
immediately after incubation and again after
3 hours. Cell viability was tested as
described in section 3.5.

RESULTS AND DISCUSSION

Physical Chemical Properties

Lipophilicity of ALA and its derivatives was
assessed by measuring the apparent partition
coefficient (P) of the compounds between
octanol and a PBS solution of pH 7.4. Table
2 summarizes the obtained log P values. The
results plotted in figure 2 show that it is
possible to vary the lipophilicity of ALA by
more than three orders of magnitude when



using ALA esters. Thelog P values of ALA
and m-ALA are negative, representing the
hydrophilic feature of these substances.
Relativeto ALA and m-ALA, all other esters
are more lipophilic with positive log P
values. Both ALA and its esters are highly
protonated at pH 7.4 due to the 5-amino
group. Therefore, the apparent partition
coefficient may be dependent on the relative
amount of uncharged molecules in the
aqueous phase. The percentage of molecules
with an unprotonated amino group can be
calculated using the measured pKg values
(see Table 2). For the different derivatives,
this percentage varies between 6 and 12%.
The pKa1 and pKg2 values for ALA given
in Table 2 arein good agreement with Novo
et al. [24]. The deprotonation of the amino
group in o-ALA results in a reversible
precipitation of the product in agqueous
solution at pH ~8 and at a concentration
around 20 mM. Furthermore, cleavage of
some esters occurs in basic (pH > 9)
solutions (data not shown).

Systematic studies of Bridges et al. [25]
with a series of homologue carbamates has
shown arelative constant absorption rate for
compounds with log P values ranging
between 0.8 and 2.8. However, carbamates
with log P valuesinferior to 0.8 have shown
reduced bladder wall absorption. This
suggests a higher tissue uptake for ALA
esters containing two or more carbon atoms
in their ester function.

Besides higher solubility of compounds with
higher lipophilicity in creams and ointments,
the data presented in Table 2 has additional
impact for the use of ALA esters in
dermatology. One of the principal functions
of the skin, in particular the stratum corneum
(SC), is to avoid the absorption of
compounds which come in contact with the
skin’s surface. Using an approximation
based on the analysis of 90 compounds
[18], one can estimate the steady state
permeability coefficient Kp of ALA

5-Aminolevulinic acid and its derivatives: ... &7

derivatives. It can be calculated that b-ALA
will be transported about 50 times more
efficiently into the skin than ALA while,
using m-ALA, this uptake rate will only be
doubled. However, the magnitude of P is
important in terms of drug bioavailability.
Too lipophilic substances may be
accumulated in the SC, which consists
primarily of freefatty acids, cholesterol, and
ceramides. In order to obtain maximal flux
across the entire skin, a balanced partition
coefficient and good water and lipid
solubility are required. Furthermore, the
intrinsic solubility may be modified by co-
diffusing formulation components.
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Figure 2: Derived log P values for ALA
and its derivatives.

Additionally, one should bear in mind that
facilitated drug uptake does not automatically
mean higher Ppl X formation. Esters of ALA
must be cleaved by esterases before entering
the ordinary biosynthetic pathway of heme.
These enzymes may have a more or less
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Compound Log P pKa; PKa,

ALA -1.51692 41+0.1 87+0.2
m-ALA -0.94233 - 84+ 0.3
eALA 0.84113 - 8402
b-ALA 1.42315 - 83+0.1
h-ALA 1.83883 - 83+£03

oALA @ 2.6199 - -
ch-ALA 1.49392 - 83+0.2

Table 2: Log P and pKa values for ALA and its derivatives. P Is the partition coefficient
between octanol and aqueous buffer solution (pH 7.4, 21 °C) &) pKa2 not measurable because

of precipitation.
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Figure 3: Concentration dependence of PplX accumulation for four
different human cell lines after 3 hours of incubation with ALA(-/ -),
m-ALA (-j -), e&ALA (-u-), b-ALA (-[J-), h-ALA (-n-), ch-ALA (-
t-), and 0-ALA (-p-). (standard deviations (SD) have been omitted
for the sake of clarity, see Fig. 6 for exemplary SD).

marked affinity to certain ester functions
[21].

Influence of concentration on the
Ppl X Accumulation

The amount of porphyrin biosynthesis
resulting from incubation of cellswith ALA
or its derivatives was determined by
measuring the intensity of PplX
fluorescence.

All cell lines displayed the capability to
produce PplX when exposed to ALA or a

prodrug given in Table 1. Since, FCS has
been shown to provoke efflux of PplX in
several cell lines [26], we incubated A549
cellswith h-ALA during 5 hours. Under our
experimental conditions no influence of FCS
to the total PplX amount generated has been
found (see Table 3). The effect of
concentration was assessed using ALA or
ALA prodrug concentrations varying over
two orders of magnitude.



As shown in Figure 3, there was a dose-
dependent Ppl X accumulation for each cell
line and for each PplX precursor used. The
shape of the dose response curves was
similar in each case. While Ppl X generation
is positively correlated up to an optimal
prodrug concentration (Copt), Where the
highest PplX fluorescence Ievels occurred,
Ppl X generation decreases when exceeding
this threshold concentration. The absolute
value of the optimal concentration varies
with the type of prodrug and cell line.
Except for the BEAS-2B cdll line, incubation
with h-ALA resulted in the highest
fluorescence levels.

In general, the copt for m-ALA and e-ALA
was higher when compared to ALA. ALA
esters with akyl groups consisting of four
carbon atoms or more (b-ALA, h-ALA, and
0-ALA), showed their optimal PplX
formation at significantly lower copt vaues

(Fig. 4).
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Figure 4: Concentration of ALA and its
derivatives needed to induce maximal
PplX accumulation after three hours of
incubation on A549 (- t-), T24 (- n-),
and J82 (- / - ) cell lines.

Furthermore, the bandwidth of the dose-
response curves for these esters was always
smaller as compared to ALA, m-ALA, or e-
ALA (Fig.3), indicating that the choice of
the optimal concentration is crucial in order
to guarantee an optimal PplX
generation.Similar fluorescence intensity-
concentration profiles were measured after
300 minutes of incubation (data not shown)
Both, the position of copt as well as the
bandwidth of the dose-response curves
remained unchanged. The long-term
influence of permanent drug exposure on the
Ppl X biosynthesis was tested by incubation
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of A549 cells with h-ALA, which has
shown the most promising results under our
conditions with respect to its dose-response
behavior (see Fig. 5).

FCS Ppl X
fluor escence
[a.u.]
0% 680 + 150
1% 670+ 170
5% 680 + 140

Table 3: Influence of FCS on the PplX
formation in A549 cells after 5 hours of
incubation with 0.8 mM of h-ALA.

For concentrations smaller than copt Ppl X
formation increases in amoderate si gm0| idal
way with incubation time (Fig 5a). Under
optimal conditions, continuously-increasing
Ppl X accumulation can be observed for 24
hours. Depending on the concentration the
linear part of this curves ends between four
and 15 hours and proceeds into a moderate
plateau. For small concentrations the height
of this plateau depends linearly on the
concentration of h-ALA, whereas higher
concentrations show a saturation of the
PplX biosynthesis (Fig 5b). This might
indicate a saturation of the enzymatic
functions. However, higher concentrations
than copt end with less PplX formed,
although no reduced cell viability has been
determined under these conditions (see
below).

No direct correlation between log P and copt
or the amount of PplX produced can be
noted from the data in the present work (Fig.
4). Excluding ch-ALA, however, a decrease
of copt With increasing chain length for
lipophilic ALA derivatives (starting from e-
ALA) can be established.
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compared to ALA is in good
agreement with the results we

1 recently obtained from measurements

on an organ culture model [19].
Recently, Kloek et a. [21] compared
the performance of different ALA
derivatives on human T-cell
lymphoma cell lines. They found that
ALA pentyl ester induced the highest
PplX levels in intact cells, while h-
ALA and b-ALA have shown similar

time [h]
Figure 5: a) Pharmacokinetics of PplX synthesisin
A549 cells treated with different concentrations of h-
ALA during 24 hours of permanent drug exposure.
Concentrations: 2mM (-p-), 1.5 mM (- -), 0.5 mM

(-A-), 0.25 mM (-0J-), 0.1 mM (-t-); b) PplIX
formation after 24 hours as a function of
concentration of h-ALA solutions (Description see

materials and methods).

While long-chained derivatives (C = 4)
showed lower copt values as compared to
ALA, m-ALA aswell ase-ALA seemed to
be less efficient, although more lipophilic
than ALA. The combination of two distinct
processes may explain this behavior. While
lipophilicity defines the transport of a drug
across cell membranes, ALA esters must be
cleaved by non-specific esterases prior to
entering the biosynthetic pathway of heme.
Kloek et al. [21] have shown with cell
lysates that enzymatic hydrolysisisfaster for
long-chained esters than for short-chained
esters. This information might have an
impact for further synthesis of derivatives of
ALA. Such new prodrugs should have a
similar lipophilicity to h-ALA or o-ALA and
the enzymatic cleavage of the ester function
should also be optimized. Derivatives of
ALA can be adapted to specific esterases of
tumor cells for further improvement of the
selectivity of ALA-induced PplX.

Similar dose dependence characteristics have
also been observed by other groups with
ALA [27-31]. These groups found either a
saturation of PplX or adlight decrease of the
resulting Ppl X fluorescence with increasing
ALA concentration. Gaullier et al. [22]
observed an optimal concentration on
different human and animal cell lines for
long-chained ALA esters in the same order
of magnitude as presented in this work. The
more than twofold increase of the PplX

fluorescence intensities after 6 hours
of incubation. However, in the
course of their experiments,
incubation was performed using
equimolar concentrations for all
derivatives. Hence, it might be
possible that for long-chained alkyl
esters the concentration was too high
to produce large amounts of PplX.
The relative rate of PplX generation
increases with increasing lipophilicity
of the corresponding ALA ester from
m-ALA to h-ALA, whereas comparable rates
of h-ALA and o-ALA suggest a saturation of
some enzymatic functions in the biosynthetic
pathway within these time ranges. Taking
into account Copt, Which was 10-100 times
lower for long-chained ALA esters
compared to ALA, it can be concluded that,
using such compounds, the Ppl X formation
efficiency was enhanced by almost two
orders of magnitude by simple chemical
derivatization.

Since ALA is known to induce cytotoxic
effects in cell culture [32-34], the PplX
accumulation observed was evaluated with
respect to the cell viability after incubation
with different concentrations of each PplX
precursor. It can be seen from figure 6 that
the reduction of PplX formation after
incubation with drug doses higher than Copt
coincides with areduced cell survival. This
correlation was observed for all cell lines
and prodrugs. Incubation with lower doses
of ALA or its derivatives did not affect cell
viability, as confirmed by the MTT test.
From these experiments, it is obvious that
only well-defined drug doses will improve
the PplX formation in clinical applications
when using ALA estersinstead of ALA.
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pH Dependence of the PplIX
formation

It has been found that tumor tissues are
generally more acidic than surrounding
normal tissues. This is probably due to an
overproduction of lactic acid and hydrolysis
of adenosine triphosphate (ATP). Since this
microenvironmental factor may influence
Ppl X generation, we incubated three cell
lines with ALA, ch-ALA, and h-ALA
solutions initially adjusted to pH values in
the range between 5.5 and 8.5. In to order to
prevent saturation or cytotoxic effects
provoked by the drug itself, concentrations
inferior to Copt (Copt /2) Were chosen. The
values plotted in figure 7 indicate that
optimal PplX formation happens at
physiological pH values of around 7.5 +
0.5. The total PplX production
approximately tripled at pH 7.4 compared to
production induced at pH 5.5. Dueto proton
release to the non-buffered medium, the
inittal pH values decreased during
incubation. While under akaline this effect

was more marked (ApH ~ 0.3/ h at 8.5), the
pH values under acidic conditions remained
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nearly unchanged (ApH ~0.01/ h at pH
6.5).
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Figure 7. PplX formation as a function
of initial pH valuesin A) J82, B) A549
and C) T24 cell lines after 120 min of
incubation with 0.1 mM h-ALA(- n-),
3.2 mM ch-ALA(-t-), and 5 mM

ALA(- I -) solutions (Fluorescence
values are normalized to the maximum of
fluorescence).

Generally, PplX production was more
drastically reduced under acidic than under
alkaline conditions, extending previously
published results using ALA as a PplX
precursor [27, 35-36]. While the decrease of
Ppl X formation at higher pH values can be
attributed to areduction of cell viahility, the
decrease under acidic conditions can be
attributed to either a pH-dependent drug
uptake or areduced enzymatic activity in the
biosynthesis of heme. As has been shown,
ALA uptake is regulated by a pH-dependent
ion pump that is more active at pH 5.0 [37].
Hence, PplX production would be expected
to increase under acidic conditions.
However, it isknown that intracellular pH is
also downregulated when extracellular pH
falls below 6.5 [38]. This might inhibit the
activity of enzymes involved in the
biosynthetic pathway of heme, which have
optimal activity between pH 7 and pH 7.5
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[36]. A further indication for this pH-
dependent intracellular process is given by
the use of ALA esters since a major part of
these amphiphilic compounds will not be
taken up actively, as demonstrated by
inhibitory tests[39].

From these experiments, it can be concluded
that, for diagnostic as well as for therapeutic
reasons, ALA formulations adjusted to
physiological pH values should be applied.
However, the instability of ALA impliesthe
administration of ALA solution adjusted to
lower pH values for the photodetection of
early human bladder cancer in urology [6-9,
24]. Since these are physiological pH values
for urothelial cells, the uptake of ALA may
not be affected by solutions buffered to a pH
of 5. In contrast, the production of PplX
under these conditions may be strongly
dependent on this parameter. Novo and
colleagues [24] have attributed the chemical
instability of ALA to an irreversible
dimerization of two parent molecules
followed by an oxidation of the resulting
dihydropyrazine derivative. Generally, the
velocity of such bimolecular reactions is
proportional to the product of the
concentrations of the two involved reactants.
Hence, under this assumption the drastic
reduction of the concentration by afactor of
about 20 [22] that is used with ALA esters
enhances the stability of the corresponding
solution by afactor of 400. This increase of
stability opens the possibility for a further
increase of PplX formation after topical
application of ALA derivatives by asimple
adjustment of the pharmaceutical formulation
to physiological pH values.

CONCLUSIONS

In summary, this study shows that using
esters of ALA instead of ALA indicates a
promising route to improve many clinical
applications of PplX-mediated PDT and
fluorescence photodetection. The faster
intracellular build-up of PplX and the
drastically reduced concentration relative to
ALA enables treatments with significantly
lower doses and shorter application times.
Therefore, a significant decrease in costs
should be associated with the use of such
esters. Faster production of PplX and hence
shorter instillation times may play an
important role for commercialization of this
technique. Moreover, the enhancement of
lipophilicity, which has been achieved by
esterification, will result in deeper
penetration of the drug into targeted lesions

after topical application and possibly also in
a more homogenous distribution of the
resulting photosensitizer. Therefore, more
efficient PDT mediated by such prodrugs
will be possible. No direct relationship
between lipophilicity and total PplX build-
up has been found, indicating that two
different processes, up-take and ester
cleavage, are necessary for efficient PplX
formation. Moreover, long-chained esters
should always be applied with lower doses
compared to ALA. Inmost cell linesh-ALA
has shown the most efficient PplX
formation.

A further enhancement of PplX formation
can be obtained by an adjustment of applied
ALA and ALA prodrug formulations to
physiological pH values.
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White-light and violet-light view of a carcinoma of the bladder
following the instillation of an ALA hexylester solution.

Chapter 7
PPI X in the clinical context

7.1 Protoporphyrin I X in the clinical context

hen in contact with ALA, the cellsin vivo produce PPIX in the same way as cellsin
Wculture. Cancerous cells and, more generally, cells with a higher cellular turnover than

normal cells, tend to synthesize more of it, thus leading to the build-up of afluorescence
emission contrast. This has been taken advantage of for the detection of lesionsin severa organs.
Maybe the widest use of this technique in clinics has been reported for skin and urinary bladder
affections. Indeed, the administration of an exogenous drug is easy in both organs and the
delivery of thelight isrelatively straightforward.

In dermatology, ALA has been used topically to treat basal cell carcinomas (BCC) and squamous
cell carcinomas (SCC) [1]. For the treatment of BCCs, ALA-PDTSs give good results for
superficial lesions[2,3], following the topical application of ALA in acream formulation and the
irradiation of the site, usually with light of 600+ nm wavelength. The results are reportedly good,
ranging from 88% to 100% compl ete response [4-6] and similarly good for superficial SCCs[1].
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However, this method of treatment is reported to be less efficient for nodular BCCs or SCCs[7-
9]. Thereasonsfor thislimited clinical effectiveness are not fully understood but it is pointed out
that the low depth of penetration of ALA into the lesions may well be at |east one of the causes, as
might be the heterogeneity of the lesions. One possibility to overcome this difficulty isto apply
the ALA systemically. Peng et al [10] report that the systemic application (i.v., 25 mg/kg) of
ALA for noduloulcerative BCCs can produce complete responses as well as a selectivity of the
detected PPIX (tumor:normal ratio of 2 to 5) and point out the fact that the systemic application of
ALA could be an optimal treatment since it is also well-tolerated. The oral ingestion of ALA
reportedly seems to sometimes induce side-effects [11]. Indeed, these authors show that 40
mg/kg of ALA can induce mild (nausea, vomiting, neurological symptoms) or severe
(vasodilatation and hypotension) side-effects, an observation that is confirmed by other authors
[12], aong with the confirmation that 40 mg/kg ALA p.o. isaway to induce full thickness PPIX
fluorescencein al types of BCCs studied (including nodular lesions) and the observation that the
build-up of PPIX fluorescence is faster in BCCs vs normal adjacent skin. These results seem to
indicate that the PDT of non-melanoma skin tumors with systemic application of ALA could be
more reliable than those with topical application of ALA.

The treatment of intragpidermal SCCs (Bowen's disease, squamous cell carcinoma in situ) by
ALA PDT seems to be successful [5,6] as well as that of actinic keratosis [1]. It has also been
successfully applied to the treatment of non-cancerous diseases of the skin such as psoriasis,
among others.

Upon instillation of a solution of ALA in the urinary bladder, the urothelial cells produce PPIX.
As stated above, the cancer cells tend to produce more PPIX than the normal cells thus making
them easy to spot. This method allows the physician to localize and clearly delineate pre-/early
cancerous lesions in the urinary bladder and to treat them. It is especially important as
precancerous areas are thought to be responsible for the high rate of recurrence (50-75%) of
superficial bladder cancer after endoscopic resection [2]. In aclinical study by Kriegmair et al
[13], 68 patients with bladder cancer were investigated. The procedure used by these authors was
to instill 50 ml of 3% agueous solution of ALA into the bladder of the patients for at least 3 hours
before the cystoscopy under violet light. The authors report that the demarcation of the tumorsis
clear-cut thanks to the intense red fluorescence of the PPIX in the lesions. They also present a
sensitivity of 100% and a specificity of 68.5%, as well as no false negative results and no
problematic side effect due to the ALA instillation. It should be noted, though, that these
impressive figures are not achieved by random biopsy-taking but rather through a guided biopsy
procedure. The good clinical results of the ALA instillation are confirmed in a subsequent study
by Kriegmair et al [14]. Similar results are also reported by Jichlinski et a [15] in a study about
34 patients. Asin the two preceding papers, the authors instill 50 ml of 3% agqueous ALA in the
bladder of the patients during up to 4 hours and 45 minutes. They report that the fluorescence
cystoscopy is twice as sensitive as white-light cystoscopy for the detection of invisible foci of
carcinoma. In another paper, Jichlinski et al [16] take random biopsies and report a sensitivity of
82.9% and a specificity of 81.3% for superficial bladder cancer.

The ALA has been used in other organs for various cancerous and non-cancerous conditions,
albeit with less width. We should mention the treatment of tumors of the aerodigestive tract [17,
18], the detection [19] and treatment [20] of endometriosis and the detection of early cancersin
the lungs [21,22] and the detection of cancerous foci in patients suffering from Barrett's
esophagus [23,24].

The good results that have been published should not offset the significant limitations of the
method [25]. Indeed, for the urological application, the concentrations of the solutions of ALA
(3% = 180 mM) are high and the instillation times are in the range of several hours. This means
that further improvements of this method are essential. Several possibilities can be devised as
ways to achieve this goal, namely to change the drug formulation (for example by using
liposomes or an additional molecule to ease the transport through the membranes like DM SO), to
use iron chelators to decrease the quantity of PPIX that is turned into heme or to use more
lipophilic molecules that will penetrate the cellular membranes easier than the free acid [25].
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Following the good results of both the study on cellsin culture (Chapter 6) and the ex vivo tissue
study [26], we decided to investigate the performance of the ALA-hexylester (h-ALA) in the
urinary bladder in vivo. Thisclinical study is given in Section 7.3 and has been published as:

Norbert Lange, Patrice Jichlinski, Matthieu Zellweger, Martin Forrer, Alexandre Marti, Louis
Guillou, Pavel Kucera, Georges Wagniéres, and Hubert van den Bergh: 'Photodetection of
Early Human Bladder Cancer Based on the Fluorescence of 5-Aminolevulinic

Acid Hexylester-Induced Protoporphyrin IX: A Pilot Study', British Journal of
Cancer, 1999, 80(1/2), 185-193.

Thiswork took place in close collaboration between the urological endoscopy department of the
CHUV hospital and the laboratory of Prof. Dr. Hubert van den Bergh under the supervision of
Dr. Norbert Lange and Dr. Patrice Jichlinski. It includes preliminary work by Dr. Norbert Lange
(synthesis of ALA ester derivatives, design of the study) and measurementsin the clinics by Dr.
Norbert Lange (documentation and supervision), Dr. Patrice Jichlinski and Dr. Alexandre Marti
(endoscopical procedure, follow-up) and Matthieu Zellweger (fluorescence spectroscopy
measurements and data processing).

7.2 Fluorescence spectroscopy of the PPIX in the
bladder

In the course of the study presented in section 7.3, we measured the fluorescence spectra of
several locations in the bladder of 25 patients with our optical fiber-based spectrofluorometer.
The procedure is described in section 7.3, Materials and Methods. After the insertion of the
optical fiber through the working channel of the rigid cystoscope, the light was switched off and
the spectrawere recorded. Typica spectraare presented in Fig. 7.1. We then assigned a spectrum
to each location and correlated it to the histopathological status given by the biopsy. An example
of the actual correlation of the spectroscopic data and the location isgivenin Fig. 7.2.

110° I I I I T T T
— —o6— Healthy Mucosa | [
= 8 10° —&— Tumor
(6 —
Py
‘0
& 610" i
£
3
c 410" L _
(]
O
(72}
o 4
S 210 | -
(e

0 = =
400 450 500 550 600 650 700 750 800
Emission Wavelength [nm]

“Figure 7.1: Fluorescence spectra recorded on healthy mucosa and on a tumor
in the bladder of one patient after the instillation of ALA hexylester. The
excitation wavelength is 405 nm.
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In Fig. 7.1, the emission peaks of the PPIX are clearly visible in both spectra. However, the
neoplastic tissue demonstrates a much more intense fluorescence of PPIX than the normal tissue.
It is interesting to note that the autofluorescence contribution is smaller on the spectrum of the
tumor than on the spectrum of normal tissue. Such decreases in autofluorescence intensity on
neoplastic tissues in the bladder are reported [27,28]. Although we did not investigate thisissue
systematically, it is possible that it contributes to the modifications of our spectra. One point
should be considered, though. Most of the autofluorescence that we observe in our spectrais due
to the inherent fluorescence of the fiber. Thisis to be linked to the design of our measurement
setup and its single fiber. Indeed, the autofluorescence generated within the fiber by the excitation
light can easily be collected by the fiber on the way back to the detector. Thisis the reason why
we did not study the autofluorescence in the bladder and why we could not do so. Another reason
for the decrease observed in these spectra is the fiber tip. When the fiber is inserted into the
working channel of the cystoscope, it is easily damaged. This can account for decreasesin the
signal due to the decreased collection efficiency of the fiber tip. All in all, our measurements are
not able to produce reliable information about the modifications of the autofluorescence on
neoplastic lesions in the bladder. This is not a tremendous loss, though, as ALA and its ester
derivatives can induce a usable contrast in a reproducible manner.

Most of the results acquired by the author of this report during this study are presented in a
condensed manner in section 7.3. Since his contribution mainly included the acquisition of
spectroscopic data and the subsequent processing of these spectra, it seemed necessary to
explicitely present some of this material. This has been done on p. 101 through a correlation of
the pictures that were published in the article and the spectra that were measured by the author at
these very locations. Three spectra are therefore presented. Each of them is correlated to one
location and it can be seen that the amplitude of the PPIX peaks at 635 and at 690 nm is correlated
to the fluorescence of the location. The whole study comprises 25 patients and, altogether,
around 600 similar spectra.

This closes the part of our work dealing with ALA, its derivatives and PPIX. Recently, the
interesting properties of ALA have been used more and more to mark selectively early neoplastic
cellsin many organs. Thefield of selective ALA marking of non-neoplastic lesions of different
typesis also developing fast. This should produce very interesting results and stimulate further
improvementsin this method of detection.
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Figure 7.2: Endoscopic view under white light and under violet light of one site in the
bladder of one patient. The fluorescence spectrum associated with each measurement zone is
given. The respective scales of the spectra are comparable. These spectra are typical
examples of the measurements acquired by the author of this report during the course of the
clinical study presented in Section 7.3.
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Photodetection of early human bladder cancer based on the
fluor escence of 5-aminolevulinic acid hexylester-induced
protoporphyrin I X: A pilot study.
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ABSTRACT

Exogenous administration of 5-aminolevulinic acid (ALA) is becoming widely used to enhance
the endogenous synthesis of protoporphyrin IX (PplX) in photodynamic therapy (PDT) and
fluorescence photodetection (PD). Recently, results have shown that the chemical modification of
ALA into its more lipophilic esters circumvents limitations of ALA-induced Ppl X like shallow
penetration depth into deep tissue layers and inhomogeneous biodistribution and enhances the
total PplX formation. The present clinical pilot study assesses the feasibility and the advantages
of a topical ALA ester-based fluorescence photodetection in the human bladder. In this
preliminary study 5-aminolevlinic acid hexylester (h-ALA) solutions, containing concentrations
ranging from 4-16 mM, were applied intravesically to 25 patients. Effects of time and drug dose
on the resulting Ppl X fluorescence level were determined in vivo with an optical fiber-based
spectrofluorometer. Neither local nor systemic side-effects were observed for the applied
conditions. All conditions used yielded a preferential Ppl X accumulation in the neoplastic tissue.
Our clinical investigations indicate that with h-ALA atwofold increase of PplX fluorescence
intensity may be observed using 20-fold lower concentrations as compared to ALA.

British Journal of Cancer, 1999, 80(1/2), 185-193



INTRODUCTION

Fluorescence Photodetection (PD) and
Photodynamic Therapy (PDT) are techniques
currently under clinical assessment for both
visualization and local destruction of
malignant tumors and premalignant lesions.
One drawback of these methods found with
some photosensitizersis amore or less long-
term cutaneous photosensitivity (Wagnieres
et al. (1998), Dougherty et a (1990)). A
more recent strategy for administering
photosensitizers involves 5-aminolevulinic
acid (ALA) in order to stimulate the
formation of protoporphyrin IX (PplX) in
situ. The exogenous (ALA) bypasses the
negative feedback control from hemeto ALA
synthase that catalyzes the condensation of
glycine and succinyl-CoA. Given in excess,
exogenous ALA thus can result in a
temporary accumulation of PplX, in
particular in cells with higher metabolic
turnover. Since PPIX has fairly good
photosensitizing properties (Cox et al.
(1982)), Kennedy et al. (1990) proposed
ALA as a possible photodynamic agent.
Following this pioneering work, this
treatment modality has been widely studied
for various cancers (Kennedy et al. (1990);
Peng et a. (1992); Svanberg et al. (1994)).

As well as for the PDT of malignant or
premalignant lesions, ALA-induced Ppl X is
now being used for the detection of such
lesions. This technique has been shown to
work, among other applications, in urology,
where easy instillation in the bladder,
combined with the fact that this organ is
readily accessible endoscopically, makes it
an ideal object. Alongside classical
techniques such as cytology or white-light
examination, fluorescence photodetection by
ALA-induced PplX provides some
advantages (Leveckis et al. (1994);
Kriegmair et al. (1996); Jichlinski et al.
(1997)). This inspection modality allows an
exact mapping which pinpoints, with a high
level of sensitivity and specificity, the
locations of carcinomain situ (CIS) as well
as early stages of cancer-like dysplasias,
which are normally difficult to recognize
under white-light examination.

However, when using topically instilled
ALA for the PDT of CIS and precancerous
lesions, this modality appears to be limited
by the amount of ALA that can enter the
target cells or by the tissue penetration and
the distribution of the resulting PpIX in the
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targeted tissue. Almost all of these possible
disadvantages accompanying the use of ALA
can be ascribed to the physical-chemical
properties of the molecule itself. Applied
under physiological conditions, ALA is a
zwitterion (Novo et al. (1994)). Because the
lipid bilayer of biological membranes is
relatively impermeable to charged molecules,
the cellular uptake of ALA is shallow.
Consequently, in order to increase the
transport across cellular membranes, fairly
high drug doses and increased administration
times have to be used. This deficiency
resultsin alow penetration depth (Loh et al.
(1993); Warloe et al. (1992); Peng et al.
(1995)) and an ALA-induced PplX
distribution which is not optimized for the
PDT of the deep layers of nodular lesionsin
the urothelium (linuma et a. (1995); Chang
et d. (1996)) after topical ALA application.

Systematic studies have shown that the
modification of a drug to an ester, an amide
or a urethane by the addition of a long-
chained hydrocarbon improves penetration
through biological barriers (Bridges et al.
(1979); Jain (1987 @); Jain (1987 b). After
penetration into the cell, the ester derivative
can then, for example, be hydrolized back to
the free ALA by non-specific esterases.
Recently, promising results were obtained
with different alkylesters of ALA invivo and
in vitro (Peng et al. (1996); Kloek et al.
(1996); Gaullier et a. (1997), Marti et al.
(1998)). These groups demonstrated that the
application of esterified ALA derivatives
results in an up to 25-fold increase in PPIX
fluorescence levels as compared to ALA.

This report covers initial clinical
investigations with 5-Aminolevulinic acid
hexylester hydrochloride (h-ALA)-induced
fluorescence photodetection in the human
bladder. Following our preclinical studies
(Marti et al. 1998), we selected h-ALA from
the multitude of possible ALA-alkylesters
because it represents a good compromise
between water/urine solubility and sufficient
PplX formation capacity at low doses.
Furthermore, h-ALA has been shown to lead
to a homogenous distribution of PplX-
related fluorescence over the entire
urothelium in our pig bladder moddl (Marti et
al. (1998)). In addition, it can be synthesized
simply from ALA and hexanol (Kloek et al.
(1997)). The goal of this clinical pilot study
was to test h-ALA as a potential candidate
for improving both the PD and PDT in the
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urinary bladder. Therefore, topical
application of h-ALA should result in higher
Ppl X formation than is the case with the
same amount of ALA. It should enable
shorter times between instillation and
examination and lower drug concentrations
while retaining the outstanding selectivity.
This work presents a preliminary
optimization of h-ALA-induced PplX in
respect to the resulting fluorescence
intensities. Both the influence of the
concentration and instillation time of h-ALA
solutions on the total amount of PplX were
determined in vivo by the use of an optical
fiber-based spectrofluorometer.

MATERIALS AND METHODS

1. Patients

25 patients (7 women and 18 men, 4 cases
of ordinary ALA and 21 cases of h-ALA)
have been involved in this first study
conducted since August 1997. The mean age
was 70 years, covering an age range of
between 44 and 85. Local ethical committee
approval was granted for this study, and
written consent was obtained in each case.

2. Preparation and Administration of 5-
Aminolevulinic Acid (ALA) 5-
Aminolevulinichexylester Hydrochloride (h-
ALA)

ALA (99%) was purchased from Merck

Patient no.| Concentration | Instllationtime | Resiingtimel[h] | Huorescence signal
[MM] [h] [r. u]
1 4 2 - 16.2
2 4 2 - 11.2
3 4 4 - 34.5
4 4 4 - 20.5
) 3 2 - 2.1
38.4
6 8 2 - 36.2
7 8 2 - 46.7
8 8 2 - -
gb 8 2 2 151.1
102.0
10 8 2 2 115.8
11 8 2 2 147.5
12 8 4 - 66.4
13 8 4 - 72.6
14 8 4 - 63.4
15 8 4 - 73.8
16 8 4 - 94.4
17 8 4 - 77.1
18 8 4 2 102.7
19 8 4 2 95.0
20 16 2 - 15.8
21 16 2 - 16.7
22 180 @ 4 2 54.0
23 180 @ 4 2 43.6
24 180 @ 4 2 46.2
25 180 @ 4 2 45.3

Table 1: Experimental instillation conditions used in the first clinical trials with h-ALA and
normalized fluorescence levels on papillary tumors (pTa G2) obtained by normalization to

reference cuvette. @ Instillation of the 180 mM solution of ALA. ) Patient with two papillary

tumors.



(Darmstadt, Germany). Other chemicals
(thionyl chloride (99%) and 1-hexanol
99.9%) used for the synthesis of h-ALA
were ordered from Fluka Chemie AG
(Buchs, Switzerland) and were used without
further purification.

The synthesis described here is a slight
modification of the methods reported
recently (Takeya (1992) and Kloek et al.
(1996)). In brief, 3.5 ml of thionyl chloride
were added drop by drop under stirring to an
excess (~10 ml) of 1-hexanol cooled on ice
in an argon atmosphere. The solution was
stirred for a further 30 minutes to bring the
reaction to completion; after warming up to
room temperature, 2.5g of ALA (My = 167.6
g/mol) were added to the solution. The
suspension was then stirred overnight at
room temperature under argon. The final
phase of the reaction was controlled on-line
by thin layer chromatography (TLC) (TLC
foils, Schleicher & Schuell, Merck,
Darmstadt, Germany) in CH2Clo/MeOH
(9:1) stained by KMnO4 (Rf = 0.6). Once
the reaction was complete, the solvent and
hexylchloride were removed under reduced
pressure (~ 0.5 torr). The viscous residue
was dissolved in warm methanol. Then a
small amount of methanol was evaporated
until the first crystals of the reaction product
appeared. A small quantity of diethylether
was added and h-ALA was allowed to
crystallize on ice. This dissolving and
recrystallizing procedure was then
subsequently repeated until only one spot
was recognized on the TLC, yielding 80-
90% of h-ALA (My = 251.8g/mol) as a
white powder. The product was
characterized by proton nuclear magnetic

resonance (1H-NMR) with a 400 MHz
(Bruker, Germany) spectrometer and
identified as 5-aminolevulinic acid hexylester
hydrochloride. The purity (> 95%) was
further verified by high performance liquid
chromatography (HPLC) with UV/VIS
detection at 270 and 350 nm respectively
(data not shown). No other products were
observed.

The ALA solutions were administered in
accordance with standard protocol used in
Lausanne’'s CHUV Hospital (Jichlinski et al.
(1997)). In brief, 1500 mg of ALA were
dissolved in 38 ml of sterile water. Five ml
of phosphate-buffered saline (PBS) were
added and the pH was adjusted with a
further 7 ml of agueous sodium hydroxide

Photodetection of early human bladder cancer ... 105

(IN) to avaue of 5.3. This solution with a
concentration of 180 mM of ALA was
sterilized by filtration through a Millipore
filter (Millipore, Millex GS 0.22 pm) and
stored at -18°C one day before measurements
were conducted. The solution was instilled
into patients' bladders using a 16 French
Foley catheter six hours prior to
photodetection. Patients were asked to retain
the solution for four hours. Their bladders
were evacuated two hours prior to treatment.

Depending on the prodrug concentration to
be applied, 50-200 mg (i.e. 4-16 mM) of
crystaline h-ALA were dissolved in 35 ml of
water. Then 13 ml of PBS were added to the
agueous solution and adjusted with 0.1 N
HCI to give the same pH value of 5.3. The
solutions were instilled as described above.
Table 1 summarizes the different conditions
under which ALA and h-ALA were applied.
All patients treated with ALA (4 cases) and
some instilled with h-ALA (5 cases) had a
supplementary resting time of two hours
after being exposed to the drug solution.

3. Procedure

3.1. Bladder inspection under white-light
illumination

Prior to further treatment or measurement,
the actual status of the bladder was
documented under white-light illumination.
The frame accumulation color CCD camera
(Storz, Tuttlingen, Germany), connected to a
video recorder (JVC, Japan) and an RGB
Monitor (Sony, Japan) was plugged directly
into the ocular of a 23.5 French cystoscope
(Storz PDD, Tuttlingen, Germany) to record
the standard endoscopic color image.

3.2. Fluorescence Spectroscopy

Fluorescence emission spectra were recorded
with an optical fiber-based
spectrofluorometer based on a Peltier cooled
CCD coupled to a spectrograph (Cromex
250, S| Instruments, Germany). The
experimental setup is shown in Figure 1.
Arranged on a trolley, the whole setup can
be easily transported. Excitation light (Aex =
405 nm) from a 75W high-pressure Xenon-
lamp (UXL-75 XE, Ushio Inc., Japan) was
spectrally resolved by a quarter meter
monochromator (Chromex 250, Sl
Instruments, Germany) with a bandwidth of
5nm and an excitation filter, SCHOTT BG3
(Schott AG, Mainz, Germany), mounted on
afilter wheel. A stepper motor (SMC 100,
Princeton Instruments Inc., USA) controlled
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this excitation filter wheel, which was
equipped with different low-pass filters
installed to purify the excitation light.

Data Acquisition

Stepper Motor

O ) Controler jv\

c Excitation
A Monochromator
\J

Fiber Injection

Figure 1: Schematic view of the optical fiber-based

spectrofluorometer.

Fully reflective mirrors and adichroic mirror
(Reynard DC 450 (Reynard, USA)),
mounted on a second filter wheel, were used
to feed the light into a 600 pm core silicone-
clad silica fiber with perpendicular polished
end-faces. Excitation energy measured at the
distal end of the fiber tip was determined
with a calibrated power-meter (Optical
Power Meter 840, Newport, USA).
Fluorescence emitted by any sample was
collected with the same fiber and separated
from the excitation light by the dichroic
optics described above. A long-pass filter
(Reynard FG 455) mounted on a third filter
wheel made further spectral separation,
virtually eliminating all reflected excitation
light prior to acquisition. This filter setup
allows the acquisition of fluorescence
emission spectra between 455-900nm.
Detection based on this combination enables
fast data acquisition combined with a low
level of noise. The whole setup and data
acquisition was controlled by a 486 personal
computer using CSMA software (Sl
Instruments GmbH, Germany).

An aqueous solution of Rhodamine B (c =

1* 10'6 mol/l) in a10 mm quartz cuvette was
used as areference. Emission spectra of the
reference were recorded before and after
each measurement. All measurements were
normalized to the peak value of the reference

Fiber to Endoscope

to give comparabl e results corrected for day-
to-day fluctuations of the excitation light
energy or detection pathway alignment.

After inspection of the
bladder under white light, the
distal end of the fiber was
introduced via the biopsy
channel of the cystoscope. A
background measurement
was performed in the center
of the bladder to allow the
correction of the spectra for
parasitic light and
fluorescence generated by the
fiber itself. Then the
physician brought the distal
end of the fiber directly into
contact with the bladder wall.

CCD-Controller

Peltier Cooled
CCD Chip

3. 3. Bladder inspection
under violet-light illumination
After measurement of the
fluorescence spectra (see
below) of healthy, cancerous
and suspicious areas in the bladder, the
camera was equipped with along-pass filter

(A > 520 nm, Wratten filter No. 12, Kodak,
Rochester, USA), positioned between the
ocular of the cystoscope and the CCD-Chip.
A footswitch allows the physician to place a
bandpass filter (380-450 nm) in front of the
300 W Xenon-arc lamp (Storz, Tuttlingen,
Germany) to give about 150 mW of violet
light at the end of the cystoscope. Excitation
with violet light generated a visible pale-
green autofluorescence of the healthy
mucosa. As a result of the absorption of
autofluorescence, the blood vessels of the
lamina propria appear somewhat darker.
Filtration of the light below 520 nm allows
these sites to be distinguishable from zones
containing high PplX concentrations,
appearing in aclear, bright, fluorescing red.
To improve the fluorescence images, the
camera was switched into frame
accumulation mode for enhanced sensitivity.
The integration times ranged from one-eighth
to one-half of a second, depending on
observation distance.

3. 4. Biopsy sampling and pathology

Prior to transurethal resection of the bladder
wall (TURB), atotal number of 109 biopsies
from fluorescent and non-fluorescent areas
(average 5.2/patient; guided by light-induced
fluorescence after excitation at 405 nm) were
taken from the patients treated with h-ALA



solutions. Macroscopic fluorescence
findings and locations were documented for
each biopsy. All samples were sent for histo-
pathological examination. The urothelial
carcinomas were graded and staged
according to the World Health Organization
(W.H.O.) 1973 classification (Mostofi et .
(1973)) and the UICC/AJC 1992 system
(UICC-TNM (1992)) respectively. Flat
intragpithelial neoplastic lesions were graded
according to the criteria of Nagy et al. (1982)
and classified as grade 1 (mild dysplasia),
grade 2 (moderate dyslasia), grade 3
(marked dysplasia) and carcinomain situ.

RESULTS

Macroscopic Findings

All agueous solutions of h-ALA stayed clear
and colorless until use. Neither systemic nor
local reactions following the examination
with both h-ALA and ALA were observed
under the conditions used in this study. Even
the highest drug dose administered (16 mM)
of h-ALA was well tolerated. h-ALA-
induced synthesis of PplX was observed in
each patient. All papillary and planar tumors,
also visible under white-light cystoscopy,
showed bright red fluorescence. This red
fluorescence was found to demarcate the
outline the urothelial lesions with high
precision. Using the violet light of the
filtered Xenon arc lamp, it was possible to
perform both fluorescence-guided biopsies
as well as accurate resections of targeted
tissues. Qualitatively, all conditions tested
resulted in a clearly visible contrast between
healthy and diseased sites of the bladder
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wall.

Figure 2 demonstrates the advantageous use
of h-ALA-induced Ppl X for the fluorescence
diagnosis of human bladder cancer. The two
pictures show a sequence of a white-light
(Fig. 2a) and a violet-light (Fig. 2b)
examination after instillation of 8 mM of h-
ALA over aperiod of two hours (Patient No.
10). White-light illumination shows two
papillary tumors (pTa G2) situated below the
air bubble of the bladder under investigation.
Fluorescence photodetection of the same area
(Figure 2b) indicates a further lesion (flat
papillary tumor (pTa G2)) which is barely
detectable under white light.

Fluorescence Findings and Histopathological
Diagnosis

A total of 109 biopsies were taken under
light-induced fluorescence from patients after
instillation with h-ALA solutions. The
correlation between the fluorescence findings
and the histopathological analysis is
summarized in Table 2. Thirty-two tissue
samples were excised from healthy areas of
the bladders investigated, containing eight
samples, which were considered to be
fluorescent. Histopathological diagnosis of
the latter samples indicates the reasons for
these ‘false positive’ responses. All these
specimens showed tissular structures known
for a higher cellular turnover, e.g.
metaplasias, hyperplasias, chronic
inflammation, or scar formation. In total,
only six of the 77 biopsies, taken from
malignant and premalignant sites, were not

Histopathological Tota number Fluorescence Fluorescence
findings of biopsies positive negative
healthy mucosa 28 5 23
Meteplasa 1 1 -
Hyperplasa 3 3 -
Dysplasia G1 12 10 2
Dysplasa G2 5 3 2
Dysplasia G3 2 2 -
CIS 11 9 2
pTaGl 8 3 -
pTaG2 14 14 -
pTaG3 19 19 -
pT1 G2-G3 4 4 -
pT2a 2 2 -
Tota 109 80 29

Table 2: Correlation between histopathological finding and fluorescence diagnosis

following h-ALA instillation.
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2a) white-light; 2b) violet-light examination.
fluorescing.

Three of these ‘false negative’ responses can
be explained by non- optimized conditions
with regard to the concentrations of h-ALA
applied (two moderate dysplasias, Patient
No. 4) as well as non-optimal incubation
times (CIS; Patient No. 1). A further CIS
was missed (Patient No. 13) probably due to
an unusually long period of white-light
illumination preceding photodetection,
resulting in the photobleaching of PplX.
Without exception, histopathologigally-

L -
Figure 2: Endoscopic view of a flat papillary tumor (pTa G2)
after 2 hours of h-ALA exposure (description see text) under:

staged pTa G1 or higher
samples were found by
fluorescence photodetection.

Fluorescence Soectroscopy

Fluorescence emission spectra
were measured on a total
number of 24 patients (20 h-
ALA, 4 ALA) (Table 1). ALA
and h-ALA-induced porphyrins
were excited at 405 nm on both
healthy and malignant areas in
the human bladder. The
emission from the urothelial
surface was spectrally resolved
between 450 and 800 nm. A
comparison of the emission
spectra after ALA and h-ALA
exposure is plotted in Figure 3.
The total fluorescence intensity
is normalized to the reference.
As shown in this figure, the
characteristic emission bands of

PplX a A = 635 nm and A =
708 nm after excitation in the
Soret Band are clearly visible.
According to the spectral shape,
the fluorescence is attributed to
PplX. In none of the spectra
recorded in vivo, an indication
of porphyrins other than PplX
could be found. Depending on
the duration of white and violet-
light examinations before
fluorescence measurements, a
peak, attributed to a PplX
photobleaching product, of
around 665-675 nm appeared
(Fig. 3a, dotted line). The
appearance of this
supplementary fluorescence
peak resultsin aline broadening
because of overlapping
fluorescence emission peaks and
may suggest some degree of
heterogeneity. In addition to the fluorescence
emission spectra recorded on a papillary
tumor pTa G2 after four hours of h-ALA
exposure, the corresponding spectra
obtained on a healthy area were plotted (Fig.
3a, dashed line). From these spectra, it can
be seen that the healthy mucosa's
autofluorescence of around 513 nm exceeds
the two typical fluorescence peaks of PplX
at 636 nm and 708 nm. All samples taken
from sites with these fluorescence
characteristics were confirmed as healthy
after histopathological examination.
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data available reveals that
papillary tumor had the highest
emission intensities.
Premalignant lesions such as
dysplasias and carcinomain situ
generally showed lower PplX
fluorescence intensities
compared to malignant lesions.
However, no direct relationship
has been discovered between
histopathological grading and
relative fluorescence values.

fluorescence [r. u.]

Effect of exposure time and
concentration

Three different solutions
containing 50mg (4mM, 4
patients), 100mg (8mM, 15
patients) and 200mg of h-ALA
(16mM, 2 patients) in 50ml of
the solvent were instilled in
human bladders between two
and six hours prior to the
fluorescence measurements
(Table 1). Increased red
fluorescence due to enhanced

fluorescence [r. u.]

40

30
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10

1

1 s 1

PplX formation in premalignant 0
and malignant lesions compared
to the surrounding healthy sites
was observed at all applied
conditions. In order to quantify
the resulting Ppl X fluorescence,
emission spectra were collected
from different sites of the treated
bladders. The fluorescence
intensities of papillary tumors
pTagraded G2 or G3 at 636nm
were chosen as standard in order
to determine the influence of the
different treatment conditions
applied. The selection is based on the
presence of this type of lesion in each
bladder examined. Table 1 summarizes the
influence of the different conditions on the
relative fluorescence intensities of the PplX
emission band at 636 nm.

Analysis of the data available from patients
exposed for two hours (patient nos. 1, 2, 5,
6, 7, 20, and 21) to different h-ALA
concentrations indicates a strong
concentration dependent on the PplX
fluorescence. It appears that, within two
hours, a solution of 8 MM h-ALA generates
the highest fluorescence levels as compared
to 4 mM and 16 mM of h-ALA. In Figure 4,

500

600 700
A [nm]

800

Figure 3: a) Fluorescence spectra of h-ALA-induced Ppl X

(Aex = 405 nm) in normal mucosa (dashed line) and a
papillary tumor (pTa G2, solid line) after 4 hours of
ingtillation with 8mM h-ALA, dotted line: a fluorescence
peak (*) at 670 nm becomes visible due to photobleaching
of PplX; b) Fluorescence spectra of ALA-induced PplX

(Aex = 405 nm) in a papillary tumor (pTa G2, solid line)
after 6 hours of installation with 180 mM ALA.

the time course of the relative fluorescence
intensity is plotted for h-ALA concentrations
of 4 mM and 8 mM. An increase of
fluorescence intensity with instillation time
was observed the two solutions. In addition,
Figure 4 shows that, taking both the total
fluorescence and the slope of the graphs into
consideration, an ingtillation of 8 MM h-ALA
solution is more efficient than that of a4 mM
solution.

In the course of our preliminary clinical
study, a total of four patients (nos. 8-11)
were instilled under slightly different
conditions. The patients bladders were
exposed to the solutions for two hours.
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Following this exposure time, the
bladders were emptied and the 160
patients were allowed a
supplementary resting time of two
hours. From Figure 4, it is clear 140
that following this *(2+2)-
concept’ significantly enhanced
fluorescence levels can be 120
obtained compared to permanent
exposure to the drug for four
hours. 100
The comparison of the relative
fluorescence intensities of an 8
mM h-ALA solution and a 180
mM solution of ALA under
similar conditions (four hours of
instillation, two hours of
supplementary resting time)
clearly demonstrates the 40
advantage of using h-ALA. A
treatment under these conditions

80

60

fluorescence [r.u.]

with a topical 8 mM h-ALA 20

solution resulted in a 2-fold
increase of the fluorescence signal

as compared to topical 180 mM 0]

ALA. After only four hours of h-
ALA exposure (8 mM), the
relative fluorescence intensity

time [h]

Figure 4: Effect of instillation time on the relative Ppl X

aready exceeded that induced by  fluorescence intensity at 636nm in papillary tumors (pTa

ALA (180 mM) six hours after
instillation.

G2) (squares: 8mM h-ALA; circles: 4mM h-ALA; up-
triangle: 8mM h-ALA (2 hours of instillation / 2 hours of

resting time); down-triangle: 180mM ALA).

DISCUSSION

Bladder cancer isafairly common

disease, appearing between the ages of 50
and 70 (Richie et al. (1989), Levi (1993)).
This cancer, characterized by a high
incidence (Levi (1993)), can appear in many
distinct morphological forms, single or
multiple, visible such as papillary or
invisible such as ’'flat’ atypical lesions,
mainly represented by low or high-grade
dysplasia or CIS. Bladder tumor multiplicity
and the presence of these different forms of
atypia are indicators of poor disease
prognosis. Recognition of all visible or
invisible lesions is therefore a prerequisite
for any kind of treatment, with the aim of
reducing the risk of progression or the rate
of recurrence.

Although topical application of ALA has
proved to be a helpful and reliable tool in
fluorescence photodetection of invisible
lesions in human bladder disease (Kriegmair
et al. (1994); Jichlinski et al. (1996)), some
problems remain due to ALA’s poor

bioavailability. A small hydrophilic amino
acid like ALA does not penetrate into all
tissue compartments with great ease. Hence
its concentration in tissue may remain
relatively low and its distribution somewhat
heterogeneous. Consequently, high drug
doses over long instillation periods have to
be used.

Three different concepts have been proposed
to enhance the ALA-induced Ppl X formation
in deeper layers of the target tissue. Two of
them are based on the use of chemicals,
given along with ALA, in order to enhance
both its penetration into deeper tissue layers
and/or the total PplX accumulation. This
transepithlial penetration enhancement can be
achieved either by prior DM SO exposure of
the targeted area (Peng et al. (1995)) or by
encapsulation of ALA into liposomes
(Fukuda et al. (1992)). The second approach
uses agents interfering directly with the
biosynthetic pathway of heme. Tetrapyrrol
modulators, such as 1,10-Phenanthroline



(Rebeiz et al. (1996)) and allyl-isopropyl-
acetamide (AlA) (Schoenfeld et al. (1994))
stimulating the enzymatic activity associated
with PplX formation. Iron chelators (e.g.
ethylendiaminotetraacetic acid (EDTA))
(Hanania et al. (1992); Orenstein et al.
(1995), Warloe et al. (1995)),
desferrioxamine (DFO) (Ortel et al. (1993))
and CP94 (Chang et al. (1997)) have been
shown to increase PplX concentration by
preventing the ferrochelatase-mediated
insertion of iron into the tetrapyrrol ring.
This study followed a third approach, based
on the thesis that the transformation of the
hydrophilic ALA into more lipophilic
prodrugs will enhance drug uptake.

In view of the results obtained using esters
of ALA in vitro (Kloek et al. (1996),
Gaullier et al. (1997), Marti et al. (1998))
and in vivo (Peng et al. (1996), Kloek et al.
(1996)), it appeared reasonable to envisage
developing such a substance for clinical tests
in which superficial bladder carcinoma is
detected by fluorescence and possibly even
treated by PDT. From the variety of
derivatives recently tested in our laboratory
(Marti et al. (1998)), we selected h-ALA asit
represents a good compromise between
water/urine solubility and lipophilicity. It
also gave an excellent in vitro dose drug
response compared to ALA solutions.
Furthermore, it can be synthesized with a
fairly high yield and low cost. The goal of
this first clinical study with h-ALA in
urology was to evaluate the feasibility of
fluorescence photodetection with this new
agent and the advantages achieved by
ingtillation of h-ALA as compared to ALA
for use in the human bladder.

One criterion for the use of h-ALA as a
potential candidate in replacing ALA, isthe
preservation of the outstanding selectivity of
ALA-induced PplIX for malignant and
premalignant tissues. Confirmed by
histopathological examination, we have
demonstrated that the fluorescence of PplX
in the urothelium induced by intravesically
administered h-ALA correlated significantly
with neoplastic lesions and was suitable for
the detection of papillary tumors as well as
for dysplasiaand carcinomain situ. The rate
of false negative responses of 7% found in
the present study is comparable to the value
given by Jichlinski et a. in 1997 and slightly
higher than that presented by the Munich
group (Kriegmair et al. (1996)). A total
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number of 28 biopsies were taken from areas
proven to be benign. Only five of these
samples revealed an enhanced red
fluorescence under violet-light irradiation,
yielding a rate of falsely positive
fluorescence findings of 17%. This result
seems to be quite small compared to both the
results of Kriegmair et al. (1996) and
Jichlinski et al. (1997). But it may be
explained by the small number of biopsies
taken or the fact that the fluorescence
induced by the long-chained esters was
found to be limited to the site of application
(Peng et a (1996)), hence no supplementary
Ppl X build-up from systemic ALA uptakeis
observed.

Clinical fluorescence spectroscopy has been
used for measuring the Ppl X accumulation
kinetics, indicating an increase of h-ALA-
induced PplX with time in the human
bladder within six hours. A quantitative
comparison of the fluorescence intensities at
636 nm following similar instillation
conditions with solutions of 180 mM of
ALA or 8mM of h-ALA respectively, clearly
shows the advantages of h-ALA-induced
PplX. The more than twofold increase of the
fluorescence signal due to the use of h-ALA
isin good agreement with the in vivo results
of Kloek et a. (1996).

The time course of the PplX fluorescence
intensity in neoplastic tissues shows that,
following 8 mM h-ALA exposure for two or
four hours, synthesis of PplX continues
within almost two hours after termination of
the instillation. In this time range, the
fluorescence intensity increases 400% (2 h
of exposure, 2 h of resting time) and 25% (4
h of exposure, 2 h of resting time)
respectively.

The significant increase of the fluorescence
signal using the ‘(2+2)-concept’ as
compared to a permanent exposure to drug
for four hours as well as the strong
dependence on the instilled h-ALA
concentration can be explained by an
interference of high ALA concentrations with
the biosynthetic pathway of heme. This
observation was confirmed by in vitro
experiments made by Gaullier et al. (1997)
and Marti et a. (1998) with several ALA
esters including h-ALA. Whereas the
transport of ALA across the lipid bilayer of
cell membranes probably represents a
bottleneck in the PplX formation, the
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enhanced uptake of lipophilic h-ALA may
saturate the intracellular PplX biosynthesis.
This saturation might cause a negative
feedback to enzymatic activity. Furthermore,
high intracellular ALA concentrations have
been shown to be cytotoxic. A high cellular

ALA content may induce the release of Ca2+
from mitochondria, mitochondria swelling
and uncouple respiration (Hermes-Lima
(1995)). It can aso cause ferritin iron release
(Berg et a. (1996)) or mediate the formation
of 8-hydroxy-2’-deoxyguanosine in DNA
(Fragaet a. (1994)).

The results presented in this study have
shown that atwo-hour instillation of h-ALA
(8 mM) provides sufficient PplX
fluorescence for reliable photodetection of
malignant and premalignant lesions. This
reduction in instillation time to only two
hours increases the patient’s comfort.
Moreover, this makes outpatient treatment
feasible and helpsto cut costsin view of the
excessively increasing cost of
hospitalization. Finally, the reduction of the
drug dose will decrease drug cost and the
potential risk of mild complications
provoked by ALA, recently reported by Rick
et al. (1997).

While for reliable fluorescence
photodetection a two-hour instillation of 8
mM h-ALA has been shown to give
satisfactory results, other conditions must be
fulfilled with respect to an efficient bladder
cancer therapy by PDT. Among other
factors, the two key parameters high
concentration of the photosensitizer and its
homogeneous distribution in the target tissue
play a mgor role for the effectiveness of
PDT.

Fluorescence microscopic studies showed
that, after topical application of ALA, the
Ppl X was restricted to the superficial layers
of the bladder tumors (Steinbach et al.
(1994)). On the contrary, preliminary
fluorescence microscopic studies on some
biopsies, taken in this study (data not
shown), as well as the in vitro studies of
Marti et al. (1998) demonstrated
homogeneously distributed PplX
fluorescence over the entire urothelium after
topical application of h-ALA solutions.

Considering the photobleaching of
porphyrins during irradiation (Rotomski et
a. (1996), Bezdetnaya et al. (1996), Moan

et al. (1997)), a threshold concentration of
PplX necessary for tissue destruction, and
the high selectivity of h-ALA-induced Ppl X,
asmall PplX amount in healthy areas of the
bladder, observed in this study will probably
not induce any damage in these regions.
However, the twofold increase of PplX
fluorescence after 6 hours in neoplastic
tissues by using h-ALA may further enhance
the PDT effect as compared to the use of
ALA. The latter appeared insufficient as
observed in recent studies (Kriegmair et al.
(1996)).

It can be concluded that the use of h-ALA is
a promising way to improve the
photodetection of neoplastic and pre-
neoplastic lesions as compared to ALA. In
future, h-ALA may replace the use of ALA
for clinical intravesical instillation because it
is easy to use, real time observation without
major auxiliary devicesis possible and it is
relatively cheap. Finally it looks more
promising asaPDT agent than ALA itself.
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The third and last part of this thesis deals with the uses of fluorescence spectroscopy to
investigate endogenous fluorophores (for a definition of exogenously-induced fluorophores, see
p. 14). Because, in this case, the biological tissues emit fluorescence without the adjunction of
any additional fluorophores, this native fluorescence is sometimes called autofluorescence.

We have separated this third part in two chapters. The first of these two chapters deals with a
Spectroscopic study of the autofluorescence of the bronchial tissue. We carried out a study about
this phenomenon and tried to link the shape and intensity of the autofluorescence spectrato the
histopathological status of the tissue. This chapter has resulted in two publications that have been
submitted to peer-reviewed journals.

The main goal of the spectroscopic study that is presented in chapter 8 was to optimize a cancer
photodetection system based on the autofluorescence on the bronchial tissue. This work is
presented in chapter 9. Based on the spectroscopic study we present in chapter 8, we developed a
new photodetection system, in close collaboration with the company Richard Wolf Endoskope
GmbH (Germany). This device is presented in detail together with some clinical results.



Light-tissue interactions

Chapter 8
Autofluorescence of the
human bronchial tissue

the natural presence of fluorophores within the tissue. In section 8.1, we briefly survey the

molecules that are responsible for the autofluorescence, their structure and their functions.
Section 8.2 focuses on the autofluorescence of healthy and non-healthy tissues with the main
interest on bronchia tissue. The abovementioned spectroscopic study is presented in section 8.3
(additional work that has been carried out in Lausanne about the autofluorescence of the bronchi
is given in the Appendix A3). The following section (8.4) presents another part of our study
about the autofluorescence of bronchial tissue. Indeed, we calculated the absolute intensity of the
emitted autofluorescence for a given fluorescence excitation power expressed in physical units.
Thiswork has also been submitted to a peer-reviewed journal, 'Applied Optics.

The autofluorescence of the biological tissues is a well-known phenomenon [1]. It isdueto

8.1 The endogenous fluorophores

All biological tissues emit fluorescence when excited by UV or visible light. This fluorescenceis
emitted by naturally-occurring fluorophores (FPs) and is therefore often called autofluorescence.
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It has already been reported that early cancerous tissues have a different autofluorescence
emission spectrum than healthy tissues. Thisis not new work [2-5]. Although the origin of the
autofluorescence itself is usually related to the structure of tissues or metabolic processes[1,6],
the reasons behind the modifications of the autofluorescence spectra in early tumors remain
controversia. Nevertheless, the ensuing contrast has been taken advantage of for cancer detection
purposes, eventually leading to the commercialization of several systems.

Biological tissues are made up of a very complex mixture of molecules. Several of these
molecules are fluorescence emitters, when excited with an appropriate wavelength. The mixture
of all these emission spectra as well as the diffusion and scattering properties of the biological
tissues make the overall autofluorescence spectrum broad and quite featureless (Fig. 8.1).
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“Figure 8.1. Emission spectra of normal bronchial tissue in vivo for several
excitation wavelengths (for details about these measurements, see Section 8.3,
Materials and Methods).

Figure 8.1 shows the autofluorescence spectrum emitted by normal bronchial tissue in vivo
following an excitation at different wavelengths. The longpass filters are not necessarily the same
for each excitation wavelength. This explains why the spectra at longer wavelengths seem to be
shifted. For details about the experimental setup, see Section 8.3, Table 1 and Materials and
Methods section.

The molecules responsible for the autofluorescence of tissues have recently been reviewed by
Richards-Kortum and Sevick-Muraca [1] and the corresponding excitation and emission spectra
have been published by Wagnieres et al. [6]. They are presented in Fig. 8.2a (absorption spectra)
and 8.2b (emission spectra).
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“Figure 8.2a: Absorption spectra of biomolecules in the biological tissue[6].
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Figure 8.2b; Emission spectra of biomolecules in the biological tissue [ 6].

The endogenous fluorophores can be classified in four groups, the porphyrins, the amino-acids
and the proteins, the flavins and the pyridine nucleotides (NADH, NADPH) [7].

The porphyrins are synthesized in mammals from 5-aminolaevulinic acid (see Part 11). They are
typically made of a substituted tetrapyrrole ring with an 18-electron conjugated system. The main
molecule of thisfamily is heme (although heme is not itself fluorescent, many other endogenous
porphyrins are). The structure of the tetrapyrrole ring is given in Fig. 8.3 and more detailed
porphyrin structures for the particular case of the biosynthesis of heme are given in Chapter 6.
Thistetrapyrrole ring is called porphine. It does not occur in nature [8].

The porphyrins emit red fluorescence when excited, and their emission spectrum bears the typical
two peaks around 635 and 690 nm. They have a maximum of excitation around 400 nm (the so-
called Soret band). In their functional structure, the porphyrins are often associated with a metal



120  Chapter 8: Autofluorescence of the human bronchial tissue

ion (Fe in hemoglobin, myoglobin or cytochromes, Mg in
chlorophyll1). The porphyrins function as electron donors or
acceptors and, in the case of chlorophylls, light absorbers[9]. Their
fluorescence intensities are dependent on the pH value of their
environment. High concentrations of halogenides can cause
porphyrin fluorescence quenching [8]. The hydrogenation of the
pyrrole ring (from porphyrins to chlorins and further from chlorins
to bacteriochlorins) shifts the fluorescence maxima to longer
wavelengths.

The only proteins exhibiting native fluorescence are those which Figure 8.3: The
possess phenylalanine (Phe), tyrosine (Tyr) or tryptophane (Trp) or L€trapyrrole ring
combinations thereof [8]. Their fluorescence (essentially collagen (Common moiety of the
and elastin [1,6]) stems in fact from cross-links between the amino-  POrPhyrins).

acids that compose them [1]. The cross-links are of two types, both

involving a pyridine moiety [1]. Collagen isarigid protein found in the skin, the bones, the teeth,
and so on. It absorbs around 340 nm and emits around 380 nm [9]. Richards-Kortum and
Sevick-Muraca report excitation and emission maximafor collagen of 280 and 310 nm, 265 and
385 nm, 330 and 390 nm, 450 and 530 nm respectively in their review [1, adapted from previous
work in their group]. Elastin is a flexible protein whose absorption maximum lies around 350 nm
and emission around 410 nm [9].

The fluorescent amino-acids are the aromatic ones, namely phenylalanine, tyrosine and
tryptophane, whose structure is given in Fig. 8.4.

These three molecules absorb
in the UV range and their

+ +
NH3+ e - s absorption maximum is
- O o) . p . .
O slightly red-shifted in the
order Phe, Tyr, Trp
0 O O (absorption maximum at 260,
- 275 and 280 nm respectively).
HN_ / They emit fluorescence
around 320-350 nm [9]. They
also contribute to the
OH
Tyr Trp

autofluorescence of the
proteins that they compose

Phe ;
= . : . and their fluorescence
Figure 8.4. Structure of the fluorescent amino-acids properties are strongly

phenylalanine (Phe), tyrosine (Tyr) and tryptophane (Trp). affected by environmental
factors [8]. Their photophysical data are summarized in Table 8.1 (compiled from [8]).
Phenylalanine has a weaker fluorescence than tyrosine or tryptophane because its quantum yield
and its molar extinction are lower, with values of 0.025 and 200 cm-1M-1 respectively in water
[8]. It isreported that the fluorescence of Phe decreases by around 30% at pH below 2.3 [8].

The emission spectrum of Tyr is strongly pH-dependent and is also influenced by factors such as
temperature, ionic strength of the medium or presence of energy acceptors (Trp, peptide bonds).
Free Tyr possesses the highest fluorescence quantum yield of the three aminoacids. Itsvalueis
0.2 in water but decreases by 40-90% when bound into a protein. Its molar extinction is 1500

cnr1M-1 at its excitation maximum.

1Although, strictly speaking, chlorophyll is made up of a chlorin ring and not of a porphyrin
ring, it can be considered a member of the same family of molecules (along with
bacteriochlorins).
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Tryptophane fluorescence is very useful as an intrinsic probe for the investigation of the structure
of proteins and enzymes [8] because it is quenched by several ions (bromide, iodide, nitrate),
molecules (oxygen, hydrogen peroxide, acrylamide, NADH, NADPH, glucose, histidine) or
groups (SH, S-S bonds). Its quantum yield is 0.14 in water and its molar extinction amounts to
6000 cmrIM-1 at its excitation maximum.

Name Excitation Emisson Molar Fluorescence
Wavelength Wavedength extinction quantum
[nm] [nm] (cmIM-1) at yield
maximum

Phenylalanine 260 282 200 0.024
Tyrosine 275 303 1500 0.2
| Tryptophane 287 348 6000 0.14
Table 8.1: Photophysical data of the fluorescent amino-acids in water at pH =
7.0.

In aerobic organisms, the oxygen molecule is the final electron acceptor in the process of
oxidation of fuel molecules. The flavins and the pyridine nucleotides are electron carriers
dedicated to these reactions. The major flavin-related electron carrier is Flavin Adenine
Dinucleotide (FAD) whose oxidized form (FAD) is fluorescent, while its reduced form (FADH2)
is not [1,9]. The other important naturally-occurring flavin derivatives include Flavin
Mononucleotide (FMN) and riboflavin (Vitamin Bo). The structure of the reactive site of FAD is

shown in the Fig. 8.5.
O
R

Figure 8.5: The structure of the reactive part of FAD (left) and FADH2 (right)
and the reaction of eectron acceptation.

The molecule of FAD has an absorption maximum around 450 nm and an emission maximum
around 515 nm [1,9]. As afamily, the flavins are involved in near-UV and blue light reception
(300 - 500 nm). This part of the spectrum is known to induce and regulate important eventsin
amost all organisms [8,10]. For instance, in plants and fungi, the blue light can induce a
response from the p-carotene synthesis mechanisms or, in insects, it influences the devel opment
of eggs and their hatching [10]. All the emission spectra of the flavins are broad and structureless
[8]. The flavins are quenched as a result of their interaction with iodide, bromide, tryptophan,
cysteine or upon binding to proteins. Interestingly, Wolfbeis [8] reports that concentration
changes of flavinsin intact organs may be followed directly by measuring their fluorescence. The
concentrations of flavinsin biological tissues have been reported in several studies[11,12]. There
seems to be an agreement that a relevant concentration in tissue is around 10 pM. The
photophysical data of the flavin derivatives are summarized in Table 8.2 (compiled from [8]).

The other main metabolic molecules involved in tissue autofluorescence are Nicotinamide
Adenine Dinucleotide (NAD, reduced into NADH) and Nicotinamide Adenine Dinucleotide
Phosphate (NADP™, reduced into NADPH). Although these molecules are used for different
biochemical pathways, they carry electrons in much the same way [9]. The structure of their
reactive moiety (the pyridine nucleotide) isgivenin Fig. 8.6.
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Name Excitation Emisson Fluorescence Only the reduced form of
Waveength  Wavelength  quantum yield these molecules s

[nm] [nm] fluorescent. They have an

) ) absorption maximum at
Riboflavin 370 520 0.25 around 340 nm and emit
FMN 450 530 0.25 fluorescence around 450 nm.
Wolfbeis reports that that the

|[FAD 450 530 0.025 emission of NADH or
Table 8.2: Photophysical data of the flavin derivatives in NADPH comes from the
water at pH = 7.0. nicotinamide moiety whereas

the adenine part of the molecule does not absorb [8]. The fluorescence of these species can be
used to follow the kinetics of some dehydrogenases or to assay substrates or metal ions [8].
When NADH or NADPH are bound to proteins, their fluorescence excitation and emission
maxima may drastically change and their fluorescence quantum yield is increased by
approximately a factor of four [1]. Maximal values of 325/440 to 365/478 nm
(excitation/emission maxima) have been reported [8 and references therein]. Thisform of NADH
or NADPH is present mainly in mitochondria and is thought to account for 80% of tissue
fluorescence [13]. The photophysical data of the nicotinamide derivatives are summarized in
Table 8.3 (compiled from [8]).

More molecules are thought H o
to be involved in the
autofluorescence of the
living tissues. We should NH, -
mention Pyridoxine (Vitamin |

Be, apyridine-like molecule) N

and its metabolites, Retinol |

(Vitamin A), lipopigments R
Seggg%ﬁe%igglgt%é?ﬁgg Figure 8.6. The structure of the reactive part of NAD+ (left)

not well-known [1]) and @ndNADH (right) and the reaction of electron acceptation.

eosinophils (a type of white blood cell). It should also be mentioned that all purine and
pyrimidine bases, as well as DNA and RNA are fluorescent. Their intensity is, however, very
low [8], and especially so in neutral aqueous solutions at room temperature.

Name Excitation  Emisson  Fluorescence
Wavdength Wavelength quantum yield
[nm] [nm]
NADH 340 435 0.019
NADPH 340 460 0.019

Table 8.3: Photophysical data of the nicotinamide
derivativesin water at pH = 7.0.

8.2 The autofluorescence of healthy tissues and of
early cancerous lesions

The modifications in the autofluorescence characteristics of the tissue during the process of
cancerization have been widely studied. The reasons behind these contrasts seem less clear but
can be sorted into two broad categories: biochemical effects and architectural effects. It should
also be kept in mind that the non-fluorescing heme also influences the spectral shape of tissue
autofluorescence. Its negative imprint due to the absorption of the fluorescence photons by
hemoglobin, can be found in most of them as two dips at 540 and 580 nm.

Published work
Early reports of autofluorescence as away of diagnosing early cancersinclude the work of Yang
et a [3] on ex vivo tissue samples. They noticed characteristic peaks appearing in the red region
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(630-690 nm) on cancer specimens when excited by a lamp at 365 nm. They found good
agreement between the autofluorescence modifications and the results of the biopsies. Moreover,
they reported very similar spectroscopic features for cancers of various organs and the similarity
of the peaks in the red region with the peaks of HpD. They concluded therefore that the new
peaks might be due to additional porphyrin compounds in cancers.

Harris et a [4] aso reported bright autofluorescence of human buccal tissues but found little
reproducibility and hence little relevance in its observation. They attributed it however to bacteria-
produced porphyrins.

In awork about human breast and lung tissues ex vivo (tumor and normal), Alfano et al [14]
excited the autofluorescence with laser light at 488 and 457 nm. They observed aloss of structure
in the spectral shape of the breast tumor tissues and suggested it might be due to a reduction in
fluorophores like porphyrins. Moreover, they observed a blue shift of the main peak of the
spectra and attributed this shift to physiological and biochemical transformations, namely the
accumulation of positively-charged ions in the malignant cells' intracellular environment.
However, the color shift was observed to be in the opposite direction for lung tumor tissues. The
common features of the cancerous tissues are the loss of structure in the porphyrin region, which
is attributed to a reduction in the density of the porphyrin moleculesin the cancer cells[14].

Anthony et a [15] reported autofluorescence spectra of bronchial tissue in vivo. They showed
that the tissue, when excited at 407, 413 and 415 nm, displays, after an emission peak around
500 nm, a monotonically decreasing spectrum along the wavelength range. Moreover, they
reported that the spectra of the tumor and the healthy tissue were, after normalization, very well
overlapped between 500 and 600 nm but then the spectrum from the tumor displayed an increase
in the red region that could not be found in the spectrum of the healthy tissue. They also reported
that the autofluorescence spectra measured at different sites of the healthy bronchi are remarkably
constant in shape (within afew percent). It isinteresting to note that our results (see Section 8.3)
are in very good agreement with both these observations. Anthony et al do not however try to
give an explanation about the differences in autofluorescence but rather dismiss this result for lack
of enough diagnostic usefulness.

In another paper, Tang et a [16] reported about the autofluorescence of human lung and breast
tissues ex vivo. They observe that, when excited at 457 nm, lung cancer tissues have less
features than their normal counterparts, namely they lose two emission peaks at 555 and 600 nm.
They relate these differences in spectral shape to the absorption of hemoglobin. Indeed, the
absorption bands of hemoglobin are centered at 540 and 580 nm and they suggest the decreasein
the lung cancer spectrum be due to a decrease of hemoglobin in these samples.

In a more recent paper by Hung et al [17] or Palcic et al [18], it is reported about the
autofluorescence of bronchial tissue in vivo, excited at 405, 442 and 488 nm. The main
observations of the authors are a sharp decrease (around a factor of 10) in the green
autofluorescence of the tissue in the carcinomain situ with respect to healthy mucosa. However,
an amplification of the signal showed that the spectral shape was not changed. The observations
were similar for the excitation wavelength of 442 nm and the only notable difference for the
excitation wavelength of 488 nm was that the shape of the spectrum was not retained. These
authors suggest that these differences in autofluorescence intensity and spectral shape might well
be due to differences in the amount of oxidized and reduced forms of flavins in tumors and
normal tissues. This would be in agreement with the idea that the metabolism of an early tumor
cell isindeed different from that of a normal cell and agree with a study by Pollack et al [19].
However, neither Hung et a nor Palcic et a reported any observation of an increase in the red
autofluorescence.

A relative increase in the red region (in this case proposed as porphyrin fluorescence) has been
observed by Schomacker et al [20] in colonic adenomatous polyps in vivo when excited at 337
nm. These authors use LIF to distinguish normal colonic mucosa and hyperplastic polyps from
adenomatous polyps and adenocarcinomas. They achieve a sensitivity of 70% and specificity of
91% with a Multivariate Linear Regression of four wavelengths. They seem to achieve a good
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discrimination between the adenocacinomas and the normal colonic mucosa but the size of the
former (22.6 = 10 mm) hints at relatively large lesions. The discrimination is less convincing in
the case of adenomatous and hyperplastic polyps as they overlap substantially. It should aso be
noted that adenomatous polyps, athough considered premalignant, are benign neoplasms.

In a study about bladder tissue autofluorescence following excitation at 308, 337 or 480 nm,
Anidjar et al [21] reported a marked decrease in autofluorescence for carcinomas in situ with
respect to normal bladder mucosa when excited at 480 or 337 nm. The spectral shape of the
autofluorescence underwent no change, however. At 308 nm excitation wavelength, they
observed not only a change in intensity but also a change in spectral shape between the normal
bladder mucosa and the CIS. They related these changes to the emission of oxidized flavoproteins
(480 nm), tryptophan (selectively excited by 308 nm) and NADH (337 nm). They report that
these results make it possible to distinguish normal bladder mucosa from carcinomasin situ. This
isin partial agreement with Konig et al [22], who also used 337 nm as an excitation wavelength
but found a spectrum with a different shape. Indeed, these authors found not only a differencein
fluorescence intensity but also a modification of the spectral shape between the healthy mucosa
and the carcinoma.in situ. The disagreements might be due to differences in data manipulation as
Anidjar et a provided no explanation on how and whether their spectra were corrected for
background fluorescence, the spectral response of their setup, or to differences in their
acquisition system, as Anidjar et al used along passfilter centered at 400 nm whereas Koenig et
al used a gated intensifier [22,23]. Moreover, the results of Konig et a rely on the largest series
of random biopsiesto date [22]. Their explanation about the autofluorescence changesis that the
spectrum isinfluenced by the epithelial thickness.

The epithelial thicknessis aso the reason invoked by Leonhard [24] and Haussinger et al [25] for
the modifications in the autofluorescence of bronchial tissues. Their idea is that the
autofluorescence photons are reabsorbed on their way out by the thicker tissues. It should be
added that their imaging system (Storz) uses a combination of autofluorescence and blue
backscattered excitation light to enhance the contrast. This idea had been devised already by
Hurzeler, although without the use of fluorescence [26].

More studies about the use of the autofluorescence contrast in vivo as a diagnostic tool have been
published. We should mention the report of use of fluorescence and red reflectance light in the Gl
tract by Weiss et a [27]. The modifications of autofluorescence in the oral cavity have been
reviewed by Gillenwater et a [7]. They conclude that a considerable amount of further research is
necessary to actually link the altered fluorescence to a clearly architectural or biochemical cause.
As for the increase in red fluorescence sometimes observed, these authors seem to favour its
porphyrin origin. Dhingra et a aso report arelative increase in the red region after an excitation at
410 or 370 nm [28]. These investigators related the modifications of the spectral shape and of the
fluorescence intensity to both an architectural effect and an increased production of porphyrins
due to a metabolic change. These results are in agreement with similar findings by Gillenwater et
al [29], who analyzed the autofluorescence of lesionsin the oral cavity after an excitation at 337,
365 and 410 nm. The increase in red fluorescence is also reported by Ingrams et a [30] in ex
vivo samples of oral cavity tissue.

In a study about colon tissues ex vivo, Bottiroli et a [31] clearly observed a change in the
fluorescence intensity and in the spectral shape between normal and tumor tissues. They linked
the latter observation to modifications of the redox equilibrium and the former to the varying
thickness of the tissue, hence combining architectural and biochemical effects. They also suggest
that short UV excitation wavelengths (< 350 nm) favor the modifications of fluorescence intensity
and longer wavelengths (> 350 nm) favor the modifications of spectral shape. In a study about
breast tissues ex vivo, Gupta et al [32] found an increase in the fluorescence of the cancerous
tissues with respect to normal tissues (they linked it to an enhanced concentration of
fluorophores) but no change in the shape of the spectra. However, it should be noted that the
results from an ex vivo study are by no means transposable to the in vivo case because the
biochemical properties of tissues may significantly change within relatively short periods [20,33].
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Phenomenology and optimization

As has been seen above, the controversy is going on. There is no agreement at all about the 'best'
parameters (excitation wavelengths, detection windows), the findings of the autofluorescence
analysis (loss of structure, loss of intensity, appearance of new peaks) or the reasons behind the
modifications (thickening of the epithelium, increased production of porphyrins by bacteria,
endogenous increase of the production of porphyrins, increased absorption by hemoglobin,
modifications of the metabolism and of the related species). The only agreed-upon observation is
that some modifications of the autofluorescence occur during the cancerization process and that,
under certain circumstances, they may be useful as a diagnostic tool.

The parameters of autofluorescence have been studied in a very scattered way and, to our
knowledge, there is still alack of avery wide study about autofluorescence that would cover a
large range of excitation wavelengths with alarge number of patients. To alimited extent, thisis
what we propose for the bronchial tissues in Section 8.3. Many more similar studies are needed
for the lungs and other organs before any agreement can be reached about the parameters of
autofluorescence. However, upon reaching such an agreement, a noticeable improvement should
be possible in the field of autofluorescence imaging and in the design of relevant devices.

The findings of the autofluorescence spectral analysis and the reasons behind these findings are
closely related since the latter are the cause of the former. However, due to the great number of
different tumors, the number of changes occurring in cells along the cancerization process, the
various experimental designs and the inhomogeneity of a cancerous tissue, thereisastill much to
be investigated until an unequivocal explanation can be found to these observations. Moreover, it
is likely that, in most cases, the modifications of autofluorescence are due to a combination of
both architectural effects and biochemical effects.

This could be true in the case of the autofluorescence of the bronchi. Indeed, if the modifications
were due to architectural effects alone, it islikely that one would observe a continuous change of
the autofluorescence spectrum from the healthy tissue's towards the carcinomain situ's (namely a
gradua spectroscopical change following the gradual thickness change from healthy to metaplasia
to dysplasia and to CIS [34-36]). Consequently, in the light of our results, one would observe a
continuous change in the intensity of the spectrum (actually observed) and a continuous change in
the shape of the spectrum (not observed as the metaplastic tissues exhibit the same spectral shape
as the healthy tissues). On the other hand, if the modifications were due to biochemical effects
only, itislikely that one would observe no change of the autofluorescence spectrum, neither in its
shape nor in its intensity, between the healthy tissue's and the metaplasia's, since both are
considered normal and non-malignant. As a matter of fact, we do not observe a change in the
spectral shape of the spectra but it is clear that the metaplastic tissues exhibit a little less
fluorescence when excited in the violet-blue region. These elements seem to give us a hint that the
modifications of the fluorescence are probably not due to one clear-cut reason only but rather to
an ensemble of subtle changes. A modality of investigation that could produce more information
about thisissue lies in the fluorescence lifetime methods [ 13,37] because they could distinguish
between a quenching (biochemical effect) and a shielding (architectural effect). As relevant
technol ogies become available, new devices should enter the clinical world to push the limits of
the knowledge in this area a bit further.

The successes and recent devel opments of detection methods are encouraging for the future. Still,
much remains to be done and many more devel opments will be necessary until cancer can be dealt
with easily and successfully on a routine basis. All these efforts will require a great deal of
financing and, due to demographic patterns, it is likely that more and more financial efforts will
incumb to fewer and fewer people as the population ages and the disease becomes more common.
Thisfact, along with the exponential increase in the cost of public health raises at least one other
crucial issue: next to being the most frequent cancer in the western world, lung cancer is also
characterized by amore puzzling feature, namely it is the most avoidable of all cancers. The way
to avoid it isjust not to smoke. It is therefore legitimate to ask whether an efficient method of
prevention would maybe be the best investment for all the efforts in the search of a solution to
this disease. But this, in turn, could be the subject of another thesis...
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ABSTRACT

We are developing an imaging system to detect pre-/early cancers in the tracheo-bronchial tree.
Autofluorescence might be useful but many features remain sub-optimal. We have studied the
autofluorescence of human healthy, metaplastic and dysplastic/CIS bronchial tissue, covering
excitation wavelengths from 350 to 480 nm. These measurements are performed with a
spectrofluorometer whose distal end is designed to simulate the spectroscopic response of an
imaging system using routine bronchoscopes. Our data provides information about the excitation
and emission spectral rangesto be used in adua range detection imaging system to maximize the
Tumor vs Healthy and the Tumor vs Inflammatory/M etaplastic contrast in detecting pre-/early
malignant lesions. We find that the excitation wavelengths producing the highest contrasts are
between 400 and 480 nm with a peak at 405 nm. We also find that the shape of the spectra of
healthy tissue is similar to that of its inflammatory/metaplastic counterpart. Finally we find that,
when the spectra are normalized, the region of divergence between the tumor and the non-tumor
spectrais consistently between 600 and 800 nm and that the transition wavelength between the
two spectral regionsis around 590 nm for all the spectra regardless of the excitation wavelength,
thus suggesting that there might be one absorber or one fluorophore. The use of backscattered red
light enhances the autofluorescence contrast.

accepted for publication in the 'Journal of Biomedical Optics



Introduction

Carcinoma of the bronchusis the commonest
cancer in the western world. In determining
the 5-year survival associated with the
disease, tumor staging is a very important
parameter [1, 2] as precancerous (dysplasia)
and early cancerous lesions (carcinoma in
situ and microinvasive carcinoma) are indeed
much more successfully treated than invasive
cancers [3]. The only method of localizing
and delineating such lesions is
bronchoscopy. However, the changes
occurring during the first stages of the
cancerization process make it difficult in
most cases for the endoscopist to accurately
localize the lesions under white-light
illumination. Several examples of the use of
Light-Induced Fluorescence (LI1F) have been
proposed for point fluorescence
measurements and imaging applications with
[4-8] and without [4, 9-15] the addition of
an exogenous drug to enhance the contrast
between the early cancerous lesion and the
healthy surrounding area [16]. Because they
rely upon the natural fluorescence of the
tissues, the latter are termed
‘autofluorescence’ methods. Due to the
geometry of the bronchi and the behavior of
particles in the air flow, it is difficult to
homogeneously distribute an inhaled
exogenous drug to the bronchia epithelium
and it is also difficult to perform point
fluorescence measurements. Consequently,
no exogenous fluorescent markers or
exogenously induced drugs (PPIX) have
shown convincing results up to now
according to our knowledge. In this paper,
we are thus reporting on a study about the
autofluorescence of the bronchial tissue.
Several experimental [8, 17, 18] and
commercially available systems (Xillix [10,
11], Storz [19], SAFE-1000 (Pentax), [20])
use autofluorescence to create images of the
bronchial tissue. The goal of these systems
isto detect and distinguish the precancerous
and early cancerous lesions from the healthy
surrounding area. To do so, most of these
systems excite the autofluorescence with
blue and/or violet light and detect the
autofluorescence in one [20], or several
spectral regions [8, 10, 11, 19]. However,
no systematic optimization work has been
reported for the spectral design of these
systems. Improvement might be possible by
optimizing the domains of excitation and
detection wavelengths. We propose here a
study of the optimization of the excitation
wavelength covering a range of excitation
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wavelengths from 350 nm to 480 nm, and
the detection spectral ranges to detect and
characterize the precancerous and early
cancerous lesions by autofluorescence in the
tracheo-bronchial tree. Our choice of a dual
range detection method is based on our am
of optimizing an imaging system. At least
two spectral domains are necessary for
efficient contrast enhancement. In fact, due
to the tridimensional geometry of the
bronchi, both a background and a contrast
bearing foreground image are necessary.
However, detection over many spectral
regions is detrimental to the intensity of the
fluorescence detected in each region and is
consequently shot-noise limited.

Our measurements of the autofluorescence
properties of the bronchial tissuein vivo are
correlated to the histopathological status of
the examined sites. Moreover, our
measurements took place at a fixed distance
between the tissue and the probe. This
characteristic is also based on our goal of
optimizing an imaging endoscopic system
that probes the tissue from a certain distance.

Materials and Methods

Patients.

Forty-eight patients were involved in this
study (see Table 1) from November 1996 to
September 1999. The patients were
scheduled for rigid bronchoscopy for
screening purposes (positive cytology or
primary cancerous lesion in the upper
aerodigestive tract). Biopsies were taken in
the case of a suspicion of an early cancerous
lesion. The LIF measurements were
executed during the general anesthesia
required by rigid bronchoscopy. For safety
reasons, not all patients were measured at all
wavelengths.

Fluorescence Soectroscopy

Our optical fiber-based spectrofluorometer
has been described elsewhere [21] and has
only been dlightly modified (Fig. 1) for this
study. In brief, it consists of an excitation
source (UXL-75 XE, 75W high pressure
Xenon lamp, Ushio Inc., Japan) whose light
is passed through a spectrograph (Chromex
250, Chromex, Albuquerque NM 87107,
USA), filtered (filter #1, see Table 2) and
injected into a quartz optical fiber hexagona
bundle (7 fibers, HPSUV300A, Oxford
Electronics Ltd, Four Marks, Hants, UK;
NA=0.22, 300 um core diameter).
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This bundle is [ Excitation [ Histopathological status | Number of | Numberof | Albuquerque
then connected | wWavelength patients spectra NM 87107,
to a similar| 350nm |Hedthy 9 59 USA) to be
bundle that has Inflammation/Metaplasia 3 60 detected by a
been adapted to Dysplasia/CIS 2 21 Peltier cooled
fit the biopsy | 365nm [Hedthy _ 15 182 CCD (TE/CCD-
channel of a Inflammation/Metaplasia 3 60 256, uv
standard DgLaSi alCIS 2 20 coated,
flexible 380 nm | Hedthy . 8 80 Spectroscopy
bronchoscope 'Sﬂ a'?;g:‘g?é'\" etaplasia g ?g Instruments
(Olympus B F o thy 2 = GmbH, D-
Type 20). Four Inflammation/Metaplasia 3 66 82.205.
of the seven Dysplasia/CIS > 15 Gilching,
fibers are used 05 Tm Healthy 2 135 Germany). LIF
for ~ the Inflammation/Metaplasia | 14 295 is observed in
excitation light Dysplasia/CIS 5 61 the range
and the [ 220nm [ Hedthy 23 193 between 425
remaining three Inflammation/Metaplasia 13 167 nm and 800 nm
fibers collect Dysplasia/CIS 4 33 (depending on
thefluorescence [ 435 nm | Hedthy 21 185 the excitation
light. The Inflammation/Metaplasia 13 150 wavelength)
distance Dysplasia/CIS 5 41 with a
between the| 450nm |Hedthy _ 26 344 resolution of 11
fiber bundle tip Inflammation/Metaplasia 13 162 nm (FWHM).
and the tissueto |——— %jt’:qaf alClS 154 16271 The whole
be investigated . . setup is
is kept constant nflammaion Metaplasia 12 149 controlled by a
ysplasialCIS 3 24

(at 3.5 mm, 486 PC (Fast
[22]) by a 480 nm | Healthy _ 13 132 486/50

. Inflammation/Metaplasia 8 90 !
spacer (Fig. 2a DysplasiaCIS 3 27 Spectroscopy
and 2D in order Table 1: Number of patients and of spectra for each excitation Instruments
to detect the \ayelength and each pathological status. GmbH,  D-
same 82205

Spectroscopic response as an imaging
system that does not come into actual contact
with the tissue during routine inspection.
The excitation wavelength is scanned
between 350 nm (it is difficult to obtain
enough excitation power below this
wavelength with aclinically acceptable setup
and shorter wavelengths are too far into the
UV range to be compatible with this
environment) and 480 nm (above this
wavelength, the spectral domain of the
'green’ image becomes too narrow to detect
enough fluorescence power - see below for
the definition of the 'green’ image) (see
Table 2) by steps of 10 or 15 nm.

The resolution of the excitation is = 10 nm
(FWHM) and the typical excitation power at
the distal end of the setup is given in Table
2. The fluorescence is collected and
separated from the backscattered excitation
light by a dichroic mirror (filter #2, see
Table 2). It is then filtered by a long pass
filter (filter #3, see Table 2) and dispersed
by a spectrograph (Chromex 250, Chromex,

Gilching, Germany) with CSMA software
(Spectroscopy Instruments GmbH, D-82205
Gilching, Germany) and mounted on a
trolley for transport to the medical facility.
The acquisition time of one spectrum is 2
seconds.

Filterwheels

Detection
spectrograph

L1

Peltier cooled CCD (1024 x 256 pixels)

=8
Figure 1: Apparatus for fluorescence measurements.

Before each clinical autofluorescence
measurement session, the fluorescence
spectrum of an aqueous solution of
Rhodamine B (c = 1¥10-6 M) in a 10 mm
quartz cuvette is measured. The magnitude
of the peak at 575 nm allows for a certain



degree of lamp output fluctuations to be
taken into account and corrected for.
Fluorescence excitation of the Rhodamine
takes place at each of the excitation
wavelengths and detection is between 450
and 800 nm (depending on the excitation
wavelength). The fluorescence excitation
light power is measured by placing the distal
end of the modified bronchoscope into the
detector of an optical power meter (Newport
Instruments, 840-C). The spectrum of a
non-fluorescent tissue-like phantom [23] is
also measured. This spectrum is a
background spectrum and allows for the
subtraction of the fluorescence generated
within the optical system (fiber bundle,
filters, etc).

Non-invasive
Spacer (tissue -
endoscope
distance: 3.5 mm)

Holding
Ferula

Bronchoscope

= }Exc Multi Fiber Plug

) e—] connected to the

1:} Em  spectrofluorometer

Non-invasive 55mm Holding
——>

Ferula

: White Light
: lHllumination Observation
Fiber Bundles Fiber Bundle
Bronchoscope

O Excitation Fibers

Q Detection Fibers
Figure 2: Probe for calibrated fluorescence
spectroscopy (above: side view; below: front view).

Correction of the raw spectra

The raw spectra are corrected for the spectral
response of the detector. This procedure has
been described in detail elsewhere [22]. In
brief, the spectrum of a calibrated lamp (the
spectral emission of which is close to the
emission of a perfect blackbody) was
acquired with our setup. The resulting curve
combined with the measurement of the
fluorescence excitation power is used to
divide the raw spectra, thus producing
corrected spectra expressed in pW of
fluorescence collected by the
spectrofluorometer per nm and per pW of
excitation power ([pW/(UW * nm)]). In our
study, this correction produces spectra
whose shape is correct, and whose
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magnitude is correct down to a certain
multiplicative factor that in turn depends on
the instrumentation that was used.
Nevertheless, the spectra throughout this
study can be compared between themselves
and are therefore expressed in ‘relative units

(r.u.).

Procedure.

After the routine endoscopical observation of
the tracheobronchial tree, the modified
fiberoscope was passed through the rigid
sheath. It was then placed onto the site to be
measured. The spacer ensured a gentle
contact with the tissue at a fixed distance
(3.5 mm) between the fibers and the tissue.
This distance was chosen as the best trade-
off between the geometrical distortion of the
spectra requiring as long a distance as
possible and the SNR decrease requiring as
close a distance as possible to minimize the
integration time [22]. The endoscopical
standard white-light illumination was
switched off. Ten spectra were recorded on
the same location for each excitation
wavelength. The endoscopical light was then
switched on again. The site was checked for
the absence of blood prior to proceeding to
further measurements and its macroscopical
aspect was recorded. At the end of the
measurement session, a biopsy was taken at
the site of the measurements to check the
histopathol ogy of the site.

Histological examination

The biopsies were processed and analyzed in
a routine fashion in the Institute of
Pathology at the CHUV Hospital. The
pathologists reported the results of
microscopy and they were assigned to three
different groups for the treatment of our
spectral data: normal mucosae without any
trace of inflammation or metaplasia were
grouped under the label 'Healthy'.
Inflammatory or metaplastic mucosae
without malignant changes were grouped
under the label 'Inflammation/Metaplasia.
The mucosae bearing pre-/early malignant
features (mild, moderate and severe
dysplasia as well as carcinomain situ) were
grouped under 'Dysplasia/CIS'. This
grouping makes sense as it separates the
healthy from the non-healthy but non-
cancerous (inflammatory or metaplastic)
tissues and from the early cancerous tissues.
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Excitation Excitation Dichroic Emission Typical power at and
Wavelength Filter (#1) Filter (#2) Filter (#3) the distal tip of background
(FWHM: 20 ©) (45°) ©) the probe (+ SD) images. For
nm) this purpose,
350 nm BandpassUV, | Dichroic 425 nm, | Longpass 425 nm, 9.2 pw the typical non-
(£ 10 nm) | UGS DC425** FG425** (£ 2.9 Pw) healthy spectra
365nm | BandpassUV, [ Dichroic 425 nm, [ Longpass 425 nm, 14.9 pWw and the typical
(+ 10 nm) | UG5* DC425** FG425** (+ 4.4 pW) healthy
380 nm BandpassUV, | Dichroic 425 nm, | Longpass 425 nm, 13.8 pw
(+ 10 nm) | UGS5* DC425** FG425** (+ 4.0 pW) ;Jpggirgnrgovge
395 nm BandpassBlue, | Dichroic 425 nm, | Longpass 435 nm, 14.2 pwW (see an
(+ 10 nm) | BG3* DCA425* * FGA435** (+ 4.0 UW) example in
405 nm BandpassBlue, | Dichroic 450 nm, | Longpass 450 nm, 17.7 pW Fig. 4 for 405
(+ 10 nm) | BG3* DCA450* * FG450* * (+ 4.8 UW) .
420 nm Bandpass Blue, | Dichroic 450 nm, | Longpass 450 nm, 16.4 pwW nm as the
(+ 10nm) | BG3* DC450* * FG450** (+ 5.3 W) excitation
435 nm Dichroic 450 Dichroic 450 nm, | Longpass 495 nm, 13.7 pW wavel ‘?ngth)-
(+ 10nm) | nm, DC450** | DC4s0** FGA495+* (+ 4.6 LW) The difference
450 nm | Dichroic450 | Dichroic 475 nm, | Longpass 495 nm, 15.6 JW between the
(10 nm) | nm, DC450** | DCA75** FG495++ (+ 6.4 W) ‘Dysplasia/CIS
465 nm | Dichroic550 | Dichroic 475 nm, | Longpass 515 nm, 11.5 pwW ' and the
(+ 10 nm) | nm, DC550** | DCA75** FG515* * (+ 3.8 PW) ‘Healthy'
480 nm | Dichroic550 | Dichroic 550 nm, | Longpass 530 nm, 24.4 pW typical spectra,
(+ 10 nm) | nm, DC550** | DC550** FG530* * (+ 4.4 pW) or the
Table 2: characteristics of the filters used for the fluorescence spectroscopy (* filters by difference
Schott Glaswerke, D-55116 Mainz, Germany, ** filters by Reynard, San Clemente CA between the
92673-6227, USA). 'Dysplasia/CIS
" and the

Analysis of results.

Mean and typical autofluorescence spectra
The background spectrum of the phantom
was subtracted from each measurement. For
each set of 10 raw spectra at a given site, a
mean spectrum was calculated. This mean
spectrum was corrected by the Rhodamine
reference value to correct for some
instabilities of our setup. All the mean
spectra of a given excitation wavelength
were then grouped according to the
histopathological status (see above for the
classifications) of their corresponding
biopsy, normalized and averaged. This
produced three (see Table 1) spectra
(thereafter called 'typical’ spectra) for each
excitation wavelength (see an example in
Fig. 3 for 405 nm as the excitation
wavelength). These typical spectraare given
for a histopathological status and a standard
deviation of the mean was computed (also in
Fig. 3). They were corrected for the spectral
sensitivity of the optical setup and detector
(see above or [22] for the procedure).

Cut-on wavelength

The first parameter to determine for the
spectral optimization of a dual range
detection imaging device is the cut-on
wavelength which separates the spectral
domains corresponding to the foreground

'Inflammation/Metaplasia typical spectra
was calculated (see an example for the
difference between the 'Dysplasia/lCIS and
the 'Healthy' in Fig. 4 for 405 nm as the
excitation wavelength). The shortest
wavelength corresponding to the half-
maximum value produced the 'cut-on'
wavelength (600 nm in the Fig. 4). This
wavelength is used below for the
optimization of the sensitivity
(‘Dysplasia/CIS' vs 'Healthy') and the
optimization of the specificity
('‘DysplasialClS’ V'S
'Inflammation/Metaplasia). This separation
of the autofluorescence spectra into two
regions, namely a short-wavelength region
(thereafter 'green’' region) and a long-
wavelength region (thereafter 'red' region) is
justified because it has been reported in
several papers that the decrease of
autofluorescence on pre-/early cancerous
lesionsislarger in the 'green’ part than in the
'red’ part of the spectrum.

Sensitivity and specificity

To optimize the sensitivity and the specificity
of our method, we need to compare the
typical 'Dysplasia/CIS' spectrum with either
the typical 'Healthy' spectrum (sensitivity)
or with the typica 'Inflammation/Metaplasia
spectrum (specificity). We named the



fluorescence relative power of the green and
the red regions of the 'Dysplasia/CIS
spectrum 'A' and 'B' respectively, the
fluorescence relative power of the green and
the red regions of the 'Healthy' spectrum 'C'
and 'D' respectively, and the fluorescence
relative power of the green and the red
regions of the 'Inflammation/Metaplasia
spectrum 'E' and 'F' respectively (see an
example in Fig. 3 for 405 nm as the
excitation wavelength). A, B, C, D, Eand F
were calculated for each measurement
whenever the spectra were available. The
corresponding R, R" and R" ratios (see
below) were then calculated for each
measurement, as well as a subsequent mean
R, R or R" for the relevant patient. The
general mean of these mean ratios is plotted
in Fig. 6a, 6b and 6¢ as a function of the
excitation wavelength.

As stated above, we defined three ratios to
guantify the modifications of the spectra
associated with different histopathol ogical
statuses in order to optimize both the
sensitivity (Tumor vs Healthy modifications)
and the specificity (Tumor vs
Inflammation/M etaplasia modifications),
namely R, R' and R" as:

Reo = — + — = and
s A B A xD
_E . F _BxE
RSpec. .
A B AXxF
R'Sens_:%andR'Spec—E
Rye = Dend Ry, =

These ratios express the ratio of the
modifications in the green over the
modifications in the red (Rsens, for the
Tumor vs Healthy modifications and Rgpec.
for the Tumor vs Inflammation/Metaplasia
modifications), the modifications in the
green (R'sens. for the Tumor vs Healthy
modifications and R'spec. for the Tumor vs
I nflammation/M etapl asia modifications) and
the modifications in the red (R"sens, for the
Tumor vs Healthy modifications and
R''spec. for the Tumor vs
Inflammation/M etaplasia modifications). It
should be noted that these ratios are
monotonic functions of the Tumor vs
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Healthy and Tumor VS
Inflammation/Metaplasia contrasts and that R
is a monotonic function of the chromatic
contrast. It should also be taken into account
that R is independent of the tissue-probe
distance whereas this is not the case for R’
and R". To optimize the autofluorescence
detection method, we need to find the
excitation wavelength maximizing one or
several of these ratios, depending on the
approach that has been chosen.

Results

Typical autofluorescence spectra

The typical autofluorescence spectra of the
healthy tissue, inflammatory/metaplastic
tissue and dysplasia/CIS excited at 405 nm
are presented in Fig. 3. Thetypical spectrum
of the healthy tissue is the average of 435
measurements, the typical spectrum of the
inflammatory/metaplastic tissue is the
average of 295 measurements and the typical
spectrum of the dysplasia/ClISisthe average
of 61 measurements. The three typical
spectra are plotted on the same scale to
reflect their relative intensity. The Dys/CIS
vs Healthy cut-on wavelength (600 nm) is
plotted just for the sake of clarifying the
concept, along with the 6 regions of interest
(A, B, C, D, E and F). The regions at
shorter (longer) wavelengths than the cut-on
wavelength are named 'green’ (‘red’)
regions respectively. The units are relative
units as a multiplicative factor, which
depends on the geometry of the optical
coupling of the fluorescence light into the
detection fiber at the distal end of our device,
would intervene to actually have units
independent of our spectrofluorometer. The
error bars in Fig. 3 express the 67%
confidenceinterval.

It should be noted that such typical spectra
were measured and computed (see Table 1)
for the other excitation wavelengths (350
nm, 365 nm, 380 nm, 395 nm, 420 nm, 435
nm, 450 nm, 465 nm and 480 nm) but are
not displayed for the sake of readability.

It isinteresting to note that the 'Healthy' and
the 'Inflammation/Metaplasia typical spectra
are very reproducible from one patient to
another, hence the small error bars (this was
observed at all excitation wavelengths).
Moreover, it should be noted that, when
superimposed, the Inflammation/Metaplasia
typical spectra and the 'Healthy' typical
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spectra are quite close in shape (data not
shown).

1.2
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Figure 3: Typical autofluorescence spectrum of
healthy (circles), inflammatory/metaplastic
(diamonds) and pre-/early cancerous (triangles) lung
tissue excited at 405 nm in vivo. The error bars
represent the 67% confidence interval and the vertical
line is drawn for the separation of the short-
wavel ength (green) and long-wavel ength (red) regions
of the spectra. The green region of the healthy
spectrum is termed C, of the
inflammatory/metaplastic, E and of the pre-/early
cancerous, A. Smilarly, the red regions are termed
D, F and B.

This feature is especially striking for the
excitation wavelength 405 nm: both typical
spectra ('Healthy' and 'Metaplasia’) are
overlapped and nearly indistinguishable.
This seems to indicate that there is little, if
any, difference in the spectral shape of the
healthy and the inflammatory/metaplastic
lung tissue whereas the intensity of the latter
is significantly smaller than that of the
former. Moreover, the small error bars
observed on the 'Inflammatory/Metaplasia
typical spectra tend to indicate that this
measurement is also highly reproducible.
These features are observable for each
excitation wavelength (data not shown) and
are in agreement with previously reported
results [24].

The error bars of the 'Dysplasia/CIS typical
spectrum are also plotted in Fig. 3. They
appear to be larger than on the 'Healthy'
typical spectrum. This might partly be due to
the much smaller statistics (the product of the
error bar and the sgquare root of the number
of measurements is not constant) and partly
to an inherent inhomogeneity of the early
cancerous lesions.

Figure 4 shows the superimposed typical
spectra for the healthy tissues and the early

cancerous tissues excited at 405 nm. The
difference of the two typical spectrais also
plotted along with the cut-on wavelength
(half-maximum).
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Figure 4: Superimposed normalized typical
autofluorescence spectra of healthy (circles) and
pre-/early cancerous (squares) lung tissue excited at
405 nmin vivo and difference (diamonds) between
the pre-/early cancerous and the healthy spectra.
The half-maximum of the difference defines the
cut-on wavelength and is displayed as a vertical
line.

This calculation was carried out for each
excitation wavelength and the results are
given in Figure 5 as the cut-on wavelength
for the optimization of the sensitivity
('‘Dysplasia/CIS' vs 'Healthy') and the
optimization of the specificity
('Dysplasia/ClS' V'S
'Inflammation/Metaplasia) together with the
average cut-on wavelength for both cases.
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Figure 5: Cut-on wavelength as a function of the
excitation wavelength. The mean cut-on
wavelength for the Dysplasia/CIS vs healthy
tissues (squares and broken line) and Dysplasia/CIS
vs Inflammatory/Metaplastic tissues (circles and
plain line) is displayed.

It is interesting to note that the cut-on
wavelengths for sensitivity and specificity
are very close to each other within an
excitation wavelength (with one exception,
365 nm) and also very close to each other



from one wavelength to another (again, with
the exception of 365 nm) at around 600 nm.
Itislikely that thisreflects agenera property
of the biological tissue.

The ratios R and R' and R" are plotted for
the optimization of both sensitivity and
specificity as a function of the excitation
wavelength in Fig. 6a (R), 6b (R') and 6¢
(R™). Such agraph is intended to provide an
answer to the issue of the best excitation
wavelength for maximum sensitivity and
maximum specificity. The nominal values of
R' are larger than those of R because the
decrease in the autofluorescence in the green
is offset by a smaller decrease of the
autofluorescence in the red. The UV
excitation wavelengths (350-395 nm) seem
to be less efficient in generating a contrast
than the blue-violet excitation wavelengths
(400-465 nm) and excitation around 405 nm
seems to produce the highest contrast. It is
also interesting to note that this excitation
region seemsto hint at the same fluorescence
excitation wavelengths for both the
optimization of sensitivity and the
optimization of specificity. The fact that the
'pure’ decrease in the green (as given by R')
iS more important than the R ratio is in
agreement with the previously stated
observation that the autofluorescence
decreaseis larger in the green than in the red.
Thisis further demonstrated by the fact that
R' is amost systematically larger than R".
Conseguently, the use of backscattered red
light would allow the clinician to take
advantage of the whole decrease in the green
region (because it would correspond in our
caseto R" = 1 or R = R') without the offset
of the modifications of the red
autofluorescence.

Discussion

Since the first 'blue light endoscopies by
Hurzeler [25], much has been learnt about
the fluorescence techniques applied to detect
early cancerous lesions of the bronchi.
Several commercia systems have been built
and tested throughout the world. However,
no optimization study preceded these
developments [26-29]. Such a study could
lead to significant improvements in future
photodetection systems. A possible way to
contribute to thisimprovement isto optimize
the spectral designs of the systems. To do
S0, astudy of the excitation wavelengths and
the detection windows was necessary over a
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large range of excitation wavelengths. This
was the main goal of our work.
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Figure 6: Ratios Rsens. ((B*C)/(A*D),
Dysplasia/CIS vs Healthy, circles) and Rgpec.
((B*E)/(A*F), Dysplasia/CIS Vs
Inflammatory/Metaplastic, squares) as a function of
the excitation wavelength (a). Ratios R'sens,
(CIA, Dysplasia/CIS vs Healthy, circles) and
R'Spec. (E/A, Dysplasia/CIS vs
Inflammatory/Metaplastic, squares) as a function of
the excitation wavelength (b). Ratios R'sens.
(D/B, Dysplasia/CIS vs Healthy, circles) and
R''Spec. (F/B, Dysplasia/CIS vs
Inflammatory/Metaplastic, squares) as a function of
the excitation wavelength (c).

Bearing this goal in mind, we decided to
consider adual range detection method. Itis
possible to imagine detection agorithms with
many channels as has been done for the
detection of early lesions in the cervix [30]
but this method works fine for point
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spectroscopic measurements only. For real-
time imaging purposes in the tracheo-
bronchial tree, the intensity of the
fluorescence signal in each detection region
also has to be considered. Increasing the
number of detection regionswill decrease the
number of photons in each region. Thiswill
eventually be detrimental to the quality of the
images that are to be detected.

Several papers report a sharp
autofl uorescence decrease on early cancerous
lesions around 500 nm and/or a relatively
less important decrease after 600 nm when
excited between 400 and 450 nm [7, 9, 31].
This is the fundamental base behind all the
autofluorescence imaging systems. The
Pentax system works with a single range
detection principle [20] whereas a multiple
range approach has been preferred for the
Xillix and the Storz systems [19, 31] and
some laboratory systems [8, 17, 18]. It is
interesting to note that our results are in good
agreement with these previous results.
Indeed, we also found that the
autofluorescence of the early cancerous
lesions sharply decreases when excited in the
blue-violet range and decreases less
significantly in the red region. The
comparison of the typical spectratakes place
through their superimposition, a method that
has been used by other groups [7, 24].

The first computation that was performed
with the typical spectra was the
determination of the cut-on wavelength.
From its definition, this is the wavelength
that delineates the green and the red regions.
In the perspective of a dual range detection
system, this would correspond to the
transition wavelength of a dichroic mirror.
This cut-on wavelength was found to be
around 595-600 nm with no measurable
dependence on the excitation wavelength.
Moreover, the cut-on wavelength for the
optimization of sensitivity and for the
optimization of specificity were found to be
similar. Thisresult seemsto indicate that the
choice of an excitation wavelength should
have little, if any, impact on the spectral
specifications of a dichroic mirror. This
observation is fortunate for possible future
developments of novel photodetection
devices. Indeed, it means that the spectral
transition producing the highest sensitivity is
the same as the one producing the highest
specificity. The design of such a system
could therefore avoid a trade-off between

those two concepts. Moreover, this
observation seemsto hint at the fact that only
one class of fluorophores or only one class
of absorbers are involved in the
modifications of the shape of the
autofl uorescence spectra

The previously mentioned observation that
the overall autofluorescence decreases
between a healthy bronchial tissue and an
early cancerous lesion dictated our approach
for the treatment of the data. Having defined
the green and the red regions of both the
healthy and the early cancerous typical
spectra, we compared their surfaces. The R
ratio takes into account the modifications of
the green autofluorescence and the
modifications of the red autofluorescence.
Since these modifications seem to be
different for both regions (hence the relative
'increase’ in the red region when the typical
spectra are superimposed), this is used to
generate a color contrast in a dual range
detection method. However, the use of the
modificationsin the red region partly offsets
the decrease in the green region (as can be
seen with the R' ratio that islarger than the R
ratio). This decrease can then be used at its
maximum with a single range detection
method, but it then |oses the advantage of the
endoscope-tissue distance independence and
is subject to artefacts since it does not rely on
two images anymore. This is the trade-off
that faces future developers of
autofluorescence imaging systems. Another
method to avoid this problem is to be found
in the use of reflectance light (which, in our
case, corresponds to D = B for red reflected
light, in which case R = R’). Assuming the
level of backscattered light does not depend
on the tissue-probe distance, it is possible to
use the whole range of the decrease in the
green region of the spectra. This has been
implemented in at least one commercial
system with blue backscattered light [19] and
has been reported with red backscattered
light in the GI tract by Weiss et a [32].

The superimposition of the typical spectra
produces interesting information about the
modification of the spectral shape along the
cancerization process. The ultimate goal of
photodetection is to unequivocally separate
the precancerous and early cancerous lesions
from the healthy and
metapl astic/inflammatory mucosae. Since we
chose a dual range detection mode, this
means that the shape of the spectra should be



such that the modifications in one window
are different from the modifications in the
other window in a Dysplasia/CIS only and
not on metaplastic/inflammatory tissue. It
also means that the shape of the spectra for
the healthy mucosae and the
inflammatory/metapl astic mucosae should be
similar enough to be assigned to the same
sub-group of non-cancerous spots.
According to this study, it is very striking
that the spectra for the
inflammatory/metapl astic tissue often overlap
the spectra for the healthy tissue to a large
extent. Moreover, the error bars are small on
these spectra (+ 8.5 % on average between
500 and 700 nm for the typical spectrum of
healthy tissue excited at 405 nm), thus
indicating not only a striking similarity
between the spectra of the
inflammatory/metaplastic and healthy tissue
but also a stable similarity, hence avery high
degree of interpatient reproducibility of our
measurements. This is in good agreement
with results reported by others about the
similarity of the spectra acquired on healthy
and on inflammatory bronchial tissue [24].
These features tend to indicate that the
implementation of this method into an
optimized imaging system could produce
few false-positive results as the
inflammatory or metaplastic areas would be
consistently similar to the healthy ones.

A more sensitive issue is the stability of the
spectral shape of the precancerous/early
cancerous areas. Because they are frequently
invisible to the naked eye, these lesions are
hard to find and hence the possible
measurement sites are few. Some excitation
wavelengths produce a more important
contrast between these lesions and healthy
tissue than others, as can be seen in the Fig.
6a. The contrast seems to be building up at
395 nm, stays high for blue excitation
wavelengths (405 to 450 nm) and goes
down again after 450 nm. This clearly
spesks for blue-violet excitation wavelengths
instead of UV or longer wavelength light.
This observation seems to be consistent
whatever the ratioing method (see Fig. 6a,
6b and 6¢). A non-negligible problem is the
large error bars on the 'Dysplasia/CIS
typical spectra (afact that is observed at each
excitation wavelength). Part of the reason
behind this fact is the smaller number of
measurements on such locations.
Nevertheless, most of it might also be dueto
anaturally higher inhomogeneity of the pre-
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learly cancerous lesions. Still, at least one
other reason should be considered, namely
the sampling error, either the fluorescence
measurements or the biopsy taking. If a
measurement and a biopsy are from different
sites, a suspicious-shaped spectrum could be
included in the healthy group of spectra or,
vice-versa, a possibility that would be more
detrimental to our study because of the very
much smaller number of proven suspicious
areas. Although very difficult to prove, such
an error could obviously bear heavily on the
error bars if found to be true. It is likely,
though, that this could easily happen.
Indeed, the pre-/early cancerous lesions that
we measured were very small patches of
diseased cells surrounded by mainly healthy
mucosa. In such a situation, one could easily
imagine that the shifting of the biopsy
forceps by say 1 mm could lead to the
sampling of anormal tissue areawhereas the
measured spectrum indicated the opposite.
As a matter of fact, the smaller statistics of
the Dysplasia/CIS group of spectrais not a
sufficient reason to explain the larger noise
on these measurements (the product of the
error bar and the sgquare root of the number
of measurements is not constant). This
observation clearly speaksin favor of anon-
negligible sampling error.

A major drawback of our method would be
the instability of the autofluorescence
measurements. It is obvious that not only
two normal mucosae in two different patients
should produce a similar autofluorescence
spectrum (interpatient variations of the
spectra), but also that several normal sitesin
the bronchi of the same patient should
produce a similar spectrum (intrapatient
variations of the spectra). Moreover, if the
autofluorescence method were to be used in
a routine fashion to detect early cancerous
lesions, it should aso be able to discriminate
between malignant lesions and bruised or
irritated mucosae. To study this issue, we
therefore measured six autofluorescence
spectra on 3 healthy sites in the bronchi of
five patients. We included in these
measurements such areas that were normal
but macroscopically different (such as
erythroplasic/bruised (4), leucoplasic (2),
thickened (1) areas). The typical spectra are
very similar from one patient to another
(interpatient similarity) and very similar to
each other (intrapatient similarity) as can be
seen from the small error bars on the Fig. 7
(data for one patient, data from the other
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patients not shown for the sake of
readability). An example of these resultsis
givenin Fig. 7. The areas measured for Fig.
7 are both healthy but differ in their
macroscopic aspect. The second spot is
reddish (bruised).
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Figure 7: Measured mean spectra (six
measurements each) of the autofluorescence of two
spots (both normal: one with a normal appearance
(circles) and one bruised (diamonds)) in the bronchi
of the same patient. Excitation wavelength: 405
nm.

It is interesting to note that this result tends
to demonstrate that the macroscopic aspect of
a normal area in the bronchi is of little
influence on the shape of the
autofluorescence spectra. This is reassuring
as the opposite would mean that the method
is close to useless to the clinician. This aso
demonstrates that the autofluorescence
measurements have a good intrapatient
stability in addition to a good interpatient
stability. This is in agreement with
previously published data [7]. This is
reassuring as to the possibility of optimizing
an imaging photodetection apparatus as it
means that these benign lesions would not be
positive on the autofluorescence images and
would also be stable against intrapatient
variability.

Such a study over hundreds of spectra can
provide knowledge not only about the
spectroscopy of early lesions but also about
non-malignant tissues. Clearly, a detection
method that produced a positive result for
metaplasias would prove quite uselessto the
clinician. It istherefore of crucial importance
to find a way to assign both the healthy
tissues and the non-healthy but benign
(namely the inflammatory and metaplastic
tissues) to the same group unequivocally.
This means that the spectra should be as

stable as possible. Our results tend to show
that thisisthe case.

The use of autofluorescence as a detection
method for pre-/early cancerous lesions has
been reported in several organs. In the
lungs, the most often described system isthe
LIFE system. This system relies on a dual
range detection method [10]. It is recognized
as a valuable complement to the standard
white-light bronchoscopy [11, 12, 33, 34].
The results behind the development of this
system by Hung et a [9] and Palcic et al [31]
are confirmed by our findings that the
fluorescence of the pre-/early cancerous
lesions are reduced by around one order of
magnitude in the green region with respect to
healthy tissue whereas the decrease is less
marked in the red region. As for the
modifications of the spectral shape, the
authors did not observe any of them for
excitation wavelengths of 405 or 442 nm
[9]. Still, the decrease in the region around
500 nm isin agreement with their results. In
a study about the autofluorescence of
bronchial tissue, Qu et al [24] aso report a
decrease in autofluorescence intensity
between healthy and inflamed tissue as well
as between healthy and CIS tissue. They
also report that the shape of the spectra of
inflamed tissue is similar to that of the
spectra of healthy tissue, a result that is
confirmed by our findings. However, these
authors do not report any modification of the
spectral shape of the CIS with respect to the
healthy tissue. On the contrary, they show
that when their intensity is adjusted
accordingly, the spectra of both the healthy
tissue and the CIS overlap. Our resultsarein
disagreement with this finding and it is
probably a sign that the controversy is still
going on as to the exact reasons behind the
modifications of the autofluorescence
spectra. It should be noted, though, that
these authors performed their measurements
with a probe in contact with the tissue. It isa
critical point as such a measuring procedure
only alows avery small volume of tissueto
be probed. A possible element of explanation
might be that the modifications to the
intensity of the autofluorescence spectra
might be due to some modifications to the
contents in biomolecules (flavins) in the
tissue, afeature that is observed by both Qu
et a [24] and ourselves. On the other hand,
the modifications in the shape of the
autofluorescence spectramight be linked to a
deeper lying effect (such as maybe an



increase of the relative vascular volume,
hence an increase in the relative hemoglobin
contents) which would be probed only when
observing the tissue from a certain distance.
This might be an element of explanation for
the discrepancy between the work of these
authors and ours. Indeed, the large peak on
Fig. 6a could be reminiscent of a similar
peak on the absorption spectrum of
hemoglobin.

As an extension of the studies on the Xillix
system, Takehana et a [35] found that it
could be useful in the Gl tract and report
autofluorescence spectra similar to ours in
normal and precancerous tissues in the
esophagus. Again, the behavior of the
autofluorescence is a decrease on moderate
dysplasia and a modification of the spectral
shape, in thiswork arelative increase of the
red (580+ nm) contribution. Although thisis
reported for adifferent organ, it isinteresting
to note the striking similarity to our results.
Another interesting extension of the Xillix
system isreported by Weiss et al [32] for the
esophagus and stomach. In this work, the
authors used a fluorescence/refl ectance mode
by means of red backscattered light. They
report an improved contrast with the latter
with respect to the former. This corresponds
to our R' ratio (because in thiscase B = D
which is the desired effect when adding red
reflectance light) and our results are also in
agreement with these findings (Fig. 6a). The
reflectance mode has also been used in the
Storz system but this time blue instead of red
light is detected [19]. The Storz system was
used in aclinical context by Haussinger et a
[14], who report a similar decrease in the
autofluorescence on severe dysplasia with
respect to normal epithelium when excited in
the 380-460 nm range. The spectral shape of
their measurements is not investigated in
great detail but their assumption that the
color of pre-/early cancerous lesions will be
different is a hint that the spectral shape
could change. It is indeed the case in the
spectra they report although only one
spectrum for each pathological status is
given. The blue backscattered light is
intended to produce a constant distance-
independent background image for dual
range detection. Nevertheless, the strong
absorption of the blood in this part of the
spectrum could cause benign small bruised
areas to appear red and thus generate afalse
positive Site.
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Another commercially available system that
relies on autofluorescence to detect pre-/early
cancerous lesions is the SAFE-1000 system.
This system uses a single range detection
method in the green region of the
autofluorescence spectrum. It corresponds to
our R' ratio. In such a system, the positive-
looking sites appear darker than the
surrounding mucosa rather than having a
different color [20]. Kakihana et al report of
a clinical study with this system [13] and
report a similar decrease in the
autofluorescence of an invasive squamous
cell carcinoma (excitation at 440 nm) with a
relative increase in the fluorescence emission
above 540 nm. However, these authors also
report that the thickening of the epithelium
because of chronic inflammation induces
false negative results. Moreover, such a
single range system is subject to difficulties
due to the fact that the tridimensional
geometry of the bronchi induces darker areas
that are not lesions but rather areas at a
greater distance from the source. The
inhomogeneity of the illumination could
possible induce false positive results in a
single range system.

There is a recurrent controversy about the
reasons of the decrease of the
autofluorescence in the green region of the
spectrum. A possible explanation is that the
fluorescence is reabsorbed by the thickened
epithelium (architectural effect). Thisis a
partial explanation proposed by Qu et al [24]
who report interesting changes in intensity of
the autofluorescence spectra and parallel
changes in the mean thickness of the
bronchial epithelium from 46 £ 3 pm in
normal epithelium, to 70 = 7 um in dysplasia
to 116 + 16 um for CIS. However, they do
not provide any thickness measurement for
the inflammatory tissues, shown in their
work to undergo a similar intensity decrease.
The epithelial thickening is also invoked by
other authors [14] to explain the changes in
the autofluorescence emission from pre-
learly cancerous tissues. Another possible
explanation is a change in the
microenvironment (pH, cell metabolism,
redox state of the flavins or the
nicotinamides), namely a biochemical effect.
Several authors invoke this possibility [9,
36, 37], but the clear-cut unequivocal reason
behind the changes in autofluorescence
emission remains unclear.
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In the light of our results, it seems that an
architectural effect alone is unlikely. If this
were the case, we would observe a
continuous change of the autofluorescence
spectrum from that of the healthy tissue
towards that of the carcinomain situ (namely
agradual spectroscopic change following the
gradual thickness change from healthy to
metaplasia to dysplasia to CIS).
Consequently, we would observe a
continuous change in the intensity of the
spectrum (actually observed) and a
continuous change in the shape of the
spectrum (not observed as the
inflammatory/metapl astic tissues exhibit the
same spectral shape as the healthy tissues). It
might well be that the thickening of the
epithelium along the process of cancerization
is not the only reason that accounts for the
modifications to the spectroscopy of the
biological tissues during cancerization.

On the other hand, if the modifications were
due to biochemical effects only, it is likely
that one would observe no change in the
autofluorescence spectrum, neither in its
shape nor in its intensity, between those of
the healthy tissue and the metaplasia, since
both are considered normal and non-
malignant. As a matter of fact, we do not
observe a change in the spectral shape of the
spectra but it is clear that the metaplastic
tissues exhibit less fluorescence when
excited in the violet-blue region. These
elements seem to give us a hint that the
modifications in fluorescence are probably
not due to one clear-cut reason aone but
rather to agroup of changes.

The sampling error proved to be a possible
problem. When probing atissue, it might be
difficult to take a biopsy at the exact place
where the measurements took place.
Although this might lead to a spectrum being
assigned to the wrong group, it is a
negligible problem regarding the typical
spectra of healthy tissue. As a matter of fact,
the number of stable reproducible spectra
that we measured on healthy or metaplastic
tissue is such that it allows a small number
of possibly wrong measurements to be
disregarded. However, such an argument is
invalid for the early lesions group of spectra.
Due to the relatively small number of
lesions, one wrongly assigned spectrum can
bear quite heavily on the statistics.
Moreover, due to the difficulty of actually
seeing these lesions, it is likely that the

possible error in the biopsy taking (as well
asin the histopathol ogical analysis) could be
higher for pre-/early cancerous lesions than
for the normal mucosa. Unfortunately, it is
hard to imagine any way to overcome such a
possible error, especially since small early
lesions are surrounded by much larger areas
of healthy mucosa.

One goal of the clinician isto clearly separate
the tissues that present some malignant
change from the tissues that do not
(specificity). In this sense, they require some
methodology that would assign healthy,
inflammatory and metaplastic tissues to the
same group and light and moderate and
severe dysplasias as well as carcinoma in
situ to another group. Our results seem to
show that this is the case for spectroscopic
measurements. Obviously, there is much
more variability from one spectrum to
another in the 'Dysplasia/CIS group than in
the 'Healthy' and 'Metaplasia’ groups. This
IS probably due to a much wider range of
possible alterations of the tissue. A further
similar study could benefit greatly from the
investigation of light or moderate or severe
dysplasias only. Classifying the spectra of
these lesions in three subgroups instead of
grouping them into only one category would
produce the spectra of all the tissue stages
along the cancerization process. However,
due to the aforementioned difficulties, great
care will have to be exercised when
collecting the data.

Our study also produces very interesting
results about healthy tissues. They clearly
show that there might be something like a
‘typical’ spectrum for both absolutely
healthy bronchial tissue in vivo and
metaplastic or inflammatory tissue.
Moreover, it seems that the spectral shape of
these two typical spectraare similar and that
they are reproducible. The interpatient and
intrapatient fluctuations seem negligible, as
can be seen on the error bars of the typical
spectra. Such an observation is of great
importance not only for developers of future
autofluorescence imaging systems but also
for clinicians that will eventually use them as
it suggests a low level of false positive
results.
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ABSTRACT

Autofluorescence emerges as a useful tool for the detection of early cancersin the bronchi. It has
already produced interesting results, which have been implemented in commercial imaging
devices. Their design relies on the spectroscopy of the tissues of interest. However, a large
majority of these autofluorescence spectroscopy studies have been presented in arbitrary units.
This is a drawback for, in particular, the designing of imaging devices based on
autofluorescence.

Using correction factors and a spectral sensitivity correction curve, we determined the absolute
spectral distribution of the tissue autofluorescence in vivo. These measurements have been
performed on healthy, metaplastic and dysplastic bronchial tissues at several excitation
wavel engths ranging from 350 nm to 495 nm. Moreover, we did so at a fixed distance between
the tissue and the probe to avoid geometric distortions of the spectra due to the optical
characteristics of tissue. We found that the order of magnitude of the autofluorescence brightness
was stable as the excitation wavelengths varied (in the order of 5 pW/UW x nm at the maximum
of the fluorescence emission spectra).

submitted to 'Applied Optics
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INTRODUCTION

The autofluorescence of biological tissues
for the detection of early cancers has been
under investigation for many years (1). The
method is promising as it seems to produce
useful information about the
histopathological status of the tissuein the
lungs (2-6), breast (7-10), oral cavity and
upper aero-digestive tract (11-16), colon
(17, 18), cervix (19-21), bladder (22, 23),
esophagus (24), skin (25) and brain (26).
Providing the excitation wavelength and
detection ranges are chosen in a sensible
way, much can be learnt from the spectra.
This has been implemented in commercial
autofluorescence cancer detection devices
(27-30).

A magjor difficulty when dealing with
autofluorescence is its dependence upon
tissue optics and instrumental parameters.
Both can induce a distortion of the
autofluorescence spectra, because of the
wavelength dependence of, in the former,
the diffusion and absorption processes and
in the latter, of most optical components
(CCDs, optical fibers, monochromator).
Consequently, it might be difficult to
compare the results from one study or one
setup to the results from another one.
Moreover, the actual design of an apparatus
based on the autofluorescence of biological
tissues is crucially dependent upon the
absolute fluorescence intensity detected at
each wavelength.

For these reasons, we propose here an
extension of a previous study by our group
(31) on the autofluorescence of healthy
bronchial tissue. We corrected the spectra
collected by our setup for the instrumental
parameters and kept the distance between the
tissue and the probe fixed. Thus, we found
absol ute autofluorescence spectra expressed
in physical units which are independent of
our instrumentation.

MATERIALS AND METHODS
Fluorescence Soectroscopy

Our optical fiber-based spectrofluorometer
has been described elsewhere and has not
undergone any modification with respect to a
previous study (31). Very briefly, it consists
of an excitation source (UXL-75 XE, 75W
high pressure Xenon lamp, Ushio Inc.,
Japan) whose light is passed through a
spectrograph (Chromex 250, Chromex,

Albuquerque NM 87107, USA), filtered by
a short-pass filter and injected into a quartz
optical fiber hexagonal bundle (7 fibers,
HPSUV 300A, Oxford Electronics Ltd, Four
Marks, Hants, UK; NA=0.22, 300 um core
diameter). This bundle isthen connected to a
similar bundle that has been adapted to fit the
biopsy channel of a standard flexible
bronchoscope (Olympus BF Type 20). Four
of the seven fibers are used for the excitation
light and the remaining three fibers collect
the fluorescence light. The excitation
wavelength is scanned between 350 nm (it is
difficult to obtain enough excitation power
below this wavelength with a clinically
acceptabl e setup and shorter wavelengths are
too far into the UV range to be compatible
with this environment) and 495 nm (above
this wavelength, the spectral domain of the
‘green’ image becomes too narrow to detect
enough fluorescence power) by steps of 10
or 15 nm. The typical total power at the
distal end of the fibersis 15 pW and the Full
Width at Half Maximum of the excitation is
15 nm. The fluorescence is collected and
separated from the backscattered excitation
light by a dichroic mirror. It is then filtered
by a long-pass filter and dispersed by a
spectrograph (Chromex 250, Chromex,
Albuquerque NM 87107, USA) to be
detected by a Peltier cooled CCD (TE/CCD-
256, UV coated, Spectroscopy Instruments
GmbH, D-82205 Gilching, Germany). The
whole setup is controlled by a 486 PC (Fast
486/50, Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) with CSMA
software (Spectroscopy Instruments GmbH,
D-82205 Gilching, Germany) and mounted
on a trolley for transport to the medical
facility. Before each clinical
autofluorescence measurement session, the
fluorescence spectrum of an agueous
solution of Rhodamine B (c = 1*10-6 M) in
a 10 mm quartz cuvette is measured. The
magnitude of the peak at 575 nm allows for
a certain degree of lamp output fluctuations
to be taken into account and corrected for.
Fluorescence excitation of the Rhodamine
takes place at each of the excitation
wavelengths and detection is between 450
and 800 nm (depending on the excitation
wavelength). The fluorescence excitation
light power is measured by placing the distal
end of the modified bronchoscope into the
detector of an optical power meter (Newport
Instruments, 840-C).



Determination of the optimal distance
between the tissue and the probe to measure
the spectroscopy of the autofluorescence
detected by an endoscopic imaging device.
The first part of this study involved the
determination of the optimal distance
between the tissue to be investigated and the
fiber's distal tip to avoid spectral distortions
of the detected signal. As will be seen
below, short distances induce
underestimation of the red autofluorescence,
thus distorting the spectroscopy of what
would be seen by an imaging device. On the
other hand, long distances are detrimental to
the SNR. To determine the optimal tissue-
probe distance, spectra of the authors
buccal mucosa were recorded with the
excitation wavelengths 360 nm and 415 nm.
Using a hand piece, the distance between the
fiber tip and the sample was varied from O
mm (actual contact) to 10 mm. A relevant
background spectrum (acquired on a non-
fluorescent phantom (32)) was then
subtracted to produce a pure
autofluorescence spectrum of the sample.
This allowed us to calculate color ratios
within the spectra and to find out which was
the optimal tissue-probe distance for the
subsequent part of the study, on patients.

Patients.

Forty-eight patients were involved in this
study. The patients were scheduled for rigid
bronchoscopy for screening purposes
(positive cytology or primary cancerous
lesion in the upper aerodigestive tract).
Biopsies were taken in the case of a
suspicion of an early cancerous lesion. The
L1F measurements were executed during the
general anesthesia required by rigid
bronchoscopy. Not all patients have been
measured at al excitation wavelengths. This
is due to safety reasons as the anesthesia
cannot be extended indefinitely. A typical
patient has therefore been measured at 4
excitation wavelengths. Altogether, over
1900 autofluorescence spectra have been
measured. Details can be found in another

paper (31).

Procedure of endoscopical measurements.

After the routine endoscopical observation of
the tracheobronchial tree, the modified
fiberscope (31) was passed through the
sheath of the rigid bronchoscope. It was
then placed onto the site to be measured. The
spacer ensured a gentle contact with the
tissue at a fixed distance (3.5 mm) between
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the fibers and the tissue. The endoscopical
standard white-light illumination was
switched off. Ten spectra on average were
recorded on the same location for each
excitation wavelength. The endoscopical
light was then switched on again. The site
was checked for the absence of blood prior
to proceeding to further measurements. At
the end of the measurement session, a
biopsy was taken at the site of the
measurements to check the histopathology of
the site.

Histological examination

The biopsies were processed in a routine
fashion. The pathologists reported the
results of microscopy. Normal mucosae
without any trace of inflammation or
metaplasia were grouped under the label
'‘Healthy'. Inflammatory or metaplastic
mucosae without malignant changes were
grouped under ‘Inflammation/Metaplasia’.
Mucosae bearing pre-/early malignant
features (mild, moderate and severe
dysplasia as well as carcinomain situ) were
grouped under 'Dysplasia/CIS and under
'Invasive' in case of more advanced
changes.

Analysis of results.

Principle

For this study, the emission spectrum of a
calibrated lamp (EH-100, 1000 W tungsten
halogen, Eppley Laboratory Inc, Newport,
R102840, USA) was used. Its emission
spectrum is, down to fit parameters that are
specific to the lamp, close to that of a
blackbody, at a specific temperature (3055
°K). By comparing the theoretical emission
spectrum theor (A) and the emission spectrum
measured with our experimental setup
meas(2), it is possible to compute the global
efficiency of the setup as a function of the
wavelength. This produces a correction
spectrum corr(A). This correction spectrum
can then be used to correct any measured
spectrum, thus avoiding the distortions due
to the instrumental setup. These correction
spectra have been determined for all spectral
configurations of the optical fiber-based
spectrofluorometer.

Correction spectrum

The measurement of the lamp's spectrum,
meas(1), is made by directing the fibers of
our setup (31) towards the lamp, at a
distance of 3 m. As the units of our raw
spectrum are given in counts per pixel (of the
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CCD detector), we have to correct by a
factor (thereafter F) that gives the number of
nanometers covered by one pixel of the
detector. The measured spectrum of the lamp
meas(A) also has to be divided by the
integration time t [s]. Finally, as stated
above, it has to be divided by theor(2) to
generate corr(A):

meas(A)

corr(A) = T
theor(A) x Zd2 x F xt

with

d: diameter of the entrance fibers[m]
F: 0.53 nm/pix

t: integrationtime, t=1s

meas(}): [cte/pix]

theor (A): [W/m3]

The units of corr(2) are therefore [cts/(Wm *
)], with W, the emitted power [W].

Tissue spectra

The background spectrum of the non-
fluorescent phantom was subtracted from
each tissue spectrum. Ten spectra were
measured at each site and averaged because
they were fairly stable. This average
spectrum was then divided by the excitation
power and the integration time, thus
producing a raw spectrum spectr(A) whose
units are:

U cts O
W, x s x pixf

with

cts. counts

W, excitation power [W]
S seconds [ 9]

pix: number of pixels

Our godl is to represent tissue spectra in
terms of fluorescence power per unit of
excitation power per nm (hence [W/(Wy
nm)], with Wy, the collected power and Wy
the excitation power). It is possible to do so
by dividing spectr(A) by the correction curve
corr(2) to obtain a corrected spectrum cs(A):

c(A) = spectr(A)/corr(A)

whose units are:

O cts O 0O cs O_ 0O W,

O

s < pixd ™ B, s B xpixH

and, after division by the conversion factor
(F) defined above:

g w U

m

o, > nmf]

which is the expression of the
autofl uorescence spectrain absolute physical
units.

Distal end of the probe

The distal end of our setup has been
described in detail previoudy (31). It keepsa
fixed distance (3.5 mm) between the probe
and the tissue sample. This implies that it
only detects afraction of the photonsthat are
emitted by the tissue. This fraction has
experimentally been measured by placing the
distal end of the probe at 3.5 mm of a
surface which diffusely reflects more than
99% of theincident light in the visible (white
reflectance coating, Eastman Kodak
Company, Rochester, NY, USA). The
incident power and the power of the reflected
light were measured. After correcting for
attenuation of the fibers and connectors, it
was found to be 1/545. To express the
absolute fluorescence intensity that is
actually emitted by the tissues, the
autofl uorescence spectra have therefore to be
multiplied by 545. This enables to calculate
the absolute intensity of emitted fluorescence
in pW for every pW of excitation power for
every nm of spectral width.

RESULTS

Tissue-probe distance

The fluorescence spectra depend on distance
for two reasons. Firstly, the closer the probe
to the tissue, the higher the fluorescence
signal. That means that the probe has to be
as close as possible to the tissue. Secondly,
tissue optics effects, associated with the
geometry of the measurement, distort the
spectra. Red fluorescence photons, because
they are less absorbed by the tissue than blue
or green photons, propagate further away
within the tissue than them. If the probe is
too close to the tissue, some red fluorescence
photons can possibly propagate further than
the area covered by the probe. The red



contribution is therefore too small. This
effect is very important when the probeisin
contact with the tissue. Past a certain probe-
tissue distance, it becomes negligible.
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Figure 1: Ratio of the autofluorescence in
the 'blue’ (480-510 nm), the 'green’
(510-560 nm) and the 'red’ (600-650 nm)
windows as a function of the probe-
sample distance. These results have been
acquired on the authors' buccal mucosa
with an excitation wavelength of 360 nm
(a) and 415 nm (b).

The modifications of the red part of the
spectrum were then calculated by calculating
the 'blue’, 'green' and 'red' values of the
spectra, (namely the values of the
fluorescence in the 'blue’ (480-510 nm), the
'green’ (510-560 nm) and the 'red’ (600-650
nm) windows) and ratioing them. A plot of
these ratios as a function of the sample-probe
distance is given above (Fig. 1a and 1b,
spectra acquired on the authors' buccal
mucosa with excitation wavelengths of 360
nm on Figure 1aand 415 nm on Figure 1b).

From these figures, it can be seen that the
Green/Bluerratios are fairly constant over the
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whole range of distances. This is hardly
surprising as the diameter of the fiber bundle
(1.9 mm) is larger than the propagation
distance of the blue photons. The ratios
involving the red photons undergo more
drastic variations as the distance increases.
At short distances (0 to 2 mm), the red
photons diffuse further away than the
diameter of the fiber and hence are not
detected. Asthe fiber is pulled further from
the sample, the relative number of red
photons increase and hence the Green/Red
and Blue/Red ratios decrease. Up to acertain
distance (around 2 mm), this effect is
important. For longer distances, it becomes
less crucial. According to these results, it
was decided to use a distance of 3.5 mm
between the sample and the probe to
minimize the geometrical distortion of the
spectra when measuring the autofluorescence
in vivo. This also implied acceptable |oss of
autofluorescence signal, asillustrated below.
Thisis why a non-invasive spacer has been
designed to ensure a gentle contact while
maintaining a constant distance between the
probe and the tissue.

Fluorescence Yield
[PW/PW x nm]
w

1 e

™y

0
400 450 500 550 600 650 700 750 800

Emission Wavelength [nm]

Figure 2: Absolute autofluorescence
emission spectra of healthy bronchial
tissue in pW per UW of excitation power
per nm of spectral width as a function of
the emission wavelength. The excitation
wavelength is 405 nm. The curve
represents the aver age autofluorescence
spectra observed at this excitation
wavelength and the bars delimit the
corresponding 67% confidence interval.

Absolute fluorescence emission of healthy
tissue

As example, the average absolute
autofluorescence spectra of the healthy tissue
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Excitation Maximal Fluorescence Standard
Wavelength Emission Yiddatthe | Deviation at the
[nm] Wavelength Emission Emission

[nm] Maximum Maximum
[pW/UW x nm] | [pW/UW x nm]
350 460 7.9 5.5
365 460 6.9 3.2
380 475 4.7 2.8
395 480 4.5 2.3
405 490 4.2 2.5
420 500 4.5 3.5
435 515 4.0 3.3
450 520 3.5 2.7
465 530 3.1 2.4
480 550 3.5 3.3
495 575 2.3 2.1

Table 1. Emission wavelength of the maximum [nm], average
fluorescence yield at the autofluorescence maximum of normal
bronchial tissue in vivo for different excitation wavelengths.

is presented in Fig. 2 with an excitation
wavelength of 405 nm.

It is interesting to note that, the
autofluorescence variations from one patient
to another (interpatient autofluorescence
variations, given by the 67% confidence
interval) are significant. It should also be
noted that the integrated fluorescence yield
between 600 and 800 nm is around one
order of magnitude smaller than the
integrated fluorescence yield between 450
and 600 nm. This observation has to be
taken into account for the designing of
imaging devices relying on these two
spectral windows (31).

Table 1 summarizes the emission
maximum's wavelength and the fluorescence
yield at that point. It can be seen that the
maximum is shifted. Thisis due to the use of
adifferent long-passfilter for each excitation
wavelength (details are provided in another
paper (31)). The fluorescence Yyield
decreases monotonically as the excitation
wavelengths increase. It islikely to be due to
the combination of the previous observation
about the long-pass filters and to the fact that

the autofluorescence spectra are those of a
mixture of fluorophores. The intensity of
these spectra decreases as the emission
wavelengths increase.
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Figure 3: Absolute autofluorescence yield
at 650 nm as a function of the excitation
wavel ength.

To determine the excitation spectra of the
bronchi autofluorescence yield, the absolute
intensity of the spectra has been recorded at



650 nm. This emission wavelength is
present in all autofluorescence spectra
regardless of the experimental conditions
(long-pass filter used). Figure 3 summarizes
the intensities that were measured at an
emission wavelength of 650 nm as a
function of the excitation wavelength.

The structure of the curve of Figure 3 is
likely to be due to the following factors. As
the excitation wavelength changes towards
longer wavelengths, deeper layers of tissue
are probed. This effect, combined with the
reduced wavelength difference between the
excitation and the detection, is probably
responsible for the large fluorescence yield
observed between 460 and 495 nm. Finaly,
the dip around 400 nm could be a hint that
hemoglobin isinvolved in the process. This
observation seems compatible with
observations reported elsewhere (1) that a
non-negligible part of the tissue's
autofluorescence might be due to its flavin
components.

DISCUSSION

The autofluorescence of biological tissues
can bring crucial information about their
pathological or metabolic status. Many
groups have taken advantage of these
properties to detect and characterize early
cancerous lesions as well as non-cancerous
ones (1). The measurement of the
autofluorescence itself suffers from a major
l[imitation: its setup dependence. For
instance, the results of several investigators
have been acquired in vivo with an actual
contact between the probe and the sample
(13, 14, 23). Such measurement geometry
induces some spectra distortion and virtually
no information is provided regarding the
absolute intensity of the autofluorescence.

The setup dependence stems from the tissue
optics involved in the measurement and the
geometry of the measurement. The
propagation of photons within the biological
tissue is afunction of their wavelength, with
the longer wavelength photons propagating
further away from their emission spot than
the shorter wavelength ones. Consequently,
past a certain distance between the fiber and
the tissue, the photons 'missed’ by the probe
become so small a proportion that the
spectrum is no longer noticeably distorted.
As one increases the probe-tissue distance,
one decreases the signal to noiseratio (SNR)
and the only possibility to measure with a
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given SNR is then to increase the integration
time. However, especially for in vivo
applications, the integration time should be
kept at a minimum.

Hence, when dealing with these issues, it is
necessary to balance two antagonist effects,
namely, an increase in the probe-sample
distance to minimize the geometrical
distortion of the spectra and a decrease in
this distance to maximize the SNR.

Our results show that, in our conditions, the
actual contact between the sample and the
probe leads to significant distortions in the
red part of the spectrum. They can be
avoided in shifting the probe back from the
tissue and, we found on a distance of 2 mm.
Past this distance, the geometrical distortions
become less crucial. The lack of precise
control of thisdistance is at the origin of our
choice of 3.5 mm, which corresponds to a
trade-off between a minimal spectral
distortion and a reasonable SNR. Due to the
natural elasticity of the biological tissues,
some deformation of the organ was expected
on the spot where the spacer was to rest.
Thisinevitably brings the tissue closer to the
probe than the actual length of the spacer.
We designed the spacer accordingly, thus
avoiding unwanted contact between the
fibers and the tissue.

The modifications we sometimes observed
within one measurement session between the
spectra of one patient (namely the intrapatient
fluctuations of the autofluorescence spectra)
involved the intensity of the spectra and not
the spectral shape as would have been the
case if the spectroscopy was to be distorted
by too close a distance. It should be noted
that, in the context of our measurements, the
intra-patient fluctuations are significantly
smaller than the interpatient fluctuations (data
not shown). It is reported (33) that some of
the fluorophores contributing to the natural
fluorescence of the biological tissues are
metabolic products. Since metabolism
should vary from one patient to another, it
was expected that the autofluorescence
would aso undergo some variations. Thisis
reflected in the standard deviations attached
to our results. Interestingly, the fluctuations
seem to be consistent from one excitation
wavelength to another. This suggests that
these variations are not due to changesin the
tissue optical properties. Comparable
fluctuations have been found in previous
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studies of metabolic processes (involved, for
example, in the metabolism of the
photosensitizers used in photodynamic
therapy) (34-36) and of autofluorescence of
the tongue as reported by Gillenwater et al
(13) or autofluorescence in the oral cavity of
healthy individuals reported by Dhingra et a
(14) and Gillenwater et al (37) (although not
totally quantified in the latter).

The absolute spectra and data we present
here have been corrected for all the
instrumental biases. Consequently, spectra
acquired with another setup could be similar
if corrected for the instrumental factors. Itis
interesting to note, however, that most of the
analyses presented in the literature (2, 20,
21, 23, 33), rely on the use of qualitative
methods to treat the data in arbitrary units
rather than on true quantitative data. This
also makes sense as the true quantitative
information is frequently of little diagnostic
use. The most useful information, however,
is that contained in the spectra's shape. It
could therefore be imagined that a semi-
quantitative correction could be applied to
spectra measured with different setups. This
correction would produce spectra whose
shape is correct, but whose intensity is only
relative. This would mean that these spectra
could be given as true spectra, down to an
uncomputed multiplicative factor. This
treatment has been used for the spectra
presented in our previous study (31).

It is interesting to note that metaplastic and
inflammatory tissues also display an
autofluorescence decrease. We reported in a
previous study that their shape remains
essentially constant, however (31). This
decrease is then more marked on dysplastic
tissues and on carcinoma in situ. It seems
that this trend can also be observed on more
invasive lesions, but it is beyond the scope
of this study and the previous one (31) that
deliberately focused on healthy tissues and
on early lesions respectively. This
observation is in agreement with the
observations of other authors about the
autofluorescence decrease but the reasons
behind it remain unclear (2, 38, 39).

It should be noted that this decrease hasto be
taken into account while calculating the SNR
of autofluorescence images obtained on
dysplasia and early carcinoma. Typical
examples are presented in Fig. 4 for an
excitation wavelength of 405 nm. As can be

seen, the SNR of curve 1 islarger than that
of curve 3. It should be remembered,
however, that curve 1 is a mean over more
spectra than curve 3 (435 vs 61). The same
measurements were performed at the other
wavelengths (data not shown).
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Figure 4: Relative modifications of the
average autofluorescence spectra as the
healthy tissue (curve 1) turns metaplastic
or inflammatory (curve 2), dysplastic or
CIS (curve 3) and to carcinoma in situ
(curve 4). The spectra are expressed
relatively to the healthy spectrumthat has
been normalized (excitation wavelength:
405 nm).

The autofluorescence decrease at the
emission maximum is expressed in relation
to the 'healthy' normalized spectrum. These
decreases are summarized in Fig. 5.
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Figure 5: Lesion/healthy
autofluorescence intensity ratio at the
emission maximum as a function of the
tissue histopathological status and the
excitation wavelength, metaplastic or
inflammatory (white), dysplastic or CIS
(black) and invasive lesions (gray,
whenever available).



It can be seen in Fig. 5 that the sharp
decrease of autofluorescence on cancerous
lesions is present for all the excitation
wavelengths. Nevertheless, this decrease
seems to be more marked for violet than for
UV excitation wavelengths, and the violet-
blue excitation wavelengths (400-450 nm)
seem to be the most promising onesin terms
of generating a contrast between healthy and
early cancerous bronchial tissue (31). There
is a smaller decrease on metaplastic and
inflammatory tissues and a more marked
decrease on dysplasias or CIS. Whenever
available, the corresponding values for more
invasive lesions are aso given.

In conclusion, our results give useful
information about the absolute
autofluorescence of tissues and will provide
information to the designers of future
autofluorescence imaging photodetection
systems in terms of photon budget,
components to be chosen and
autofluorescence modifications to be
expected.
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Two images on one CCD.

Chapter 9

Cancer photodetection
In the tracheo-bronchial
tree by autofluorescence
Imaging

spectroscopic studies described previously. Chapter 8 dedt with the autofluorescence

spectroscopy of the tracheo-bronchiad tree and its modifications according to the
histopathological status of the site. In the course of this work, we showed that there are consistent
differences of autofluorescence between the healthy and the non-healthy tissues if the excitation
wavelength and the autofluorescence detection domains are carefully chosen. This can be seen as
akind of optimization study for the development of a future photodetection system that would be
based on the autofluorescence properties of the bronchial tissue to image large portions of tissue.
Thisisone of the ultimate uses of the spectroscopic contrasts between normal and early cancerous
tissues. As amatter of fact, acomplete system based on our autofluorescence measurements was
developed first in our laboratory and then refined in the Knittlingen factory of the firm Richard
Wolf Endoskope GmbH (Germany).

I n this final chapter, we present the industrial prototype that has been designed based on the

Although some commercial devicesdo exist for this purpose (Xillix, Pentax, Storz), they mostly
lack the optimization that our study yielded. The fundamenta studies upon which they are based

have been presented in Chapter 8.
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9.1 Commercial systems

Of all the commercia systems, the Xillix (LIFE) isthe oldest. Itsfirst version used a He-Cd laser
(442 nm) to excite the autofluorescence of the bronchial tissue. It now relieson a filtered Xe lamp
(blue light excitation) [1]. The fluorescence is then separated in two spectraly different
components, each of them being then passed through an image intensifier and imaged on a CCD.
Not much is publicly known about the spectral characteristics of these two components but Lam
et a [2] report that oneisin the green region (480-520 nm) and the other in the red region (630+
nm) of the spectrum in an early version (1993) of the system. In today's commercia system, the
lesions appear reddish-brown [3] against a greenish background. The Xillix system is credited
with successes in many papers [2,4-8] with a sensitivity of 72.5% in detecting moderate to severe
dysplasia and carcinoma in situ (white-light bronchoscopy: 48.4%) and a specificity of 94%
(white-light bronchoscopy: 94%, same specificity) [4]. A controversy about the performance of
the system is still going on, as some authors [9,10] cannot reproduce these seemingly impressive
results. Nevertheless, if a controversy exists, this means that some successes must have helped in
detecting early lesions and, in fact, the conclusion of most studies is that autofluorescence
bronchoscopy must be considered a complement of rather than a substitute for the conventional
white-light bronchoscopy. Most authors agree that the use of this system requires some training,
and, from a purely practical point of view, it is often stated that the device is quite cumbersome. It
should not be forgotten that the use of image intensifiers is detrimenta to the resolution of the
images and that these devices are expensive and consumable. An imaging system with no such
deviceswould certainly gain in image quality and in weight. Other known drawbacks of the Xillix
system areitsinability to rapidly switch from its white-light mode into its autofluorescence mode
and its price.

The Pentax system (SAFE-1000) is more recent. In this device, autofluorescence is excited by a
filtered Xelamp in the 420-480 nm region [11]. It is externally similar to the Xillix system with
an articulated arm and a large main unit behind the clinician. However, the Pentax system only
detects the autofluorescence in one spectral domain, namely the green region of the spectrum
(490-590 nm) [12] and imagesit on anintensified CCD. Thisgivesasimpler device and certainly
fewer problems of alignment, synchronization and tuning but this also neglects the difficulties
linked to the distribution of the photons in a 3-dimensional environment. Using this system, the
lesions appear darker green againgt a lighter green background. Not much has been published
about this system so far [11-14 (thislast study has been carried out with a prototype of the SAFE-
1000 system)] but successes [13,14] are reported (sensitivity of the autofluorescence technique in
detecting bronchid (pre-) neoplasia: 78.95% vs. 21.05% for white-light illumination [11,13]).
Duetoitsprinciple, it islikely that this system generates a non-negligible number of false positive
results. This is actualy reported by Horvath et d [13] for reasons such as anatomicaly related
shadows, adherent mucus (in agreement with Kakihana et d [14] for bronchitis patients), biopsy
accuracy and cicatricid formation among others). Moreover, although it is true that it takes
advantage of the full decrease in the autofluorescence of bronchia tissue in the green region,
some doubt reasonably remains as to the rea efficiency of such a single range imaging system
(see below).

In the light of our results, it seems that neither of these systems can take full advantage of the
modifications of the autofluorescence when the normal tissue turns dysplastic and to carcinoma in
situ. The Xillix system is likely to detect such lesions but it probably loses intensity in the
detection path because of the limited width of the spectral windows. This loss is possibly a
drawback for the color contrast that should be generated. It is however certainly a drawback for
the intensity of the detected image, a crucial point when it regards a system that uses image
intensifiers. A better spectral optimization of this system could maybe lead to some simplifications
in its design or some improvements in the images quality. On the other hand, the Pentax system
takes full advantage of the decrease in the green region. Our results tend to show that the modified
but non-neoplastic tissues like inflammatory or metaplastic tissues emit less fluorescence than
healthy ones. Hence, such a system as the Pentax probably generates false-positive results not
only dueto geometrical effects (see previous paragraph), but also because areas of metaplastic or
inflammatory tissues also appear darker with this imaging system, thus making it a priori
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impossible to distinguish metaplasias or inflammations from early cancers. This might be
overcome by using two detection ranges instead of one.

The Storz system is also very recent. It has several advantages over the two previously described
systems. First, its size should be mentioned as it is just of the same size as a standard one-CCD
mosaic chip color endoscopic camera (it actualy is a standard color endoscopic camera). This
camerais clipped at the proximal tip of the bronchoscope and linked to a standard-sized driver and
atelevision screen. Theillumination comes from a filtered Xe lamp (380-460 nm). At this stage,
it should be mentioned that this system can be used in two different modes, namely the AF mode
for the autofluorescence and the ALA mode, which is more specificaly aimed a the PPIX
detection. The particularity of this systeminthe AF mode is the use of backscattered light on top
of the autofluorescence. Indeed, the detection long-pass filters let through around 1% of the
backscattered excitation light, thus achieving the goal of imaging the changing autofluorescence
against a'constant’ background image [15]. The lesions should therefore appear reddish against a
bluish background. It is neither known which are the spectral domains that have been chosen for
the foreground images nor which eectronic treatment (if any) is applied to the different signals
before the imaging. Despite its relative novelty, the Storz system is already reported to have had a
number of successes [16] with few false posgitive findings and an impressive gain in sensitivity
from 33% to 83% in detecting the dysplasias or the CIS[16,17]. It should be noted, though, that
the use of backscattered violet-blue excitation light has at |east one disadvantage: the blood cannot
be discriminated from the lesions because it absorbs the excitation light that should be
backscattered. There is consequently no difference on the screen between the excitation light
absorbed by the blood and the smaller autofluorescence emitted by the lesions. This potentialy
generates false-positive results. Another drawback of this system isthe possible spectral crosstalk
of the color filters of the camera. Asthey have probably not benefited from an optimization study
in the same manner as our system has, it is possible that the filters are chosen in such a way that
their transmission ranges overlap or that the natural fluorophores emit in two of their spectral
ranges. Thiswould be detrimental to the contrast between the early lesions and the healthy tissue.
It should also be mentioned that the images given by this system are of limited quality because the
integration time usually needs to be set on 2 to 4 frames. Next to these disadvantages, this system
is a rea improvement over the previousdy commercidized systems as it images the
autofluorescence of the bronchial tissue at afraction of their size.

Table 9.1 summarizes the main spectroscopic features of these different systems as well as their
mode of action.

Name Excitation region Detection range(s) Mode

Xillix blue light green: 480-520 nm Dua range
red: 630+ nm

Pentax 420-480 nm green: 490-590 nm Singlerange

Storz 380-460 nm N/A Dua range

+ Retrodiffusion

“Table 9.1: Commercially available photodetection imaging systems and their spectral
characterigtics.

The last system isthe Wolf-EPFL system. It has not yet been commerciaized but it is now in the
first set of clinica tests in the ENT clinic of the CHUV Hospital in Lausanne. We describe it in
more detail in the next section.
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9.2 The Wolf-EPFL System

Introduction

The am of this part of our work was to develop a photodetection imaging system for the early
lesions in the bronchi based on our autofluorescence measurements. Such a system should be
seen as an improvement and a smplification of a previous system developed in Lausanne and
described by Wagnieres et a [18].

The specifications of the system read as follows: it should
- allow for arapid switch between the white-light and the autofluorescence modes,
- avoid the use of an image-intensifier,
- be adjustable to flexible and rigid Wolf bronchoscopes,
- rely on a Xenon-lamp and not alaser,
- rely on standard commercial components (monitor, VCRS),
- rely on asensitive B/W microhead CCD camera,
- image both color components on one CCD chip,
- superimpose both color components,
- avoid the use of a computer,
- be as compact as possible.

These specifications amed at providing some advantages for this system with respect to the
previously developed as well as the early commercial systems. These advantages should make
this system less cumbersome (use of a lamp instead of a laser), more flexible (availability, at the
switch of a button, of both the autofluorescence and white-light observation) than other systems.
It should also be less delicate, less expensive and consumable (no use of image intensifiers),
simpler and more reliable (no use of a computer) and optimized (autofluorescence in vivo
measurements). Finally, al these specifications should make the finad system, when marketed,
less expensive than similar earlier systems.

Materials and Methods
Principle
The principle of the systemisgivenin Fig. 9.1.

/7 [ 1 VIDEO OUT
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| inTEGRATION SYNC. OUT
FILTEF con
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Figure 9.1: Principle diagram of the WoIT/EPFL autofluor escence photodetection system.
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This system relies on one B/W CCD camera only. Two images are formed on the chip, one for
each spectral region (color components. one 'green’ region and one 'red’ region as described in
Chapter 8). A video processor then delays these two images. The delay is different for the green
and for the red component, thus allowing their superimposition on the screen. A switchable
mirror also permits observation of the endoscopic site under white-light illumination.

Detection

The detection of the autofluorescence takes place in a device that is clipped at the eyepiece of a
standard bronchoscope. It is composed of three stages. The first stage includes the switchable
mirror and the eyepiece. The second stage contains the focusing optics and the third stage frames
the optical elements to separate the color components (dichroic mirror), to filter the unwanted light
(long peass filter, color filters) and to image the resulting light streams (micro-head B/W CCD
camera). A general view of this device can befoundin Fig. 9.2.

The first stage of the device
that was developed a the
EPFL was designed to divert
the light stream into the
focusng optics when in
autofluorescence mode
(design by Nicolas Chauvin).
In  white-light mode, it
should only let the light
through. This goa has been
achieved with a switchable
mirror. It is powered by an
electromagnet. Figure 9.3
gives a close-up view of the
first stage in both the open
and the closed configuration.

The second stage, the
focusing stage, consists of
three lenses. The first lens is
fixed and is inserted in the
first stage. Its mount stops
the motion of the switchable
mirror. The second and third
lenses can be shifted by
rotation of the outer rings
(blue rings) of this part of the
device. All three lenses are
supplied by Spindler &
Hoyer ~ GmbH (37081
Gottingen, Germany). Their
characteristics are given in
Table 9.2 below. The third
stage of this device aims a

Focusing

1
st Stage Stage

3rd Stage

Figure 9.2: General view and drawing of the detection device

developed at the EPFL. The drawing does not take into account
the 90° rotation of the third stage with respect to the first stage that
Is shown on the photograph of the actual prototype (drawing by
Nicolas Chauvin). For this reason, the drawing presents a side
view of the first stage and the photograph a back view. The
photograph of the side view of the first stage can be found in Fig.
9.3.

separating the green and the
red color components from
the backscattered excitation
light first and then from each
other. To do so, this stage
includes a long pass filter, a
dichroic filter and color filters
if necessary. The

characteristics of thesefilters are givenin Table 9.2. Figure 9.4 gives aclose-up view of the third
stage. The prismin the third stage aims at correcting the optica path of the channdl that has been
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transmitted by the dichroic mirror. In fact, by shifting back the focus point of the green channe, it
allowsfor the two color components to be imaged at the same point although the optical path of
the red component is shorter than that of the green component.

Electromagnet Mirror

Figure 9.3: Close-up view of the first sage of the prototype developed a&
the EPFL in the open (white-light, left) and the closed (autofluorescence,
right) configurations (design by Nicolas Chauvin).

The Mark 11 Wolf system has been developed as an improvement of the device developed at the
EPFL. It is based on the same principle (imaging of two color components next to each other on
the same CCD chip). It also contains a switchable optica element and is aso clipped to the
eyepiece of a standard bronchoscope. Not much is known about the exact elements that compose
it, however, for proprietary reasons. Figure 9.5 gives an externa view of this device and Table
9.2 summarizes the details of the system developed at the EPFL.

Reflecting
mirror

Prism® Color filter CCD

Figure 9.4 Close-up view of the third stage of the prototype developed at the EPFL.
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Element Prototype developed at the
) | ) " EPFL
=ions 22 b S Rl | Long-pass Schott, Germany, custom-
» " - filter made long pass, 50% trans. at
. 520 nm
' Focusing 3 lenses (1 fixed, 2 movable,
optics al from Spindler & Hoyer):
1.f=16 mm,d=8mm
2.f=25mm, d =125 mm
3.f=30mm,d =125 mm
Dichroic Andover Corporation, Salem,
mirror NH, USA
Red reflective, 45°, 50%
trans. at 580 nm, 0% trans. at
600 nm
Color filter None
(green)
Color filter Schott, Germany, custom-
(red) made long pass, 50% trans. at
600 nm
Prism Gueissaz Prazisionsoptik,
8706 Meilen, Switzerland,
rhombic prism, SF5 optical
glass, n = 1.67270, a = 70°, |
=23.2mm
a|:
Sze(LxW 164 mmx 115 mm x 53 mm
x D)
Weight 500 g (770 g incl. wiring)
] CCD camera Kappa Messtechnik GmbH,
Eyep| ece CF8/1FMC
Pixel number 752 (H) x 582 (V)
Figure 9.5. Close-up view of the prototype Activeaea 6.4 mm (H) x 4.8 mm (V)
developed at Knittlingen. Linenumber 752
_ Sensitivity 0.12 I, at video frequency
Delay line _ Quantization 8 bits
The B/W CCD camera detects two images next g/ >50dB (> 16.7.1)
to each other, one for the green channel and one -
for the red channel. This signa is taped for ahaliﬁtr%rd 10000's
documentation purposes with a standard VCR. speed
An example of the raw signal as it can be —grger 105
measured a the output of the camera driver is  inimal
givenin Fig. 9.6. _speed i
Table 9.2: Description of the optical

components of the EPFL prototype.
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Figure 9.6: Screen result of the raw video signal at the

output of the camera driver. It can be observed that the

two images are next to each other.

The signal isthen processed by a delay
line that has been developed by
Studzinski Ltd, La Tour de Pellz,
Switzerland. In this device, the signa
is first duplicated and each of the
signalsis delayed from a given amount
of time, thus alowing the
superimposition  of the  two
components in fase colors on a
televison screen by displaying the
green component on the 'G' channel
and the red component on the 'R’
channe of an RGB screen. For the
screen, a black band is added on each
side to hide the remaining haf-circular
signal. The block diagram of the delay
lineisgiveninFig. 9.7.
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Figure 9.7- Block diagram of the video delay Tine.

This specia feature of this system has been included in a patent filed by Wolf Endoskope GmbH:
German Patent Application DE 198 00 312 A1l 'Diagnosegeré zur bildgebenden Aufnahme
fluoreszierender biologischer Gewebebereiche, filed on January 7th 1998, by G. Wagniéres, M.
Zellweger, N. Lange, N. Chauvin, U Zanger, A. Studzinski, H. van den Bergh (status pending);
European Patent Application EP 0 928 597 A2, filed on March 18th 1998 (status pending);

United States Patent Application US 09/098 286 (status pending).

On the screen, the healthy tissue appears greenish-yellowish and the lesions appear brownish-red.
On the other hand, blood appears bright red and can be discriminated from the lesions.
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Fluorescence excitation

The excitation of the autofluorescence is achieved by means of afiltered 300W Xe lamp (Wolf
Endoskope, Knittlingen, Germany) in the violet-blue range (380-460 nm, custom made filters). A
major problem when dealing with the autofluorescence of the bronchia tissue is the faintness of
the detected signals. In imaging applications, this becomes a crucia issue for the choice of the
lamp. It should emit as much excitation light as possible in the chosen region. It should not emit
IR or unwanted visible light as it could pass through the long pass filter, be reflected on
(transmitted through) the dichroic mirror and be mistakenly detected by the CCD as red (green)
light. The light guide (which transmits light from the lamp to the endoscope) should transmit as
much as possible of the excitation light while blocking IR and should also be non-fluorescent.
The same remark applies to the endoscopes. Finally, the filters in the detection head should be
non-fluorescent, they should block as much of the unwanted light and transmit as much of the
desired light as possible. In the case of the Wolf system, the spectral characteristics of the filters
are proprietary information. The light power a the distal end of different light guides or
bronchoscopes with the Wolf 300 W standard Xenon lamp has been measured and is given in
Table 9.3. This measurement was performed by placing the tip of the endoscope or of the light
guide within the detection head of a surface absorbing calorimeter (Scientech, Boulder CO,
USA).

Functional system i ;
The actud  Wolf/EPFL Wolf Light Guide
system has been completed Rigid 0° Wolf Violet: 260 mw
with standard VCRs and a .

gandard  monitor.  The bronchoscope White: 530 mW
recorded raw signd  (two Flexible Wolf Violet: 65 mw
B/W images next to each _

other) can be reprocessed if bronchoscope White: 160 mwW
necessary by feeding it into a .

delay line. It is also helpful, No bronphoscope Vlt?let. 565 mW
when judging the (light guide only) White: 1100 mwW

suspiciousness of alesion, to  “Table 9.3 Light power a the disal end of the WoIT
watch the B/W imagesas one  bronchoscopes and/or light guide with the Wolf lamp.

should clearly see a sharp

decrease in autofluorescence on the green channel and a smaller decrease in the red channel, as
shown by the spectroscopy. The autofluorescence result image and the corresponding white-light
image are taped for documentation purposes. The Wolf system has been wired on a trolley to
allow its transportation to the medical facility. The wiring diagram is given in Fig. 9.8 and the
genera view of the Wolf systemis presented in Fig. 9.9.

An interesting feature of this system is its ability to rapidly switch from the white-light mode to
the autofluorescence mode. Thisis steered by the autofluorescence detection stage, with a manual
switch. Upon pressing of this button, the light source switches from white to violet light by
placing afilter in thelight beam. This also switches the observation channel of the monitor from
PAL to RGB, thus displaying the autofluorescence image instead of the white-light image. This is
done through the video switch (see Fig. 9.8). This device receives two standard PAL video
signals, one from the color camera and one from the RGB-PAL encoder that has been fed with
theraw RGB B/W signals, and delivers ether of them to the VCR and the monitor. The gamma
value of the B/W CCD camerais set to 0.45.

This completes our description of the Wolf system prototype. As stated before, it is sill a
prototype and can be improved further. On a purely practical point of view, some clinicians
complain of its weight as it adds a non-negligible contribution to the proxima tip of the
endoscope, thus modifying the usual weight and balance of the ensemble. Some of them also
notice that the switching between the standard white-light and blue-light autofluorescence
excitation mode can be activated unwillingly due to the positioning of the switch (just above the
back of the clinician's hand depending on where they hold the ensemble). These small drawbacks
will be easily corrected. As for the principle of the autofluorescence photodetection with this
system, our results seem to show that the detection of early lesions is possible (see following
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section). Aswith any imaging method, care must be taken when interpreting the results and some
experience must be gained to take full advantage of the information yielded by the method. This
learning curve seems to be relatively short however and this system could therefore reach wide
acceptance in the clinical settings. This is especially true since its use is easy (very little tuning)
and it isfunctional within minutes from being plugged in.

—’ B/W Video Signal

> Color Video Signa
_____ -’ Electronic Switch Signal G
-

SN R
enlock | 1 -

1
Color Camera : ¢
Light guide i : :
B/W Camera '
4 -

T LA I_E
L mrmcrcred e c e, c e e ——— - - ——
‘ Footswitch Signal Processing Unit (Fig. 9.7)

Figure 9.8: Diagram of the WoIf/EPFL system.

Another main advantage of this system over previous ones is its ability to work a video
frequency, thus making it possible to perform a complete bronchial examination under
fluorescence excitation light if necessary. This means that, athough we did the opposite for
scientific and learning purposes, it is imaginable to perform one survey of the bronchi with this
device only. The autofluorescence images are bright enough to allow the clinician to navigate in
the tracheo-bronchial tree and the ability to rapidly switch to white light ensures that a suspicious
site can be observed in a conventional way at the press of a button. Finally, when marketed, this
system could be morereliable (no computer) and less expensive than its competitors as it avoids
the use of costly devices (image intensifiers) and of non-standard components.

The main point of such a prototypeisto assessits clinical relevance. To do so, we performed 15
endoscopies with this device in the CHUV between July and November 1999. We used the
system on relevant high risk patients (positive sputum cytology, positive resection margin
following lobectomy, patients within the regular follow-up of lung cancers) and gathered images
and biopsies of the sites appearing positive and negative.

Protocol of the photodetections

The photodetections took place in the following manner: a brief survey of the bronchi was
undertaken by the endoscopist under standard white light. This was intended to assess the state of
the mucosa and the presence or absence of notable lesions under white light. The bronchi were
then examinated one more time under violet-blue autofluorescence excitation light. Care was taken
not to damage the mucosa during these examinations as blood can absorb the excitation light. It
can then cover the mucosa as a thick layer of dark fluid, thus generating difficulties in assigning
the true color of the mucosa.
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A biopsy was taken on each suspicious white-light or autofluorescence site and the results were
compared. Reddish brown sites under the violet-blue light were considered positive and greenish
sites negative. Some examples of the resulting images are given in the following section and the
complete summary of the biopsies that have been taken during these examinations is given in
Table 9.4.

o — —

Figure 9.9: General view of the functional system.

9.3 Clinical results:
examples

This section aims to provide an answer to
the question of the clinica relevance and
usefulness of the Wolf-EPFL
autofluorescence imaging system to detect
early cancerous lesions in the bronchi. For
each patient, the following datais given:

- The age and the sex of the patient.

- The reason why they have been
investigated in the endoscopy center
inthefirst place aswell as the reason
why they seemed to be relevant
photodetection candidates.

- The fluorescence image of the
rdlevant site(s) that has/have been
found.

- The corresponding white-light image
of the same site.

- The corresponding histopathological
result of the biopsy(ies).

- The B/W image of the same site.

- Any further information that seemed
relevant.

- A 'simul ated' normalized
autofluorescence  spectrum  obtained
with our spectrofluorometer on the
lesion and on healthy tissue (whenever

available). The Wolf Xe source was used to excite the autofluorescence through the
illumination channel of the fiberscope. The fluorescence was then collected by the detection
fibers of the modified fiberscope (described in Section 8.3, Materiads and Methods), filtered
and dispersed on the CCD of our optical fiber-based spectrofluorometer. Since the excitation
power at the distal end could vary, only normalized spectra are given and the comparison of
the shapes of the spectraisthe only relevant information that can be gathered from this data.



Chapter 9: Cancer photodetection in the tracheo-bronchial tree 165

Patient #1:. 71-year-old male

This patient underwent a control endoscopy at 2 years after an epidermoid carcinoma of
the pharynx (treated by radiotherapy) as part of the regular follow-up for cancer patients.
No actual sign of relapse had been recorded.

These images have been included as an example of images taken of hedlthy tissue. No
fluorescence positive site have been found during this endoscopy and, consequently, no
biopsies were taken.

Figure 9.10: White-light image of Figure 9.11: Autofluorescence image
healthy bronchial tissue. of healthy bronchial tissue.

The Fig. 9.10-9.12 only are
intended to provide examples
of autofluorescence images.
No suspicious sSite has been
found in the bronchi of this
patient.

Figure 9.12: Raw video signal of the two color components
of the autofluorescence image of healthy bronchial tissue.
The red component is on the left and the green component
ison theright.
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Patient #2: 62-year-old male

This patient underwent a bronchoscopy following a positive esophageal cytology (high
grade dysplasia).

Three suspicious sites were found in the bronchi of this patient, two under white light and
one under autofluorescence excitation light. Three biopsies were taken. Two biopsies
were taken on the white-light positive-appearing sites. These sites were negative under
autofluorescence excitation light. The last biopsy was taken on the only autofluorescence-
positive site. It had been missed under white-light examination. The images of this site
aregiveninFig. 9.13-9.15. During the first white-light examination of the bronchi, this
site had not been noticed as suspicious. The histopathological analysis confirmed the

presence of low grade epithelia dysplasia.
Figure 9.14: Autofluorescence image

Figure 9.13: White-light image of a of a dte bearing a low grade
site bearing a low grade dysplasia in dysplasia in the bronchi.
the bronchi (missed during WLB).

Figure 9.15: Raw video signal of the two color components
of the autofluorescence image of bronchial tissue bearing a
low grade dysplasia. The red component is on the left and
the green component is on the right.
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Figure 9.16: Normalized autofluorescence spectra of the healthy bronchial
tissue and of the site bearing low grade dysplasia. The spectra are normalized a
550 nm (local maximum in the 'green’ region) as the excitation power may
have varied due to the experimental setup. They can therefore only be
compared in terms of spectral shape.

It can be seen from Fig. 9.13-9.15 that the low-grade dysplasia appears as a reddish spot against
a greenish background whereas the same spot is barely visible under white-light illumination.
Considering our autofluorescence spectroscopic measurements, this finding is in agreement with
what could be expected on images of the autofluorescence of bronchial tissue. It can aso be
observed that the B/W image of this site (Fig. 9.15) displays a mgjor autofluorescence decrease in
the green channd (right image), whereas this decrease in less marked in the red channel (left
image). Thisisalso in full agreement with our spectroscopic observation that the intensity of the
autofluorescence sharply decreases in the green region of the spectrum and decreases to a lesser
extent in the red region. A further agreement is found in the 'simulated’ spectra given in Fig.
9.16. These spectra are the ones observed by our imaging system under excitation by the filtered
Xe lamp. It can be seen that the spectrum of the lesion has a relatively larger ‘'red’ contribution
than the spectrum of the healthy tissue. These spectra have been obtained by sampling an area of
bronchial tissue of roughly 3 mm in diameter with a modified bronchofiberscope (described in
Section 8.3 Materials and Methods).
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Patient #3: 71-year-old male

This patient underwent a control bronchoscopy 4 months after a lobectomy (right upper
lobe). He aso had undergone a PDT in the left upper lobe 3 months earlier.

Two suspicious sites were found in the bronchi of this patient, one on the lobectomy scar
and the second on the site of the previous PDT. Both were found under autofluorescence
excitation light, although it should be mentioned that the first site appeared erythroplasic
under white-light illumination. Two biopsies were taken, one on each site. The
histopathological analysis of the first biopsy (lobectomy scar) confirmed the presence of
aninfiltrating little-differentiated epidermoid carcinoma. The second biopsy (taken on the
division carina on the site of the PDT) was analyzed as moderate dysplasia. The images
of this second site are given in Fig. 9.17-9.19.

Figure 9.17: White-light image of a ste

Figure 9.18: Autofluorescence image of

bearing a moderate dysplasia in the a gte bearing a moderate dysplasia in
bronchi (this site appeared negative the bronchi.
during WLB).

It can be seen from Fig. 9.17-
919 tha the moderate
dysplasia appears as a reddish
spot  aganst a greenish
background whereas the same
spot is barely suspicious under
white-light illumination. The
autofluorescence image aso
clearly shows the ddineation
of thelesion. Again, it can aso
be observed that the B/W
image of this site (Fig 9.19)
displays a major
autofluorescence decrease in
the green channd (right
image), whereas this decrease

Figure 9.19: Raw video signal of the two color components
of the autofluorescence image of bronchial tissue bearing a
moder ate dysplasia. The red component is on the left and the
green component ison theright.

islessmarked in the red channel (left image).
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Patient #4. 60-year-old female

This patient underwent a bronchoscopy for suspicion of atumor on the vocal cords.

No suspicious site has been found in the bronchi of this patient, neither during WLB nor
under autofluorescence excitation light. The observation of the voca cords however
produced highly suspicious images on the right voca cord. The left vocal cord appeared
swollen under white-light illumination and negative under autofluorescence excitation
light. Two biopsies were taken, one on each vocal cord. The histopathological analysis of
the first biopsy (left vocal cord) confirmed the absence of malignant tissue. The second
biopsy (right voca cord) was analyzed as a little-differentiated epidermoid carcinoma.
The images of the vocal cords are given in Fig. 9.20-9.22.

Figure 9.20: White-light image of the Figure 9.21: Autofluorescence image

vocal cords. The right vocal cord of the vocal cords. The right vocal
bearsallittle differentiated epidermoid cord bears a little-differentiated
carcinoma and the left vocal cord, epidermoid carcinoma and the left
though swollen, bears no sign of vocal cord bearsno sign of malignant
malignant change. change.

It can be seen from Fig. 9.20-
9.22 that the little-differentiated
epidermoid carcinoma appears
as a reddish spot on the right
voca cord whereas the
contralateral vocal cord,
bearing no malignant change,
appears green. Again, it can
also be observed that the B/W
image of this site (Fig. 9.22)
displays a major
autofluorescence decrease in
the green channe (right
image), whereas this decrease
is less marked in the red
channel (left image). Figure 9.22: Raw video signal of the two color components
of the autofluorescence image of the vocal cords. The right
vocal cord bearsa little-differentiated epidermoid carcinoma
and the left vocal cord bears no sign of malignant change.
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Patient #5: 70-year-old male

This patient underwent a bronchoscopy as part of the follow-up after a lobectomy (right
upper lobe, 6 months beforehand).

Three highly suspicious areas were found in the left main bronchus both under white light
and violet light. These sites appeared as small whitish spots dightly protruding into the
left main bronchus (Fig. 9.23). Under autofluorescence excitation light, these sites
appeared dark red (Fig. 9.24). One biopsy was taken. The histopathological analysis of
this biopsy confirmed the presence of alittle-differentiated epidermoid carcinoma.

Figure 9.23: Whitelight image of a

Figure 9.24: Autofluorescence image
of a site bearing a little-differentiated
epidermoid carcinoma in the bronchi.

gte bearing a little-differentiated
epidermoid carcinoma in the bronchi.

It can be seen from Fig. 9.23-
9.25 that the little-differentiated
epidermoid carcinoma appears
as a dark red spot against a
greenish background. Again, it
can aso be observed that the
B/W image of this site (Fig.
9.25) displays a mgor
autofluorescence decrease in
the green channd (right
image), whereas this decrease
Is less maked in the red
channd (left image). In this
case, the autofluorescence
image is of help to clearly
assess the delineation of the
lesion. Figure 9.26 is a close-

Figure 9.25: Raw video signal of the two color components
of the autofluorescence image of bronchial tissue bearing a
little-differentiated  epidermoid  carcinoma. The red
component ison the left and the green component is on the
right.

up view of one such lesion bearing alittle blood. The white-light image leaves no doubt as to the
extension of the blood on the lesion.
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A magjor difficulty when using violet light to excite the autofluorescence of tissue is the possible
interference of blood as it strongly absorbs light around 410 nm. It might therefore appear very
dark, a potentialy confusing property as the diseased tissue should also appear darker than the
healthy tissue. The autofluorescence image of the site displayed in Fig. 9.26 isgiven in Fig. 9.27
and the corresponding raw B/W imageisgiven in Fig. 9.28.

Figure 9.27 Autofluorescence image
of a dte bearing blood on a little-

Figure 9.26: White-light image of a differentiated epidermoid carcinoma

ste bearing blood on a little- in the bronchi.
differentiated epidermoid carcinoma
in the bronchi

It can be seen in Fig. 9.27 that
the blood and the lesion do not
have the same color under
autofluorescence excitation
light. The blood appears bright
red whereas the leson looks
rather dull and brownish. This
is further demonstrated in Fig.
9.28 as the green color
component  (right  image)
shows the blood as very dark
aganst a less dark lesion. Figure 9.28: Raw video signal of the two color components
Although  this could be of the autofluorescence image of bronchial tissue bearing
confusng  under ~ some blood on alittle-differentiated epidermoid carcinoma in the
circumstances, It Is reassuring  bronchi. The red component is on the left and the green
to seethat our system seemsto  component is on the right.

provide some discrimination

between the blood and the lesions. Moreover, since it allows the operator to rapidly switch from
autofluorescence excitation to white-light illumination, it is unlikely that blood could dramatically
impair the detection of such lesions.
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Patient #6: 52-year-old male

This patient underwent a bronchoscopy as part of the follow-up after a lobectomy (left
upper lobe, 6 weeks beforehand). The section of the lobectomy showed areas bearing
malignant cells.

One highly suspicious area was found on the lobectomy scar. This site appeared as an
erythroplastic area under white-light illumination (Fig. 9.29). Under autofluorescence
excitation light, it appeared dark red (Fig. 9.30). The area was brushed twice. The
cytopathological analysis of these brushings confirmed the presence of atypica cells with
abnormally large nuclel. There are therefore suspicions that this area bears a carcinoma.

Figure 9.29: White-light image of a
dgte whose cells are suspected of
carcinoma (foreground) in the
bronchi. The lobectomy scar is
visible in the background.

Figure 9.30: Autofluorescence image
of asite whose cells are suspected of
carcinoma (foreground) in the bronchi.
The lobectomy scar is visible in the
background.

It can be seen in Fig. 9.30 that
the scar is clearly visible under
autofluorescence excitation
light. In the case of this patient,
it could be mistaken as a false-
positive result as it seems to
have the same appearance and
color as the truly suspicious
area. This could be due to the
fact that this scar was very
recent (6 weeks) and ill in
within the scarring process.
Further studies of such areas
will be necessary to properly
assess the contribution of the
scars to the false-postive

results Figure 9.31: Raw video signal of the two color components

of the autofluorescence image of a site whose cels are
suspected of carcinoma (foreground) in the bronchi. The
lobectomy scar is visible in the background. The red
component is on the left and the green component is on the
right.

Asdescribed in Chapter 8, it is
possible to enhance the contrast
by taking advantage of the full
decrease of the green
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autofluorescence. To do so, we need a'constant’ background image. This can be done by adding
ared contribution to the violet-blue excitation light of around 0.1%. The red image will become
‘constant’. By doing so, it is possible to fully take advantage of the decrease in green
autofluorescence. This approach should improve the SNR of the resulting images while aso
increasing the contrast. This experiment has been carried out on the same patient, on the same
spot and the results are given in Fig. 9.32-9.33.

It can be seen in Fig. 9.32 that the contrast of the
autofluorescence and backscattered red light image
of this dite is enhanced as compared to the
autofluorescence-only image of the same site (Fig.
9.30). It should be noted, however, that more
locations appear red in this image and it is not
known whether this could be detrimental to the
overall usefulness of the autofluorescence imaging.
The experiments that have been carried out with this
method so far tend to show that the backscattering
method induces more locations to appear red and
eventually  hinders  discrimination  between
unsuspicious and suspicious areas. For instance, the
blood appears bright red under such an illumination
method and so do the lesions and the scarring tissue
(Fig. 9.32). The pure autofluorescence excitation
allows for a discrimination of the blood and the Figure9.32: Autofluorescence and red
lesions (Fig. 9.27). It can be seen in Fig. 9.33 that backscattered image of a site whose
the red channel (left image) is indeed very cells are suspected of carcinoma
homogeneoudly illuminated, thus offsetting the (foreground) in the bronchi. The
decrease in the red autofluorescence. The green Ilobectomy scar is visible in the
image has not changed. background.

Figure 9.33: Raw video signal of the two color components
of the autofluorescence and the red backscattered image of a
site whose cells are suspected of carcinoma (foreground) in
the bronchi. The lobectomy scar is visible in the
background. The red component is on the left and the green
component ison theright.
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Patient #7: 66-year-old male

This patient underwent a bronchoscopy as part of the follow-up after a lobectomy (left
upper lobe, 2 months beforehand). The section of the lobectomy showed areas bearing
malignant cells during histopathological anaysis.

One suspicious area was found on the lobectomy scar. This site appeared as an
erythroplastic area under white-light illumination (Fig. 9.34). Under autofluorescence
excitation light, it appeared dark red (Fig. 9.35). One biopsy was taken. The
histopathol ogical analysis of the biopsy was negative. It showed no malignant cells.

bore malignant cells.

Figure 9.35 clearly shows an
area that appears positive on
the scar. This area is aso
visible on the white-light image
of the site (Fig. 9.34). The raw
B/W image confirms that the
aea should be considered
suspicious (Fig. 9.36).
Considering the presence of
malignant cells on the
lobectomy section, this appears
a first as a highly suspicious
area. The biopsy was negative,
however. Several reasons may
account for thisfact. Asseen in
Patient #6, recent scars may
appear positive. This might be
due to cdl multiplication
characterigtics of the scarring
tissue that make it resemble the

Figure 9.34: Whitelight image of a
lobectomy scar. The lobectomy section

Figure 9.35 Autofluorescence image
of alobectomy scar. The lobectomy
section bore malignant cells.

Figure 9.36: Raw video signal of the two color components
of the autofluorescence image of a lobectomy scar. The
lobectomy section bore malignant cells. The red component
is on the left and the green component is on the right.

proliferative tissue of tumors. It might be that the scarring tissue requires a higher blood supply
than the surrounding non-scarring locations. It cannot be excluded either that a dight
displacement of the biopsy forceps in this difficult area might have taken a sample of healthy
tissue rather than of a malignant area. Maybe other unexplained reasons account for this false-

positive result.
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Pat Ste White i Fluores- : Histopatho: TP; FP: TP: FP: AF i WL
Light cence -logy i(F)i(F)i(W):i(W)
None Negative Negative None
B i Carina Thickened { + Positive CI/HYP 1 1
Left vocal cord Thickened Negative HK 1
(#4) : Right vocal cord Thickened Positive EpCarc 1 1
D : Trachea Dip Negative* Negative 1
Trachea Negative Negative Negative
E i None Negative Negative None
F i None Negative Negative None
(#1)
G i Right lower lobe Negative Positive LDys 1 1
(#2)  Left stem bronchus Positive Negative LI 1
Left stem bronchus Positive Negative LI 1
H : Left vocal cord Leucoplasia: Negative LI 1
Right vocal cord Leucoplasia: + Positive LI 1 1
Falsevocal cord (R) : Leucoplasia: Positive CIs 1 1
Right arytenoid LE Positive EpCarc 1 1
| i LB/AB carina Negative Positive HYP 1
LB/AB carina Positive Positive WS
J i Intermediary Trunk Negative Positive Cl 1
(#7) i Lobectomy scar E Positive Cl/Scar 1 1
K i Lobectomy scar E Positive AtCdlls 1 1
(#6) i Lobectomy scar E Positive * CIS 1 1
L : Lobectomy scar E Positive EpCarc 1 1
(#3) : Apico-dorsal trunk Negative Positive Mdys 1 1
M i Trachea Negative : * Positive Mmet 1
Nelson/B carina, L Negative Positive Mmet 1
Left Nelson E Positive Mmet 1 1
Nelson/B caring, R Negative Positive Mmet 1
N : Trachea Positive Positive EpCarc 1 1
(#5)
O : Stem/Upper caring, L | Negative Negative Negative
P i Paracardiac carina Negative Positive CIS 1 1
Paracardiac carina Negative Positive Sdys/CIS 1 1
[ Tot
16 31** 11: 9: 7 9:4:0
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Table 9.4: Summary of the results obtained with the autofluorescence photodetection system. The abbreviations
are as follows (sorted by column): Patient: the number links to the casesin previous pages. Ste: LB: left basal;
AB: anterior basal; B: basal; ** one biopsy has not been included because it might have been taken on the wrong
site. White light: negative: unsuspicious or missed under white light; positive: suspicious under white light; LE:
leuco-erythroplasia; E: erythroplasia. Fluorescence: positive: reddish ares; negative: greenish areg; *: intense
green autofluorescence. Histopathological result: Cl: chronic inflammation; HYP: hyperplasa; HK:
hyperkeratosis, EpCarc: epidermoid carcinoma; Ldys: light dysplasia; LI: light inflammation; CIS. carcinoma in
situ; WS: biopsy on the wrong site likely; AtCells: atypical cells, Mdys: moderate dysplasia; Mmet: mature
metaplasa; Sdys. severe dysplasia; TP (F): true positive in autofluorescence; FP (F): false positive in
autofluorescence; TP (W): true positive in white light; FP (W): false positive in white light; AF: true positive
in autofluorescence and negative under white light (equivalent to the false-negative results in white-light
illumination); WL: true positive under white light and negative in autofluorescence (equivalent to the false-
negative results in autofluorescence).

Two approaches have been used in the course of this work to assess the pogitivity of a site and
the subsequent calculations. One of them is the learning curve approach and it is described first.
The second approach relies upon the quantification of the color modifications and is described
second. It is caled the threshold approach. All the patients that are reported in Table 9.4 are
patients that were scheduled for a bronchoscopy because of their risk factor. Some of them,
however, did not bear any suspicious spot. They have been included in Table 9.4 anyway and
make up for the patients with negative white-light bronchoscopy, negative autofluorescence
bronchoscopy and negative histopathological result.

Learning curve approach

Under this approach, the sites labeled 'fluorescence positive' in Table 9.4 were the sites that
appeared as red spots during bronchoscopy. This assignation does not stem from an objective
criterion, as will be the case below. The data in Table 9.4 allows us to caculate the positive
predictive value of the autofluorescence bronchoscopy, and of the white-light bronchoscopy. The
negative predictive vaue cannot be calculated as the false negative rate is impossible to evauate
(although the lesions that have been detected by autofluorescence only make-up for some of the
white-light false-negative results). The positive predictive value is given as the ratio of the true
positive results (TP) on the overall positive results (true and false positive (FP)). For the sake of
this calculation, the white-light results have been considered positive when the observation of the
physician was such that they would have taken a biopsy after the white-light bronchoscopy. In
our data, it means in the cases where the macroscopic description was ‘thickened', 'dip’,
'leucoplasia, 'erythroplasia’ or 'leucoerythroplasia [19]. This yields the following values of
PPVs:

Positive Predictive Value: PPV = _P
TP + FP
White-light bronchoscopy: . 44%
7+9
Autofluorescence: = 55%
11+9
Autofluorescence + white light: 5 Z 2 = 64%

The PPV givesthe probability that alesion isactualy alesion if it is visible with a given method
(as opposed to the sensitivity, which gives the capability of a method to find a lesion if there
actualy isalesion). One can compare these positive predictive values, athough they only apply
to our small number of patients. It is clear from this data that the autofluorescence is helpful. The
PPV goes from 44% for white-light bronchoscopy aone to 55% for the autofluorescence alone
and up to 64% for both methods together. This shows that both methods are good complements
astheir concomitant use produces a better outcome than either of them alone. Moreover, it should
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be noted that some lesions have been detected by autofluorescence only (see Table 9.4), namely
two early cancerous lesions (light dysplasia and moderate dysplasia) and two ClS/severe
dysplasias, whereas none have been detected under white-light illumination only. Although it is
impossible at this stage to calculate values for the sensitivity or the specificity of the method, this
means that the sendtivity of the autofluorescence bronchoscopy must be higher than the
sengitivity of the white-light bronchoscopy. This, again, is a significant contribution of the
autofluorescence detection. A difficult encountered with this data is the issue of the objective
criterion for a site's positivity. Indeed, there are many false positive sites in the figures above.
This was the reason of our trying to caculate these values with better parameters — objective
criteria for the positivity of a site. This has been achieved with the threshold approach (see
below).

It isinteresting to address the issue of the agreement of the spectroscopy with the imaging. Some
spectraare given for one patient (Fig. 9.16), and similar measurements were performed in other
patients, but we decided not to explicitly show this data for al the measurements. These results
are summarized in Table 9.5. The sites are the same as in Table 9.4. The spectra are by placing
the light guide in front of the illumination bundle of the modified fiberscope (see Section 8.3).
The detection takes place through the optical fibers that have been fitted into the biopsy channel.

Patient Site White Light ;| Fluorescence Spectroscopy Histopathol ogy
G ! Rightlower lobe ! Negdive Positive Positive (Fig. 9.16) : Light dysplasia

I Lower basal- Negative Positive Positive* Hyperplasa

anterior basal
carina
J Lobectomy scar : Positive (E): Postive + Positive** Chronica
inflammation,
scar

K Lobectomy scar i Postive (E)i Positive Positive** Atypica cdls

“Table 9.5: Correlation of the white-light result, autofluorescence result, Spectroscopic result and

histopathological result of therelevant biopsies (whenever applicable); *: possible wrong biopsy
gte; **: possible wrong measurement site.

For every patient, autofluorescence spectra have been measured on the suspicious area and on a
control hedthy site. The spectra acquired on the suspicious area were considered positive
whenever, after normalization at 550 nm, their red part was not within the standard deviation of
the average normalized spectra of the hedlthy tissue. For these patients, the spectroscopy is in
agreement with the autofluorescence imaging results. However, these results show that the
spectroscopic measurement with our modified fiberscope is tricky. In the case of patient J, the
positive-gppearing site on the images was in a difficult localization next to a scar. In the case of
patient K, the measurement sites were very tangential in the bronchial lumen and, consequently,
it was very difficult to accurately hold the fiberscope in agiven position. Only patient G could be
measured in the best conditions, as the suspicious areawas on a carina. It is therefore difficult to
draw a conclusion with this data.

Under white-light illumination, the trained endoscopist relies on awide expertise in observing the
tissue and its modifications. Years of practice leave little doubt in their opinion as to where
biopsies should be taken. It is not so clear-cut with autofluorescence detection. This method of
detection, like other methods, has a learning curve. As we stand now at the beginning of the
clinical tests of this system, it should be expected that the criteria of positivity could change if
they are subjective and thus operator-dependent. Two options are therefore available for the
design of large-scde clinicd studies. Firstly, the operators of such studies should gain some
experience with this system and receive some kind of training. This will be best achieved with
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Histopathological status Code one single operator conducting the whole study since
their criteriawill berefined as they gain experience with

Blood the system. Another option would be to find a way to
Heslthy quantify the positivity of the autofluorescence sites and

o : to define a threshold of positivity. Indeed, some sites
Chronic inflammation appear reddish and some other sites appear more
Mature metaplasia orange-looking and this might be correlated to the actua

status of the tissue.
Light dysplasia
- Threshold approach

Moderate dysplasia We quantifiedptﬁe green and the red contribution in the
Severe dysplasa/lCIS images taken with our system and thus generated a

: : : graph correlating the histopathological status of the
Epidermoid carcinoma tissue with the green/red ratio of the lesions and healthy
Table 9.6. Histopathological codes  tissue for the small number of patients that we
of the tissue sites that have been investigated. Theresult isgiven in Fig. 9.37. The points
observed with our autofluorescence have been calculated in the following way: for each
imaging System. biopsy taken, an autofluorescence image was recorded

with our system under broad band violet-light
excitation. The green and red resulting images were digitized using 8-bit quantization. The
average intensity (and the corresponding standard deviation) of the green and red pixels was
computed on the site of the biopsy and next to it on presumably hedthy tissue. The green
intensities were then normalized by the total green, and the red intensities by the total red intensity
of the image, because the green gain and the red gain are set independently for each patient. The
ratio (green/red) of these normalized green and normalized red contribution was computed,
together with its standard deviation and plotted vs. the histopathological status of the site as given
by the histopathologist. For the sake of the readability of Fig. 9.37, the histopathological status
has been coded with a number. These numbers are given in Table 9.6.

The histopathological status codes have been separated in three arbitrary groups. Blood and
hedlthy tissue are assigned green color in Table 9.6 and Fig. 9.37 because they represent non-
malignant sites. Although we observed blood in severa spots, it has only been included here as
an example (it can usually be distinguished from suspicious spots under white-light illumination).
Chronic inflammation and metaplasias have been assigned blue color. This intends to group
together the tissue changes that are not malignant. The red color has been attributed to the
dysplasias and cancers. This grouping could be justified in a system of optical biopsy. It will
probably be difficult to design a system that can distinguish a moderate dysplasia from a severe
dysplasia. It isimaginable, however, to distinguish the lesionsin broader categories.

Figure 9.37 summarizes the quantification of the autofluorescence changes observed during our
preliminary study. Each point is given with its standard deviation. This is due to the fact that the
color contribution of the green and red components are not fully homogenous. They are fairly
stable, however, as can be seen in the small error bars. Assuming that these points represent a
normal distribution, a curve can be drawn to expressit. This has been done and is represented in
Fig. 9.37 as three projected color curves on the right side of the graph. For the sake of clarity,
the mean values of the three point groups are given with the 67% confidence interval. It can be
seen that the three points are actudly separated. This should not be interpreted as if this
separation were unequivoca and final. As can be seen on the curves, the overlap of the hedthy
group (green curve) and the metaplastic group (blue curve) is non-negligible and so is aso the
overlap of the metaplastic group (blue curve) and the cancer group (red curve). This is the reason
why some sites appear as false-positive results in Table 9.4 and on the screen during the
investigations. The am of such a quantification, however, is to fix a threshold a an objective
value to distinguish early cancers from non-malignant changes. Asthe curves overlap, it is likely
that there will always be some wrong results. This threshold can, in the light of our results, be
estimated. It should lie within the gap between the two horizontal plain lines (at y-axis vaue of
0.82 and 0.71, respectively). This gap is indeed delimited by the maxima extent of the 95%
confidence interval of the hedthy and the malignant tissue's green/red ratio. As expected, the
distribution curves of the healthy and of the malignant tissues overlap in this gap, a y-axis value
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of 0.75. At this point, the probability that a tissue with a ratio above 0.75 is hedlthy is 98.89%
and the probability that a tissue with aratio below 0.75 is malignant is 99.22%. Although this
calculation has been done on asmall number of patients, it is still a promising result as this ratio
could be computed automatically by a ssimple software. Thus, after the setting of a threshold to a
given value, it could be imaginable that an 'optical biopsy' producing three-way results such as
'nothing to worry about', 'suspicious and 'highly suspicious' could be done.

16 L
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; __s%
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® :
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0 2 4 6 8 10

Histopathological code

Figure 9.37: Green to Red ratio of healthy (green circles), of
metaplastic/inflammatory (blue diamonds) and of malignant (red
triangles) tissues as a function of the histopathological status (left of the
vertical dotted line). The bars represent the 67% confidence interval. The
points at the right of the vertical dotted line represent the mean values and
the 95% (at x-axis value of 8) or the 67% (at x-axis value of 8.5)
confidence interval. The curves at the right of the vertical dotted line (x-
axis values between 9 and 10) are the projected normal distribution
curves corresponding to the green/red ratios. The horizontal plain lines
represent the maximal extent of the 95% confidence intervals of the
healthy and the malignant ratios.

At their intersection, the healthy and metaplastic curves represent 89.3% and 90.5% of the points
respectively and, similarly, the metaplastic and cancerous curves represent 86.6% and 86.6% of
the points respectively.

It is also interesting to note that the quantification of the green/red ratio leads to a better
discrimination of the results as the positivity criterion is now objective. In the case of our results,
a threshold set below 0.8 would lead to hardly any false-positive result on healthy tissue and
below 0.72, it would lead to hardly any false-positive result a all. It should be reminded,
however, that the lowering of the threshold (better specificity) is detrimenta to the sensitivity and
vice-versa. The above-mentioned positive predictive value of the autofluorescence detection can
be recalculated for this set of patients with a threshold set & 0.72 (positive results have a
Green/Red ratio < 0.72):

TP

Positive Predictive Vdue PPV = ———
TP + FP

True positive results: 10
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False positive results: 1

Positive predictive value (for autofluorescence): 91%

These PPVs are better than the similar values computed with the subjective criteria (learning
curve approach, see above). This means that the setting up of an objective threshold is necessary
to take full advantage of the method. Given that the treatment applied to the images is smple and
quick, it would only require a frame-grabbing unit and a standard imaging software. Then, it
would be possible to compute the green/red ratio of any site in the bronchi and to assign it to a
group with agiven probability. The setting up of the actual threshold should be done on a greater
number of patients, however, as these results are only valid on the small number of sites that
have been investigated between September and December 1999.

The green/red ratios that have been computed in Fig. 9.37 can be used to calculate the contrast
between the early lesions and the hedlthy tissues in much the same way as the R ratio that had
been calculated in Chapter 8 (Section 8.3). To do so, we divided the individual green/red values
for hedthy tissues by the corresponding green/red values for cancerous lesions. This is
equivalent to the R ratio that had been defined as the ratio of the decrease in green
autofluorescence by the decrease in red autofluorescence:

HBIfeenHealthy U [Green Healthy

E Healthy E HGr Tumor E
|:GreenTumor [Red Healthy

HRedpy 0 ORedy O

Tumor Tumor

=R

By calculating thisratio for every patient from Fig. 9.37 and taking an average value, it is found
that it equals

R=178+1.03

Thisvalueis of the same order of magnitude as the one calculated from the data given in Section
8.3 (R=291 + 1.69). This shows that the contrast calculated on spectra in Section 8.3 can
actually be transposed to images that have been gathered under similar spectral conditions. A
narrowing of the excitation window (thus approaching what is described in Chapter 8), could
mean an increased R for the images, but the price for it would also be a decreased power of
excitation light. It is not certain that such atrade-off would eventually be again for the images.

Discussion

The spectroscopic study that we conducted as a preliminary study provided interesting results
(Chapter 8). It demonstrated that autofluorescence could be helpful to characterize and detect
early cancerous lesionsin the bronchi. However, this study also demonstrated that the variability
of lesions autofluorescence is greater than that of hedlthy tissue. It also demonstrated that some
non-malignant tissues might have a smaller autofluorescence than healthy tissue while retaining
the same spectral shape. These reasons are adso applicable to imaging systems. Moreover,
whereas autofluorescence is intense enough to be recorded with a good SNR for point
measurement applications, its faintness might be such that imaging applications become very
difficult. In fact, asfar asimages quality goes, the magor drawback of the Xillix, the Pentax or
the Storz systems are their use of image intensifiers (Xillix, Pentax) or of integration times longer
than one frame (Storz). These two reasons are closely related to the faintness of autofluorescence
signals. The criticism also applies to our system, although to a more limited extent, maybe
because we rely on a very sensitive B/W CCD camera and not on a color camera. The images
delivered by rigid bronchoscopes are bright enough to be used by the clinician to navigate in the
bronchi. Most of the time, it is also the case with flexible bronchoscopes. Some patients,
however, have a less intense autofluorescence than other ones. This reflects an observation that
we aready reported during the spectroscopic study — that the autofluorescence level can vary
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from up to one order of magnitude between patients. As expected, this is also observed in
imaging applications.

An interesting result of the spectroscopic study was that the spectral shape of the healthy spectra
was very reproducible from one patient to another. For our imaging application, this means that
the relative intensity of the green component and the red component of the autofluorescence
images should vary little from one patient to another. In our system, the gain of the red channel
and that of the green channdl are separated, thus allowing their individual tuning. During this
preliminary study, the color balance of the autofluorescence image has been checked on the
carina of every patient and adjusted accordingly. As expected, the inter-patient adjustments of the
red and green channel were small but not negligible (£ 10%). It is reasonable to assume that the
autofluorescence of patients may change from one individual to another as it is likely that it
reflects their metabolism. Different patients with different metabolism should therefore probably
have different autofluorescence levels and dightly different spectra shapes. Our daily
observations during endoscopies are in agreement with both statements.

Our results are encouraging as they show that the detection of early cancerous lesions in the
bronchi by means of the autofluorescenceis possible. Although our spectroscopic measurements
(Chapter 8) showed that this might be the case, the implementation of an imaging system based
on this preliminary study was by no means certain to produce good results as imaging
applications suffer from drawbacks or edge-effects that are specific to them. Nevertheless, the
Wolf-EPFL system isworking and even seemsto be compatible with a routine clinical use. This
iscentral asit makes alarge-scale clinical study with this system imaginable.

The goals that had been set for the design of this system have been reached. It is a non-
intensified, mono-camera computerless system. The results presented in this chapter are the first
preliminary clinica results with this new generation device. They confirm the findings of other
system based on the same principles [2,3,18] but the hardware is simplified and its manipulation
isuser-friendlier. Its results appear promising but large-scale clinica studies are now necessary
to assessits statistical value on alarge number of patients.

The clinica experiments carried out showed that some situations may induce false positive
results, as expected. Several reasons may account for thisfact. First of al, our preliminary study
includes the learning curve of the system. It islikely that some of the spots that were mistakenly
assigned a positive autofluorescence result at the beginning of this study might be assigned a
negative one by now. Thisis especialy true since we lacked quantitative assignation criteria and
hence sometimes the reddest spot in the bronchi was assigned a positive result, even though it
might have not been considered positive in another patient. This demonstrates that a threshold is
not only useful, it is necessary for maximal efficiency of the method.

It is very likely that some types of non-cancerous tissues will appear positive under the
autofluorescence excitation light. This has been described by several authors working with
commercia systems[13,14]. We found one false positive on a thick secretion very early in our
tests. Distance effects are reported with a single-wavelength range detection system but are
unlikely in adua wavelength range system. Haussinger [16] et a report false positive results on
scars with the Storz system. There seems to be a rather general agreement that scars can induce
fase positive autofluorescence results (also seen with our system). Although this issue is
controversial, some authors report that, in some cases, even early tumors might grow by co-
opting existing host vessels [20]. If found to be applicable to the tumors that we are
investigating, this could mean that, in contrast with the prevailing view that most tumors begin as
non-vascul arized masses, the blood contents of such early tumors could be higher than that of the
surrounding healthy tissue. This might also be the case in fresh scarring tissue, as it might be
possible that, from the autofluorescence point of view, early tumors and fresh scars are both seen
as proliferative tissues, no matter whether malignant or not.

The issue of false-positive sites (as seen above) is not specific to our system, however. For
instance, Ikeda et d [21] report that false positive results have been observed on hyperplastic
tissues using the Xillix system. False-positive results are a drawback for a new method. It is
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clearly amajor question to find out how to minimize or even avoid them. It is especialy striking
for the secretions. Most of the patients we investigated have very thick secretions due to their
allment and they can be detrimental to the quality of the images and measurements. Bearing that
in mind, the operator will be very careful if the positive-appearing site is fuzzy and/or sensitive to
the aspiration. Caution will be exercised when aspiring, however, as this might also damage an
aready fragile mucosa and induce some bruising which will eventually also be worsening the
images quality and the results reliability. Again, a clear objective threshold to separate the true-
positive results from the false-positive ones would be helpful as it would leave some of these
artifacts on the side.

The bruising of the mucosais another issue that can be crucial. As seen above, blood can cover
the interesting sites and mask the mucosa. This is unwanted. A carefully designed large-scale
clinical study would have to include two bronchoscopies. The first bronchoscopy, under white-
light illumination, would assess the state of the mucosa in the bronchi and allow the clinician to
decide which sites would be biopsied. The second bronchoscopy, in autofluorescence, would
then let the clinician assess which sites were missed under white light and which additiona sites
should be biopsied. The mere fact that this method requires two bronchoscopies implies that the
operator should be very careful not to bruise the mucosa during the first one as it will impair the
second one. On the other hand, if the clinician decides to carry out the autofluorescence
bronchoscopy first, they risk that they carry over sites that they would have missed otherwise
into the second (white-light) bronchoscopy. Finally, no matter whether the first investigation is
the white-light or the autofluorescence bronchoscopy, the fact that this would involve two full
bronchoscopies in a row makes such a study time-consuming and not necessarily compatible
with the priorities of the clinics.

The distance effects are unlikely with our dua wavelength range system. It should be
considered, however, that dynamic viewing of the sites sometimes gives information as the far
edges of the observation might suffer from dight differencesin the size of the B/W images on the
CCD for instance. This induces an imperfect overlap a the edges of the observation area and a
consequent imbalance of the green and the red contribution to the resulting image. Moreover, it
should be reminded that the autofluorescence bronchoscopy is a dynamic examination. If a site
appears reddish on a gatic image (print out of the screen or digitized image taken from a video
recording or static observation of asitein the bronchi), it should not be considered positive until
oneis certain that it remains reddish whenever the distal end of the bronchoscope is dightly
shifted to observe the site. This observation also applies to the Storz system [16,17]. As for
hyperplastic tissues, further studies are necessary to gain enough experience with the response of
our system to them.

A further difficulty might be the taking of biopsies. Thisisno simple task. A dight displacement
of the biopsy forceps with respect to the Site that actually appeared positive in autofluorescence is
very possible and may go unnoticed. It can have serious consequences on the result of such a
preliminary clinical study however, as the early lesions that we are trying to detect are very
limited in size. A possible way to overcome this difficulty would be to take the biopsies under
violet-light illumination. This might also be difficult, however, as many biopsies have to be taken
through a flexible bronchoscope, in sub-optimal illumination and brightness conditions. As for
our preliminary study, we took images of the biopsy Site after the biopsy to assess the exact
location of the taking. In this case, astoring of the memorized early autofluorescence images for
future reference could be of help (see Section 9.4)

There is alearning curve for the use of our system. This has been described for other systems
(Xillix, Pentax) and is no surprise. Most if not al tumor detection methods have such a curve.
This photodetection system is a complement to white-light bronchoscopy and should by no
means replace it. The autofluorescence positive-appearing sites are hints to the operator attention
should be directed more specifically to those sites and they should be biopsied as a priority. The
ability to rapidly switch towards white light isthen crucial for their final assessment of the tissue.
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These first clinicd results are encouraging but development of this system has not been
concluded. In particular, the constructive criticism of the operators as well as the further testing
of new methodsis likely to bring them one more step forward.

One method that we a so tested is the retrodiffusion method. Just as in the Storz system, we tried
to take images with some part of the autofluorescence light mixed with backscattered light. In the
Storz system, some of the blue excitation light is transmitted through the eyepiece's long-pass
filter, whereas we tried to inject a very small fraction (0.1%) of additional red light in the violet
excitation light. The reason behind our choice of the red part of the spectrum is that it should
offset the decrease in red autofluorescence and that it should be minimally absorbed by tissue
(unlike the violet light which is strongly absorbed by blood and might therefore prove
disappointing). To carry out these tests, we used a y-shaped light-guide. One branch was
connected to the standard light source and the other one to a similar light source fitted with red
filtersinstead of a violet filter. The mixture was then normally fed into the bronchoscopes. Our
findings have been disappointing. Although it seemsthat the contrast is actualy enhanced by the
addition of red light into the excitation light (the images look sharper), it aso generates a large
number of red patches on unsuspicious areas. The structure of the bronchi appears bright red and
so do the scars or blood traces. Further studies will be necessary to determine the redl
contribution of additional red light to the detection of early lesions. The first part of such studies
will have to involve some kind of tuning of the quantity of red light. One thing can be said at the
present time, however. The additiona red light so far did not bring any improvement in the
detected images. It rather impaired the detection by making a lot of unsuspicious spots appear
bright red, while spoiling some of the discrimination power between different shades of red.

It is fairly difficult to assess the number of fase negative results of an autofluorescence
photodetection method for bronchial carcinoma. To do so, one would have to take random
biopsies in the whole tracheo-bronchia tree on negative appearing sites and, maybe, find a
positive site. Thiswould be difficult, time-consuming and not very efficient. On the other hand,
it is possible to determine the number of fase-postive of the conventiona white-light
bronchoscopy with respect to the autofluorescence photodetection method. This aso gives the
measure of the contribution of the autofluorescence method. In the case of our preliminary study,
it is striking to see that four sites out of eleven (36%) have been seen by the autofluorescence
method only. It is clear that thisfigure has to be considered with caution as the overall number of
lesions is small. It shows however that the autofluorescence detection method can bring
something to the clinician asit attracts their attention onto lesions that they might have overlooked
otherwise. The interesting feature of the two spots that have been detected by the
autofluorescence only is their histopathological status — both are dysplasias. It is a very
promising observation as the whole spectroscopic study presented in Chapter 8 was designed to
investigate the characteristics of such lesions. In this sense, it appears that the basic spectroscopy
that has been carried out might have brought some significant improvement to the method.

Conclusion

These early clinicd results are very encouraging and show good consistency with ther
spectroscopic counterparts. Despite its currently sub-optimal performances, it is clear that the
autofluorescence detection contributes to the localization of early cancerous lesions that would
otherwise be missed by the endoscopist, as can be seen in the increase in postive predictive
value. In our short preiminary study, 4 lesions have been detected by autofluorescence only.
Thisis agood sign as further improvements are possible on our system. These modifications
should however be conducted with a concomitant large-scale clinical study to assess its red
clinical contribution. The man improvement could be the implementation of a red-time
quantification method of the green/red ratio. This is currently done afterwards using video
recordings of the endoscopies. The improvement generated by this treatment method is
impressive however (from 55% to 91% of positive predictive value).

These results dso demonstrate that basic science can be of much help to improve applied
systems. The optimization study presented in Chapter 8 and the subsequent clinical study show
an interesting case of direct contribution of basic science to the clinical world. It is likely that
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other sub-optimal systemsaimed at aclinical use would greatly benefit from similar optimization
studies.

9.4 Future prospects

The development of afunctional commercia prototype for the autofluorescence photodetection of
early cancers is an achievement in itself. Still, further improvements are necessary to make the
detection of these lesions a better, less expensive and more widely accepted method. The paths to
this goal are multiple.

Instrumental improvements include the user friendliness of the system. In this respect, our system
brings the method further than the Xillix or the Pentax systems and it is second only to the Storz
system. It is conceivable to make it lighter and a bit more ergonomic to facilitate its acceptance.
These are details, however, because the principle that lies behind our results, namely the mgor
changes in autofluorescence of the early cancerous tissues seems to be now agreed-upon.

The use of backscattered red light might be a good approach to enhance the already existing
contrast but it needs to be refined and thoroughly studied before its use can bring more to the
operator than autofluorescence alone. At the present time, it does not bring anything but thisis not
afina configuration. A possible improvement will be to use less red light than with the present
system (0.1% of the violet). However, the choice of backscattered red light appears to be a
sensible choice as it should not interfere with other mechanisms. In fact, the am of the
backscattered light is to generate a constant background image. It should therefore be created with
a wavelength that will interact very little with the observed sites. In this respect, the choice by
Storz to use backscattered blue light might prove abit disappointing as blue light will be absorbed
by the blood. It will consequently appear dark and possibly be confused with autofluorescence-
positive lesions. More refinements may be devised, such as eectronic treatment of the signal to
enhance the contrast with or without use of threshold functions to trigger the treatment. This is,
however, a subject for many more clinical tests.

Improvements in the method might be provided by a deeper understanding of the mechanisms
underlying autofluorescence. We observed, for instance, that the fluorescence brightness could
vary from one patient to another. As it is suspected that this property is linked to the metabolism
of the patients, it cannot be excluded that the absorption of appropriate substances might enhance
the aready existing autofluorescence brightness. Whether it will also enhance the contrast,
enhance both components or decrease the contrast is a matter of debate and the subject of further
clinical tests, aswell as the search for the appropriate substance.

A very promising way of detecting early cancersis to rely on the induction of protoporphyrin IX
by ALA or aderivative. Although the few experiments to use this method in the bronchi have
proven disappointing so far, the spectroscopy of PPIX makes it detectable by our system. It
actudly has been tested in the frame of the GI tract in Lausanne as a complement to white-light
endoscopy to detect early malignancies of the esophagus in patients suffering from Barrett's
esophagus. In such a case, it means that the main limit for the use of this method in the detection
of early malignancies in the bronchi is the homogeneous topical application of ALA. Again, the
exploration of this path might lead to further improvements in the detection of early cancers of the
bronchi.

An interesting improvement would be achieved with the combination of both the autofluorescence
spectroscopy and the autofluorescence imaging. It is possible to imagine investigating the tracheo-
bronchial tree with an imaging system and to use a spectroscopic probe to measure the
autofluorescence spectrum whenever a suspicious ste is found. It would then combine both
methods and probably, through a carefully chosen agorithm, alow the clinician to have a
guantitative measurement of the suspiciousness of a site. Such a system could display the
autofluorescence spectrum in rea time and automatically compare it with previously recorded
typical spectra. The deviation from the shape of the typical spectra could be quantified to express
the caution to be applied to this site. Thiswould come close to the ‘optical biopsy' concept.
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These possible improvementsin our cancer detection system clearly show that our achievement of
designing a functional device of autofluorescence imaging might well be a starting point rather
than an achieved godl ...
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Hope

Conclusion

The time has now come to draw a conclusion from this report. Although the readers will have
done so for themselves, it isa useful exercise to put in words one's own feelings towards such a
work.

The central theme of this work, cancer, is more than just another disease. It is associated with
terrible stories of wasting and suffering for patients and their loved ones. It is not unusual that
these sufferings are also due to the treatment of the disease. Moreover, the invasive nature of the
disease probably makesit impossible for those who have suffered from a cancer once to ever be
fully sure that it is indeed eradicated. This no doubt bears quite heavily on the mind of the
patients. In this regard, any progress, no matter whether a small step or a giant leap, towards an
improved detection or improved management of cancer isa success in itself. This surely makes a
Ph.D. thesisin thisfield a very rewarding time.

Asascientific project, such awork is certainly amodel of what science should become to evolve:
multidisciplinary. Most neighboring fields are merging into new larger fields, most once clear-cut
borders between specialties are becoming fuzzy and little defined. Thisis encouraging as it drives
people from once-separated domains to close collaborations, certainly to everyone's benefit. The
potential for learning new things in such an environment is huge, making again a Ph.D. thesisin
thisfield avery rewarding time.

Unlike many other fields, the photodetection and the photodynamic therapy of early cancers are
applied topics. Despite this fact, most of the research presented here is basic in its nature.
Certainly, thisis not basic science in the sense where theoretical particle physics is basic, but it is
basic in its application of methods like fluorescence spectroscopy and the study of tissues down
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to its properties as a mix of fluorophores. This shows that the improvement of applied science
need some basic studies. This also shows how the addressing of basic questions can be
implemented into 'real-world' answers.

Dedling with patients suffering from cancer, involvement in a clinical environment (whose
priorities are very different from those of the research laboratories) and the interaction with other
people to apply knowledge to the management of ‘real world' problems were by no means the
least interesting parts of the job. In this respect, the greatest satisfaction is clearly the successful
eradication of alesion which may mean extended survival or improved life quality for the patient.
In this respect too, the successful identification of an early lesion is also highly significant as it
means increased hope for the patient. This is invaluable. Hence, every effort should be made,
both in terms of time and financing, for this increased hope or extended survival. Clearly, it is a
public health priority and it clearly requires much patience and much financia effort from society.

In aperiod of economic crisis, in aperiod of increasing cost of public health and in a period of an
ageing population, with an increasing number of patients for a decreasing number of active
people, this issue raises a least two questions. Considering that many diseases, from
cardiovascular diseases to many non-cancerous lung affections and, in our specific case, from
lung cancers to bladder cancers (and certainly more) are linked to the consumption of tobacco
products, the issue of screening hasfirst to be raised.

One can divide the whole population into four risk groups for developing lung cancer: a very
small percentage of people who already have an invasive lung lesion and are hence at very high
risk (>80 %) of developing a recurrence of the same cancer or another one. A larger percentage
of people who have had alung lesion that has been successfully managed in the past and who
therefore have a moderate risk of developing a recurrence or another one (> 20 %). A very large
percentage of the population who are heavy smokers or are exposed to some other known lung
carcinogen who have a moderate risk of developing lung cancer (around 10 %). And the rest of
the population who are a much larger group of people and have a very small probability of ever
suffering from lung cancer (< 0.01 %). It is therefore questionable as a public hedth issue to
invest much effort (both human and financial) into the detection of very early lesions in the lungs
of a smal number of people who are a high risk. Indeed, most studies tend to show that
systematic screening techniques do not significantly improve cancer survival rates because
relevant lesions are few and expensive to detect. Moreover, the gain in time with most current
methods such as radiology or sputum cytology is not significant when one considers the natura
history of the disease, thus making these detections 'a little less late' rather than 'early’. Thisis
also true for the screening of moderate- to high-risk populations (i.e. smokers). In the light of
these observations, it is meaningful to wonder whether such an effort could be put with more
benefit to society in genera into the development of detection or treatment methods for other
diseases. Thiswould also corroborate the view of that wise clinician who once stated that the best
screening test for lung cancer isto ask the simple question "Do you smoke?".

Finally, considering also that the ailments that are linked to the consumption of tobacco products
aretherefore avoidable, would it not be fruitful to invest at least afraction of these efforts into the
prevention and the decrease of the smoking habit? This would be one way to fight some cancers
much earlier as it would cut the cause and not treat the consequences. This would obviously
require effective smoking cessation techniques (to be found) and huge educationa efforts (whose
efficiency remains to be proven). Nevertheless, as far as fighting lung or bladder cancer goes,
such an achievement would probably be situated closer to a giant leap than to a smal step. But
thisis asubject for some other Ph.D. theses.
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During the course of a post-doctoral work in our laboratory, Dr. Martin Forrer built an optical
fiber-based spectrofluorometer. This device has been the central tool for our work. Its man
advantages are its sensitivity that allows usto detect very faint signalslike the autofluorescence of
biological tissues in vivo with a reasonable SNR, its versatility that is of utmost importance to
measure signals at several excitation wavelengths within a short time frame and its ‘home-made-
ness that lets us modify the setup for the conditions of each measurement. As the exact setup is
described in each chapter, we propose here a genera overview of this device only: the light is
delivered by a high-pressure Xenon lamp and diverted into a spectrograph. This spectrograph is
intended to alow the selection of the excitation wavelength. The light is then filtered and injected
into an optical fiber. Thefilter is mounted on awhed that holds 8 filters. This whedl is steered by
a stepper motor and under the control of a computer. This setup alows the operator to change the
excitation filter within seconds. The resolution of the excitation pathway is 20 nm (nomina
excitation wavelength + 10 nm, FWHM). The fluorescence light is then collected by the same
fiber (or a separate fiber for the in vivo autofluorescence measurements, in which case it is
directly injected into the detection spectrograph) and separated from the backscattered excitation
light by a second filter (also held by a stepper motor-driven computer-controlled wheel). It is then
filtered one more time and dispersed in a second spectrograph. Again, thanks to a similar whesl,
thefilter can be changed easily within seconds. A Peltier-cooled CCD finally detects the light. In
our usual setup, the resolution of the detection is 15 nm but it can be taken down to below 2 nm.
It has been measured that its sengitivity is around 1 pW per pixel a 500 nm for a SNR of 200.
The whole setup is mounted on atrolley to allow its easy (it weighs around 200 kg) transportation
wherever needed. The block diagram of our setup is presented in Fig. A1.1.

Xenon Lamp @_ E :

Excitation
Monochromator

Filterwheels

Personal Computer

Polymer Clad
Silica Fiber
core dia:
0.6 mm

N.A.: 0.4

Stepper motor
controller

Detection
Spestiuecy CCD controller

Peltier cooled CCD
1024 x 256 pixels

Figure A1.1: Block diagram of our optical fiber-based spectrofluorometer in its
monofiber configuration.
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here are countless substances that are potential photodetection agents or PSs. In Chapter 5,
we presented the Sytox® Green. Some work has been done with additional fluorophores
and it is summarized here. All the molecules we tested are listed in Table A2.1. As will be

seen, some of them are metachromatic (Sytox® Green, RuDPP, Di-4-ANEPPS, CFDA,
Glycosylated Fluorescein) and some are not (EtNBS, 2I-EtNBS).

We took advantage of the availability of the hamster cheek pouch model to test some interesting
potential photodetection substances. For the sake of brevity, we deliberately chose to focus here
on two of them, EtNBS, 2I-EtNBS. The other substances proved disappointing during the
preliminary tests. Consequently, no further tests were carried out. The administration of the
substances (solvent, concentration) was adjusted in healthy untreated animals first. Then, a basic
pharmacokinetics curve was measured on their cheek pouch by LIF. The same pharmacokinetics
curve was measured on the cheek pouches of treated hamsters to determine the maximal intensity
of fluorescence of both the healthy and the treated cheek pouch and hence the maximal contrast as
afunction of the elapsed time.

Name Type Exc. [ Em. | Comments
Max.| Max.
[nm] | [nm]
EtNBS tumor localizer [2] | 600 | 700+ | 3 hedthy hamsters, 2 x 2 mg/kg, 1 x5

mg/kg, follow-up: 7 hours.

Signal down to undetectable levels on
the cheek pouch mucosa and on ventra
skin 7 hours after the injection.

3 painted hamsters, 3 x 2.5 mg/kg,
follow-up: 2 days.
see details below - September 1998

4 painted hamsters, 2 x 0.5 mg/kg, 2 X
0.25 mg/kg, follow-up: 30 hours.

no reproducible selectivity was found -
February 1999

2I-EtNBS tumor localizer [2] | 600 | 700+ | 4 healthy hamsters, 2 x 2 mg/kg, 2 x 10
mg/kg, follow-up: 7 hours.

Signal down to undetectable levels on
the cheek pouch mucosa and on ventral
skin 7 hours after the injection.

3 painted hamsters, 3 x 2.5 mg/kg,
follow-up: 2 days.
see details below - September 1998

9 painted hamsters, 9 x 2.5 mg/kg,
follow-up: 24 hours.
see details below - October 1998

4 painted hamsters, 2 x 1 mg/kg, 2 x 0.5
mg/kg, follow-up: 30 hours.

no reproducible selectivity was found -
February 1999




196

Appendix 2: Some additional exogenous fluorophores

Sytox® Green nucleic acid 470 | 525 | 2 painted hamsters, 2 x 0.3 mg/kg,

marker, Molecular follow-up: 3 hours.

Probes (MP), S- No pharmacokinetics could be

7020, [3] measured. Point measurements were
recorded.
7 painted hamsters, 7 x 0.3 mg/kg.
Images were recorded.
1000-fold fluorescence enhancement
upon nucleic acid binding.

Ruthenium-(4,7- | oxygen sensor 450 | 600+ | 4 painted hamsters, 4 x 1.5 mg/kg,

diphenyl-1,10- (quenched by follow-up: 11 days.

phenanthroline), | oxygen) No signal was detected following the

RuDPP injection. Thislipophilic drug might
have precipitated in the vascular system
or might have been trapped in the liver or
in some other organ.

sulfonated oxygen sensor 450 [ 600+ | 3 painted hamsters, 3 x 6 mg/kg, follow-

Ruthenium-(4,7- | (quenched by up: 7 days.

diphenyl-1,10- oxygen) [4] 3 painted hamsters, 3 x 1.5 mg/kg,

phenanthroline), follow-up: 1 day.

RuDPP No useful contrast was found.
Fluorescence lifetime measurements
showed a shorter lifetimeininvasive
tumors than in healthy tissue [5,6].

Carboxy- pH marker 465 [ 520 | 2 painted hamsters, 2 x 5 mg/kg, follow-

fluorescein MP, C-195 [3] up: 3 hours.

Diacetate, CFDA No useful contrast was found.
pH sensitive fluorescence intensity.

Glycosylated Metabolism of the | 495 | 520 |5 painted hamsters, 3 x 1 mg/kg, 2 x 0.5

Fluorescein sugars mg/kg, follow-up: 24 hours.

Sigma, F-4396 No useful contrast was found.

Di-4-ANEPPS membrane 475 | 620 | 3 painted hamsters, 3 x 0.4 mg/kg.

(ANEP: amino potential marker No pharmacokinetics could be

naphthylethenyl MP, D-1199, [3] measured. Point measurements and

pyridinium) images were recorded.

10% change of fluorescence intensity per
100 mV change of membrane potential.

Table A2.1; List of

the substances that were tested as possible novel metachromatic and non-
metachromatic photodetection agents, along with their spectroscopic properties.

The protocol of regular painting of the hamster cheek pouch with a carcinogenic agent is
described in section 4.3, Materials and Methods as well asin a paper by Andregjevicetd. [7]. The
healthy untreated animals were kept following the same rules as the painted animals.
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A2.1 EtNBS and 2I-EtNBS: the fluorophores

The PSs 5-ethylamino-9-diethylaminobenzo[ a] phenothiazinium chloride (EtNBS) and 2-iodo-5-
ethylamino-9-diethylaminobenzo[ a] phenothiazinium chloride (2I1-EtNBS) are members of the
benzophenothiazine family [8], along with the Nile Blue dyes. Their structure is given in Fig.
A2.1.

+

(CoHs),N , NH(C,Hs) (CoHs)oN @ S
X ‘ N

NH(C,Hz)

EINBS 21-EtNBS

“Figure A2.1: EXNBSand 2I-EtNBS (for simplicity, the chioride counter jon associated
with each molecule is not shown).

In general, Nile Blue dyes are tumor-localizing but not photoactive molecules [8,9]. However,
structural modifications (in this case, the alkylation of the amino-group in C-5 and the substitution
of an oxygen by a sulfur atom in the benzophenoxazine's position 7) can increase their singlet
oxygen yield [9]. Two such modified molecules are EtNBS and 2I-EtNBS (the iodine atom
mainly prevents the formation of aggregatesin solution [2]).

The EtNBS and 2I-EtNBS possess a del ocalized positive charge, they absorb red light efficiently

(e = 68600 @ 652 nm [10], about 20 times more than Photofrin), are very lipophilic and,
probably due to some steric hindrance that leads to a decreased tendency to form insoluble
aggregates, are reasonably soluble in agueous solutions [2,10]. They have a singlet oxygen
generation quantum yield of about 2.5% (compared to 0.5% for EtNBA) and, in cdl culture,
EtNBS appears to be about 100 times more phototoxic than Photofrin [10-12]. Finally, they have
a fluorescence quantum yield of 15% in methanol [2,11] and, when excited a appropriate
wavelengths, emit fluorescence above 650 nm. Their excitation spectrum is given in Fig. A2.2a
(detection wavelength: 700 nm) and emission spectrum in hamster tumor-bearing cheek pouch
tissueisgiven in Fig. A2.2b (excitation wavel ength: 600 nm).

The EtNBS s currently under preclinical investigations as tumor diagnostic and therapeutic agents
in cell cultures[10,12,13] and, due to its properties as a tumor localizing molecule in vivo (up to
8:1 with respect to muscle), in subcutaneously implanted tumors in mice [12]. In this study,
Cincottaet a report a pharmacokinetics curve in three types of tissue, in the skin of the mice, the
muscle and the implanted tumor. The tumor vs muscle ratio of dye fluorescenceis highest 3 hours
after the s.c injection of the dye solution. Moreover, the authors perform PDTs by means of
EtNBS sensitization with agood deal of selectivity for the tumor over the surrounding irradiated
tissue. The authors also devise that a possible reason underlying this fact is the intracelular
localization of the PS [12,14]. This could induce cellular damage to the tissue as opposed to a
vascular effect observed with most other PSs, especially porphyrins [11,15]. This is aso
exemplified by the small fraction of the PS in the plasma of the anima [12] and the authors link
this low level to the low levels of vascular damage to the tumor and the surrounding tissue.
Twenty-four hours after the injection, no dye is detectable by LIF anymore, neither in the skin,
nor in the muscle nor in neoplastic tissue.

In a subsequent study about the combined use of EtINBS with BPDMA [11], Cincotta et d
investigate the synergistic effect of the PSs used together in an attempt to take advantage of the
direct cellular effect of EtNBS and the mostly vascular effect of BPDMA and the ensuing hypoxia
[16]. The authors succeed in eradicating large implanted tumors with PDT and devise a
synergistic effect of the two PSs rather than an additive effect but fed that the actual mechanism
leading to the destruction of these large tumors need further studies to become completely and
clearly understood.
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The EtNBS and 2I-EtNBS are therefore interesting molecules for further testing and we carried
out some experiments with our hamster cheek pouch model.
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Figure A2.2a: Excitation spectrum of the EtNBS and 2I-EtNBS in the
sucrose solution (c = 28 pM and ¢ = 31.9 UM respectively), after the
protocol described in section 'Preparation and administration’). The detection
wavelength is 700 nm.
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Figure A2.2b: Emission spectrum of the EtNBS and 2I-EtNBS in the
hamster tumor-bearing cheek pouch tissue (measured in vivo after the
protocol described in section 'Preparation and administration’). The
excitation wavelength is 600 nm.
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A2.2 EtNBS and 2I-EtNBS: the study

Preparation and administration

The dry, dark blue powder of EtINBS and 2I-EtNBS (generously provided by Dr Louis Cincotta,
Ergoscience, Charlestown, MA, USA) was dissolved in an isotonic sucrose solution (9.25 %
sucrose in sterile destilled water) at a concentration of 1.25 mg/ml. The solution was then filtered
through an anti-bacterial filter to ensure its cleanliness.

Each hamster was first anaesthesized. A background spectrum was then measured on both cheek
pouches before the injection, along with a reference spectrum acquired on a Nile Blue cuvette
(thiswas intended to correct the actua value later measured on the peak of the dyes for the dight
variations of excitation power delivered by the lamp). Then, the hamster received an intracardiac
injection of 0.2 ml/100 g of this solution to achieve a dose of 2.5 mg/kg. Tests on hedthy
hamsters showed that doses above this value were toxic for the animal. Shortly after the injection,
we started to measure the pharmacokinetics of the dye by Light-Induced Fluorescence (LIF) in
both the untreated cheek pouch (thereafter labeled 'healthy’) and the treated cheek pouch
(‘cancerous)).

The measurements were done by spectrofluorometry, using our optica fiber-based
spectrofluorometer described in Appendix Al. The excitation wavelength was 600 nm and
detection took place above 645 nm (Filters: Short Pass 625 nm; Dichroic 625 nm; Long Pass 645
nm). The spectra were acquired at different time intervals after the injection (4 spectra for each
point in time), thus allowing us to calculate a mean value and a standard deviation, both plotted on
the graphs. The spectra were normalized before their evaluation by dividing them by a
corresponding reference value (acquired just prior to the acquisition of each series of spectra).
After this correction, the background curve was subtracted and the value of the fluorescence
intensity was calculated at the maximum of the peak (in the 670-675 nm window). This produced
the fluorescence values (4 for each point in time) that we used for the graphs.

Twenty-three painted hamsters were involved in this study. During the first part of the study
(September 1998), three animals received an injection of EtINBS and three one of 2I-EtNBS.
Some of the results are plotted in the form of pharmacokinetics curves in the Figure A2.3. The
second part of the study (October 1998) involved 9 more animals. They received an injection of
2I-EtNBS (one of them died on the way, hence there are only 9 complete curves). These results
are displayed in the Figure A2.4. A final experiment was carried out with 8 animals to assess the
selectivity of the dyes at lower concentrations (February 1999) with disappointing results (no
selectivity was found with either dye).

Results and discussion

Figure A2.3 shows some of the results of the first part of the study. Each curve represents the
measurements for one animal. The vertical scales of Fig. A2.3a and A2.3b are comparable. This
means that the smaller values for 2I-EtNBS reflect the smaller fluorescence signals that we
observed. This might be due to the smaller solubility of 2I-EtNBS.

Figure A2.3a shows the pharmacokinetics of the EtNBS in one hamster. Altogether, three
hamsters received the same injection at the time of this study. On the second hamster, no
selectivity was found at any point in time after the injection. On the third hamster, a sdectivity of
2:1 after 30 minutes and 1.5:1 after around 250 minutes was observed, in good agreement with
the pharmacokinetics curve given on Fig. A2.3a (data not shown).

Figure A2.3b shows the pharmacokinetics of the 2I-EtNBS in one hamster. Altogether, three
hamsters received the same injection at the time of this study. On the second hamster, no
selectivity was found at any point in time after the injection. On the third hamster, a sdectivity of
3:1 after atime interval of around 200 to 400 minutes was observed, in good agreement with the
pharmacokinetics curve given in Fig. A2.3b (data not shown).

In both cases, these results appear promising as there seems to be some selectivity of the dyes for
early cancerous lesionsin this model. However, since this seems to be more marked in the case
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of the 2I-EtNBS, it was decided that the second part of the study would take place with this
fluorophore only as a start.

160 ,

—&— Cancerous Mucosa
—— Healthy Mucosa

140 +
120 +

100
80

40 |

Fluorescence Intensity [r.u.]

20

O IIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1 1 111

10 100 1000 10°*
Time after the injection [min]

“Figure A2.3a; Relative fluorescence signal of ETNBS on the healthy and cancerous
cheek pouch of one hamster as a function of the time interval after the injection of
2.5 mg/kg. The excitation wavelength is 600 nm and the detection is above 645
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Figure A2.3b: Reative fluorescence signal of 2I-EtNBS on the healthy and
cancerous cheek pouch of one hamster as a function of the time interval after the
injection of 2.5 mg/kg. The excitation wavelength is 600 nm and the detection is
above 645 nm.
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Figure A2.4 shows the results of the first and the second part of the study. This curve represents
the measurements for al the 13 animals that received 2.5 mg/kg of 2I-EtNBS. The surprising
feature of Fig. A2.4 isthat thereis hardly atrace of the selectivity we observed in the first part of
the study.

50 —&— Cancerous Mucosa

= —~8— Healthy Mucosa

> 40 |

%)

[

()]

c 30

(D)

e

@ 20 |

(2]

Q

S 10}

LL

O IIIII L L IIIIIII L IIIIIIII L L L

10 100 1000
Time after injection [min]

Figure A2.4: Relative fluorescence signal of 21-EtNBS on the healthy and
cancerous cheek pouch of thirteen hamsters as a function of the time
interval after the injection of 2.5 mg/kg. The excitation wavelength is 600
nm and the detection is above 645 nm.

It isarather difficult to gather much relevant information from these results. Some selectivity has
definitely been observed in the first part of the study and this looks like it is consistent with other
results obtained with these dyes (a 3:1 sdlectivity has been observed between tumor and healthy
tissue in mice after the extraction of the dye [2]). Moreover, this selectivity could be lost a higher
drug concentrations. If we use the first fluorescence measurement a 10 min after the 21-EtNBS
injection as an indication of the drug dose that the animals received, we notice that the animals in
the second part of the study received 3 times as much as the animals in the first part of the study
(although the data are not shown, thisis the case on all curves). However, it should be noted that
all the animals received the sameinjection. Hence, it is hard to believe that a factor 3 in the dose
received can be observed due to injection problems aone (although due to the intrinsic color of
the solution, the injection isindeed atricky part of the experiments).

This observation might be linked to solubility problems as the 2I-EtNBS seemed to be less
soluble than the EtNBS. A more plausible explanation, though, is that the signals that we
measured with 2I-EtNBS were very small. This is due to many limitations: the solubility of the
dyeislimited, as stated above; the volume that one is allowed to safely inject into the heart of a
hamster islimited; the intracardiac injection hasto be quick. All these reasons might well account
for very small and hence noise-sensitive signals.

Asafinal remark, it should be stated that these fluorophores have shown very promising potential
in animals bearing an implanted tumor. However, the extrapolation of such results to animas
bearing avery early chemically-induced (hence neither grafted nor implanted) cancerous lesion is
difficult. It could be that the interesting selectivity properties of these dyes are lost when dealing
with such alesion.
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Ithough it is mentioned in the text of section 8.3 that the measurements of

autofluorescence of the bronchial tissue were performed a several wavelengths and for

severda histopathological statuses, some graphs only are given explicitly. The am of this
appendix is to present the remaining data. We present here the autofluorescence mean spectra,
both normalized (to compare the spectral shapes) and non-normalized (to compare the intensities)
at all the wavelengths. Preceding the spectra, Table A3.1 gives the exact number of spectra and of
patients for each spectrum. Finally, a graph shows the interpatient variations of the spectra and
the interpatient stability of the measurements.

Aswill beseenin Table A3.1, not all patients have been measured at al wavelengths. This is due
to safety reasons, as the anesthesia cannot be extended indefinitely. A typical patient has therefore
been measured at 4 wavelengths.

Figures A3.1ato A3.11agive normalized spectra. The spectra consequently have their maximum
in the 'green’ region set a unity. It is sometimes a loca maximum and sometimes the maximum
of the spectrum. Figure A3.1b to A3.11b give relative spectra. The healthy spectrum is still set &
unity and the other spectra are divided by the relevant factor to express their intensity relatively to
the healthy spectrum. They can therefore be compared to each other within a wavelength but not
from a wavelength to another. All the spectra in Figures A3.1a/A3.1b to A3.11a/A3.11b are
corrected for the sensitivity of the detector. Their shape istherefore correct, but their magnitude is
correct down to a certain multiplicative factor only. This multiplicative factor depends on the
instrumentation that was used and has not been computed.

The spectra in Fig. A3.12 and A3.13 are not corrected for the sensitivity of the detector and
should therefore only be compared between them.
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Excitation | Histopathological status Number of Number of
Wavedength patients spectra
350 nm | Hedlthy 9 59

Inflammation/Metaplasia 3 60
Dysplasia/CIS 2 21
365 nm | Hedthy 15 182
Inflammation/Metaplasia 3 60
Dysplasa/CIS 2 20
Invasive 2 36
380nm | Healthy 8 80
Inflammation/Metaplasia 3 66
Dysplasa/CIS 2 18
395 nm [ Hedlthy 8 75
Inflammation/Metaplasia 3 66
Dysplasia/CIS 2 15
405 nm | Heathy 34 435
Inflammation/Metaplasia 14 295
Dysplasia/CIS 5 61
Invasive 4 90
420 nm | Hedlthy 23 193
Inflammation/Metaplasia 13 167
Dysplasia/CIS 4 33
435 nm | Hedlthy 21 185
Inflammation/Metaplasia 13 150
Dysplasia/CIS 5 41
450 nm | Hedlthy 26 344
Inflammation/Metaplasia 13 162
Dysplasa/CIS 5 67
465 nm | Healthy 14 121
Inflammation/Metaplasia 12 149
Dysplasa/CIS 3 24
Invasive 3 27
480 nm | Healthy 13 132
Inflammation/Metaplasia 8 90
Dysplasa/CIS 3 27
Invasive 2 24
495 nm | Hedlthy 11 102
Inflammation/Metaplasia 6 72
Dysplasia/CIS 1 6
Invasive 2 24
Table A3.1: Number of patients and number of gpectra taken into account

for the calculation of the typical autofluorescence spectra given in Fig. A3.1-
A3.11, sorted by excitation wavel ength.
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Figure A3.1a: normalized typical autofluoresence emission spectra of the
lung tissueinrelation to its pathological status. The excitation wavelength is
350 nm. The error barsdisplay the 67% confidence interval. The spectra are
corrected for the sengitivity of the detector.
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Figure A3.1b: non-normelized typical autofluoresence emission spectra of
the lung tissue in relation to its pathological status. The excitation wavelength
is 350 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.2a: normalized typical autofluoresence emission spectra of the
lung tissuein relation to its pathological status. The excitation wavelength is
365 nm. The error bars display the 67% confidence interval. The spectra are
corrected for the sensitivity of the detector.

Fluorescence Intensity [r.u.]

—— HealthY
—a— Metapl./Infl.

1.2

—a— Dysplasia/CIS
—x»— Invasive

B

0
400

500

600

700 800

Emission Wavelength [nm]

Figure A3.2b: non-normalized typical autofluoresence emission spectra of
the lung tissue in relation to its pathological status. The excitation wavelength
is 365 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.3a normalized typical autofluoresence emission Spectra of the

lung tissuein relation to its pathological status. The excitation wavelength

1380 nm. The error bars display the 67% confidence interval. The spectra
are corrected for the sengitivity of the detector.
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“Figure A3.3b: non-normalized typical autofluoresence emission specira of the
lung tissue in relation to its pathological status. The excitation wavelength is
380 nm. The spectra are corrected for the sengitivity of the detector.
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Figure A3.4a: normalized typical autofluoresence emission spectra of the
lung tissuein relation to its pathological status. The excitation wavelength is
395 nm. The error bars display the 67% confidence interval. The spectra are
corrected for the sensitivity of the detector.
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Figure A3.4b: non-normalized typical autoflLoresence emission spectra of
the lung tissuein relation to its pathological status. The excitation wavelength
Is 395 nm. The spectra are corrected for the sengitivity of the detector.
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Figure A3.5a: normalized typical autofluoresence emission spectra of the
lung tissuein reation to its pathological status. The excitation wavelength
is405 nm. The error bars display the 67% confidence interval. The spectra
are corrected for the sensitivity of the detector.
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Figure A3.5b: non-normalized typical autofluoresence emission spectra of
the lung tissuein relation to its pathol ogical status. The excitation wavelength
is405 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.6a: normalized typical autofluoresence emission spectra of the
lung tissuein relation to its pathological status. The excitation wavelength is
420 nm. The error bars display the 67% confidence interval. The spectra are
corrected for the sensitivity of the detector.
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‘Figure A3.6b: non-normalized typical autofluoresence emission specira of the
lung tissue in relation to its pathological status. The excitation wavelength is 420
nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.7a: normalized typical autofluoresence emission spectra of the lung
tissue in relation to its pathological status. The excitation wavelength is 435
nm. The error bars display the 67% confidence interval. The spectra are
corrected for the sengitivity of the detector.
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Figure A3.7b: non-normalized typical autofluoresence emission specira of the
lung tissue in relation to its pathological status. The excitation wavelength is
435 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.8a: normalized typical autofluoresence emission spectra of the
lung tissue in relation to its pathological status. The excitation wavelength
is450 nm. The error bars display the 67% confidence interval. The spectra
are corrected for the sensitivity of the detector.
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‘Figure A3.:8b: non-normalized typical autofluoresence emission spectra of the
lung tissue in relation to its pathological status. The excitation wavelength is
450 nm. The spectra are corrected for the sengitivity of the detector.
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Figure A3.9a: normalized typical autofluoresence emission spectra of
the lung tissue in rdation to its pathological status. The excitation
wavelength is 465 nm. The eror bars display the 67% confidence
interval. The spectra are corrected for the sensitivity of the detector.
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Figure A3.9b: non-normalized typical autofluoresence emission spectra
of the lung tissue in reation to its pathological status. The excitation
wavelength is 465 nm. The spectra are corrected for the sensitivity of
the detector.
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Figure A3.10a: normalized typical autofluoresence emission spectra of
the lung tissue in reation to its pathological status. The excitation
wavelength is 480 nm. The eror bars display the 67% confidence
interval. The spectra are corrected for the sensitivity of the detector.
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Figure A3.10b: non-normalized typical autofluoresence emission spectra of

the lung tissue in relation to its pathological status. The excitation wavelength
IS 480 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.11a: normalized typical autofluoresence emission spectra of
the lung tissue in relation to its pathological status. The excitation
wavelength is 495 nm. The error bars display the 67% confidence
interval. The spectra are corrected for the sensitivity of the detector.
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Figure A3.11b: non-normalized typical autoflLoresence emission spectra of the
lung tissue in relation to its pathological status. The excitation wavelength is
495 nm. The spectra are corrected for the sensitivity of the detector.
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Figure A3.12; autofluorescence specira of the bronchial tissue of 20

patients (same patients as in the Figure 19). The excitation wavelength
1S 405 nm.
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“Figure A3.13; Normalized autofluorescence spectra of the bronchial
tissue of 20 patients (same patients as in the Figure 18). The excitation
wavelength is 405 nm.
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Discussion

Figures A3.1ato A3.11a present normalized autofluorescence spectra. They were obtained with
different excitation wavelengths. The first feature that can be noted is the similarity of the spectra
of hedlthy tissue and of inflammatory/metaplastic tissue. At some excitation wavelengths, they
overlap so closely that they cannot be distinguished (395, 405, 450 nm). This feature is of great
importance because the inflammatory tissue is not malignant. An autofluorescence imaging
system aiming at detecting early cancers should therefore assign these types of tissue to the same
subgroup as healthy tissue. This goal appears achievable in the light of our results.

For the hedthy and inflammatory/metaplastic tissue spectra, the error bars are small. This
indicates a high reproducibility of these measurements. This fact is further corroborated by our
measurements of the interpatient stability of the autofluorescence measurements (Fig. A3.13).
Finally, the intrapatient measurements also proved highly stable (see Section 8.3, Discussion).
These observations indicate that there might well be something as a 'typical’ autofluorescence
spectrum for healthy bronchia tissue. This has been observed at dl wavelengths (for the sake of
readability, the data collected at an excitation wavelength of 405 nm only has been shown).

The typical autofluorescence spectra of the dysplasias/CIS are less stable, as expected. First of
all, these spectrado not always have the same shape as the previous two spectra. Depending on
the excitation wavelength, this difference is dight (350, 365, 380, 465, 480 and 495 nm) or
marked (395, 405, 420, 435 and 450 nm). The error bars are also larger for the early lesions than
for the healthy spectra. Several reasons can be invoked to explain this fact. Sampling error is
likely to be one of them, aong with the inhomogeneity of the early tumors. They are both
discussed in Section 8.3, Discussion. More reasons can probably be found but this is beyond the
scope of this work. On the other hand, these modifications to the spectrum of early cancerous
lesions with respect to their healthy counterparts indicate that this detection method can probably
produce sensitive and specific results if a relevant excitation wavelength is chosen. This is a
desirable goal and the imaging systemsto come will benefit from similar studies to optimize their
performance.

Regardless of the excitation wavelength, the normalized spectra overlap up to a certain emission
wavelength and then no longer do so. Interestingly, the wavelength region where this divergence
occurs seemsto be located in the same range of emission wavelengths, namely around 600 nm.
Thisinteresting feature has been discussed in detail in Section 8.3, Discussion.

Wherever available, the typica autofluorescence spectra of more invasive lesions have been
included in the graphs. Again, these spectra tend to overlap the spectra of hedlthy tissue up to a
certain point (also in the 600 nm region) and not at higher wavelengths anymore. The error bars
are also larger than on healthy spectra and this probably also reflects the inhomogeneity of the
lesions. It is, however, interesting to note that the relevant spectrum excited a 405 nm seems to
display a structure between 600 and 700 nm that might be reminiscent of the double-peak
structure of the porphyrin spectra. While this observation has not been made on each and every
spectrum, it still is marked enough to be noticeable on the typical spectrum. It should also be kept
in mind that several papers in the literature link invasive tumors with an increased content of
endogenous porphyrins.

Figures A3.1b to A3.11b show the same typica spectra in their non-normalized form. Whereas
Fig. A3.1a to A3.11a were intended to show the shape of the typical spectra, these graphs give
their relative intensities. As has been reported by several authors (see Section 8.3, Discussion), a
decrease in the autofluorescence is observed on the spectra of non-healthy tissues. Our data tends
to confirm this observation. Moreover, regardless of the excitation wavelength, there seems to be
apattern in the evolution of the typical spectra, namely a decrease in intensity between the healthy
and the inflammatory/metapl astic tissue spectrawith little, if any at all, change in the shape of the
spectra. The next step in the cancerization process sees amarked decrease in the intensity in most
cases and is usually associated with a concomitant change of the spectral shape. This is especialy
marked with the excitation wavel ength between 405 and 450 nm. Whenever available, the spectra
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of theinvasive lesions show that the decrease in intensity continues afterwards, abeit not quite as
markedly.

These observations tend to show that something is happening during this process that noticeably
influences the fluorescence properties of the tissue. Further studies are necessary to assess the
exact reason behind this observation. As for our goal to develop an autofluorescence imaging
system, this should be reassuring as to the chances of success associated with our trial.

Finally, Fig. A3.12 extends the concept of interpatient variations of the autofluorescence. Many
of the moleculesthat are responsible for the autofluorescence are involved in the metabolism. The
metabolism can vary from one patient to another and, as expected, the intensity of the
autofluorescence spectrum varies accordingly. It has been found that this intensity can vary from
up to one order of magnitude.
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