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ABSTRACT

Lasers techniques are able to produce precise and sometimes unique tissue
effects. These promise an improvement over the conventional techniques
for treating both superficial and early muscle invasive bladder cancer.

Photodynamic Therapy (PDT) is an experimental treatment that shows
great promise for treating superficial bladder cancer, especially resistant
carcinoma in situ (Cis). Some clinical studies though have reported serious
side effects, mainly in producing an irreversible functional impairment in
many bladders due to fibrosis. This thesis presents a study of the effect of
changes in dosimetry variables on the normal rat bladder using a new
photosensitiser, aluminium chlorosulphonated phthalocyanine. The uptake
of this drug into the different layers of the bladder wall has also been
investigated using sensitive fluorescence microscopy techniques. The
maximum concentration gradient of photosensitiser between the superficial
and the deep layers of the bladder wall was reached after 24 h following
administration and was increased by the photobleaching observed at low
sensitiser concentrations. Morphological and functional changes (bladder
capacity and compliance) were also studied and it was found that if PDT
damage was restricted to the superficial layers of the bladder, the resulting
functional disturbance was less severe and recovered more fully than when
the muscle layers were also involved. At low concentrations of photo-
sensitiser a selective, superficial necrosis was achieved across a wide range
of light doses. If these experimental results can be achieved in clinical
practice then PDT should provide an effective and bladder preserving
treatment for Cis without the complications that have been seen previously.

The possible role of the flashlamp pulsed-dye laser for PDT was studied
using cultured human bladder carcinoma cells (MGH-U1) sensitised with
dihaematoporphyrin ether. It was found that this clinical laser was of a
comparable efficacy to the more complex systems currently used for PDT.

The morphology of the coagulation produced by the neodymium:YAG
laser on the pig bladder has been compared with conventional electro-
cautery. A marked qualitative difference was seen between these two
modalities in that the laser produced a more even coagulation with little
disruption of the tissue architecture. A major attraction for urologists is
that, in conjunction with flexible cystoscopy, superficial bladder tumours
may be laser coagulated on an outpatient basis using only topical urethral
anaesthesia. A study of 33 patients with recurrent tumours treated in this
way shows the convenience and economy of this technique though no
reduction in the incidence of recurrences was seen after laser therapy.



PREFACE

The title of this thesis implies that it will aim to cover the whole field of
laser therapy as applied to bladder cancer. This will comprise both

experimental and some clinical work with a review of relevant literature.

Section 1 outlines the pathology and current treatment of bladder cancer
and how laser techniques might complement or improve on conventional
therapy. The principles of laser action and the several different types of
lasers available are described. At present there are only 2 types of laser
applications; either the thermal destruction of bladder tumours or a photo-
chemical technique not requiring heat but using a photosensitising drug to
produce tissue damage which is known as photodynamic therapy (PDT).

Section 2 deals with PDT in detail and describes our experimental work
in this field. This comprises both in vitro studies on a human bladder
tumour cell line and in vivo studies on the effect of PDT on bladder
function which is the area in which most clinical problems have been
encountered. It had been hoped to carry out a clinical PDT study, but due
to delay in acquiring the necessary regulatory approval for the photo-
sensitiser drug this has not proved possible.

Section 3 covers the use of thermal lasers to ablate bladder tumours.
This is by far the commonest urological application of the
neodymium:YAG laser and where the bulk of clinical experience has been
gained. The experimental work presented in this section looks at the
morphology of laser lesions in normal pig bladder, and compares them to
conventional diathermy, as an accurate assessment of the expected tissue
effect is necessary to match treatment dosimetry variables to tumour
pathology. A small study in which tumour recurrences in patients have
been treated without anaesthetic using a Nd:YAG laser in conjunction with
flexible cystoscopy is reported together with early follow-up data.
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1.1 INTRODUCTION

Bladder carcinoma is the commonest urological malignancy requiring
treatment (prostate cancer is more common in males but frequently occult)
and the commonest one to cause death. In 1985, 9500 new cases were
registered in the U.K. (Cancer Statistics, 1990), and in 1988 there were
4800 deaths (Mortality Statistics, 1990). It is 2.6 times more common in
males and maximal around the 7th decade. Smoking increases the risk of
developing the disease from 2-6 times. The aetiological role of industrial
carcinogens, particularly certain aniline dyes and chemicals such as B-
naphthalenes which were used in the rubber industry has been recognised
for years and their use is now generally banned. Nearly all bladder
tumours are transitional cell carcinomas arising from the urothelium and
all the trials reviewed here relate to these. Other histological types are

rare and often advanced at presentation, they will be discussed briefly later.

As with other carcinomas, bladder tumours are classified by grade (G1-3)
and stage (Ta-T4). Grade 1 (G1) indicates a well-differentiated tumour,
G2 moderate and G3 a poorly differentiated tumour. Grade is the single
most important prognostic feature though high grade tumours also have a

positive correlation with more advanced stage.

Staging of the local tumour indicates the depth to which it has extended into
the bladder wall (fig. 1.1). Superficial tumours comprise carcinoma in situ
(Cis) and Ta which are confined to the epithelium, and T1 - into the cores
of the papillae or lamina propria. Muscle invasive cancers may be T2 (into
the muscle but not palpable bimanually) or T3 (subdivided rather
artificially into T3a - invading more than half-way through the muscle
layer, and T3b which is through the bladder wall but not invading adjacent
structures). T4 tumours invade other organs such as the uterus or rectum.

These are generally fixed and inoperable except for T4a (into prostate or
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1.2 SUPERFICIAL PAPILLARY BLADDER CANCER

The diagnosis and treatment of patients with superficial (Ta,T1) papillary
bladder cancer comprise a significant proportion of a general urologist's
workload. Around 70% of all superficial tumours are stage Ta, almost all
of which are G1 or G2 and are most unlikely either to progress locally and
become invasive or to metastasise (Abel et al., 1988). Once diagnosed,
however, patients are usually advised to undergo long term surveillance by

regular cystoscopy as many will require repeated treatment of recurrences.

1.2.1 Treatment

Standard treatment is by transurethral resection (TUR) or diathermy
fulguration and, in general, only when recurrences become particularly
frequent or numerous do other adjuvant therapies such as intravesical
chemotherapy become applicable. New treatment modalities that may
reduce tumour recurrences in these patients would therefore have little
survival benefit except in the small number of patients who present with

superficial cancer which is destined to become invasive.

1.2.1.1  Prognostic indicators

The most useful of these for indicating a potentially more aggressive nature
are high tumour grade, stage, size, multiplicity and rate of recurrence of
new tumours, and the presence of Cis (Heney et al., 1983). A patient with
G2 or G3 superficial recurrences has a high chance of developing an
invasive tumour whereas the only categories of patients with G1 disease
who have a real risk of developing subsequent invasion are those with
either multiple recurrences (greater than 5 at each cystoscopy), or those
who develop disease in the upper tracts or prostatic ducts. Other
prognostic factors include DNA analysis by flow cytometry as tumours

with a diploid pattern have a better prognosis than aneuploid ones.
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However although these techniques may have a role in routine clinical
practice in the future it is doubtful whether at present they provide any

more useful information over histological grade and stage alone.

1.2.1.2 Intravesical chemotherapy

The first intention in managing a patient with superficial bladder cancer
must be to surgically resect or fulgurate all visible tumour. Patients who
show the risk factors for developing invasive disease listed above, and those
who persist in developing frequent recurrences are candidates for some
form of intravesical therapy in the hope of normalising the bladder
urothelium, or at least reducing subsequent recurrences and hopefully
preventing progression. Treatment may be either adjuvant (prophylactic)
with the aim of preventing recurrence, or therapeutic to treat established
disease. Agents commonly used include epodyl (no longer available),
thiotepa, mitomycin C, adriamycin or Bacillus Calmette-Guérin (BCG).
There have been many trials over the years and although results vary
considerably, it would appear that the chief benefit seems to be in slightly
reduced numbers of recurrences and prolonged interval to first recurrence
rather than in altering the natural history of superficial bladder cancer (i.e.
reducing the progression rate) or giving any long term survival advantage
(Herr et al., 1987).

1.2.2 The pT1G3 bladder tumour

Around 60% of invasive transitional cell tumours arise in patients with pT1
G3 disease yet these constitute less than 20% of all bladder tumours (Smith
et al., 1986). Furthermore these tumours are often associated with
coexistent carcinoma in situ (Cis) which is a further high risk factor for
progression (see below). Five year local recurrence rates after TUR alone

are in excess of 60%, and 80% will get recurrences elsewhere in the
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bladder (Jakse et al., 1987). The risk of an invasive tumour developing in
such a patient within 2-5 years has been estimated at around 40% overall
from series comprising some 180 patients, and 60% in those who get

recurrent superficial tumours (Birch and Harland, 1989).

Intravesical chemotherapy - Because of this risk most clinicians would
give adjuvant intravesical therapy to patients with high grade superficial
tumours though, as mentioned above, no controlled study has yet been able
to demonstrate that this will reduce the progression to invasive disease in
the long term (Riibben ez al., 1988). Time to first recurrence is delayed
and the number of recurrences are reduced in the first 1-2 years and
although it would see reasonable to expect that if recurrence rates are
reduced so might progression rates, unfortunately this does not seem to be
the case. A study of 60 patients with superficial G3 tumours treated with
adjuvant intravesical chemotherapy had a similar rate of progression (40%)

to that in a series treated by TUR alone (Smith ez al., 1986).

Radiotherapy - Radiotherapy, most commonly used for muscle-invasive
bladder cancer, has been shown of benefit in the treatment of high grade
superficial tumours. Most series quote freedom from progression in
around 50% after 2-5 years follow-up though those who do not achieve an
initial complete response do very badly (Quilty and Duncan, 1986). There
also seems little benefit in irradiation after failed intravesical chemotherapy
both in terms of eradicating disease and in producing severe side-effects
(Sawczuk et al., 1988).

Surgery - There are several studies supporting the view that the best
survival rates are obtained when cystectomy is carried out early. Stdckle et
al. (1987) reported a 90% S-year survival in 55 patients whose bladders
were removed upon diagnosis compared with only a 62% 5-year survival,

albeit in a smaller number of patients, in whom cystectomy was delayed
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until further recurrences had occurred. However early surgery inevitably
overtreats the 15-20% of patients who will be cured by a single TUR alone
and, as most urologists are loath to perform possibly unnecessary
cystectomies, this is an unusual course of action, at least in the U.K.
Perhaps with the increasing refinement and availability of reconstructive

surgery this will begin to change.

1.3 CARCINOMA IN SITU

The term carcinoma in situ (Cis) covers a wide spectrum of disease from a
flat localised area in an otherwise normal bladder which may remain
relatively static and asymptomatic for years, to a generalised involvement
of the epithelium producing severe symptoms (malignant cystitis) and
having a high.risk (60-80%) of rapid progression to muscle invasive
disease by which stage the patient is invariably doomed (Utz, 1970). The
histological appearances in Cis are of high grade (G3) malignant cells
confined to the epithelial layer (UICC, 1981). Their propensity for
exfoliation can lead to confusion in small biopsies which may be completely
denuded of epithelium, although these patients will always have positive
urine cytology. Dysplasia which is a benign condition suggesting urothelial
instability may lead on to Cis, though severe dysplasia is morphologically

indistinguishable from Cis and therefore synonymous with it.

1.3.1 Incidence

Primary Cis (unassociated with any exophytic bladder tumour) is a rare
condition with a strong male predominance. Reported incidences vary
considerably from as low as 0.3% of all bladder tumours in one large

series (Farrow et al., 1977), to 7% in a series containing a bias of tumours
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induced by industrial carcinogens (Glashan, 1989). Secondary Cis in
association with other transitional cell carcinomas is more common,
increasing with the stage of the primary tumour, so that it is found in
association with about 20% of T1 tumours and 33% of T2 tumours
(Glashan, 1989). However secondary Cis is probably under-reported and
will often be missed unless random biopsies of normal looking as well as

the suspicious areas of bladder mucosa are taken.

1.3.2 Treatment

As there is so much variability in the natural course of a patient found to
have Cis, a single treatment protocol is inappropriate. Although there is a
high chance of recurrence of Cis and an overall risk of some 60% of
progression to invasive cancer without adjuvant therapy (Utz et al., 1980),
it is reasonable just to treat conservatively by fulguration, or even by
observation alone, those patients with small areas of flat asymptomatic Cis.
Patients with the more aggressive widespread forms of the disease which
appear raised and angry-looking at cystoscopy, invariably have symptoms
of bladder irritability, reduced capacity and pain which may be most

disabling and in themselves an indication for cystectomy.

Intravesical agents - The common chemotherapeutic agents such as
Thiotepa (Farrow et al., 1977), Mitomycin C (Heney, 1985), and
Adriamycin (Jakse er al., 1984) will achieve a complete response rate in at
least 50% of patients with Cis. Bacillus Calmette-Guérin (BCG) seems
slightly more effective with initial normalisation of the bladder epithelium
in 60-70% of patients (Haff ez al., 1985). Herr et al. (1986) still had a

complete remission in 50% of 47 patients at 5 years (68% initial response).

Systemic chemotherapy - Encouraging responses of extensive Cis have

been achieved with intravenous cyclophosphamide which, as well as
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proving more effective than intravesical mitomycin C, also led to the rapid
resolution of symptoms of malignant cystitis and reversed prostatic duct
involvement (Jenkins et al., 1988a). Although this experience was in only
17 patients none of the 75% who responded developed disease progression
during follow-up of more than 3 years. However major irritative

symptoms were common, for which 2 patients required cystectomy.

Radiotherapy - Most evidence suggests that there is no place for
radiotherapy in the management of primary Cis (Riddle et al., 1976;
Whitmore and Prout, 1982).

Radical surgery - There is little doubt that early cystectomy produces
the best chance of survival from carcinoma in situ (Riddle et al., 1976;
Farrow et al., 1977). The need is to identify those patients who need

surgery before progression occurs.

The most satisfactory current approach is to locally fulgurate all visible
tumour at the initial cystoscopy and then to repeat this with random
biopsies a few weeks later. Residual disease or positive cytology should be
treated with no more than 2 courses of BCG, and cystectomy performed

without undue delay on those whose disease persists or later relapses.

1.4 INVASIVE BLADDER CANCER

Invasion of the muscle layers of the bladder wall by tumour is an ominous
prognostic sign with an overall 5 year survival rate less than 50%. Most
invasive tumours present as such (about 25% of all new bladder cancers)
with only a small minority developing in patients with a preceding history
of superficial carcinoma. The great majority are transitional cell

carcinomas.
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1.4.1 Radical Treatment

The standard treatment in the UK of non-metastatic transitional cell
carcinoma which is invading muscle consists of radical cystectomy with
urinary diversion or radiotherapy, either alone or in combination. There
still exists some diversity of opinion as to the best management of primary,
potentially curable, invasive bladder cancer largely because there have been
few large, randomised prospective trials of the various treatment options
available. The Institute of Urology and Royal Marsden study of T3
tumours for instance, which commenced in the 1960's, took 10 years to

recruit 200 patients (Bloom et al., 1982).

Radiotherapy prior to radical cystectomy offers the potential of reducing
pelvic recurrence and several series have shown some benefit from this
combination over surgery alone. Others though have not found any added

benefit from preoperative radiotherapy (Skinner and Lieskovsky, 1984).

The lower morbidity of modern radiotherapy compared with cystectomy
has led many centres to adopt radiotherapy as their primary treatment of
muscle invasive bladder cancer. This will result in a complete regression
in about 50% of cases though in only 60% of these will the response be
durable (Quilty et al., 1986). Cystectomy can then be reserved for those
who fail local control and have no evidence of metastases. A recent series
of 182 patients with T2 or T3 bladder cancer showed an overall corrected
5 year survival rate of 40% following radical radiotherapy as the primary
treatment, with salvage cystectomy in suitable cases (18%) (Jenkins et al.,
1988b). Adjuvant chemotherapy has given encouraging initial response
rates of 55-80% but no clear survival advantage over radiotherapy alone
has so far emerged in randomised trials (Raghavan 1988). A current MRC
trial is underway to assess the effect of combination chemotherapy before

conventional treatment (radiotherapy or cystectomy).
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1.4.2 Local excision

Partial cystectomy has been commonly employed for the rarer non
transitional-cell carcinomas, particularly urachal tumours. There is also
sometimes a role for partial cystectomy for favourably placed solitary
invasive tumours in frail patients, or for those tumours arising in a
diverticulum. In general, though, results are disappointing with a high

incidence of local recurrence and metastases (Gill ez al., 1989).

Radical TUR whereby the full thickness of the bladder wall is resected has
been shown to give good results in the hands of enthusiasts. Clearly though
this is only suitable for relatively small tumours in extraperitoneal sites and
there is a worry that the inevitable extravasation may lead to extravesical
recurrence. For this reason combination with chemotherapy seems

advisable (Hall ez al., 1984).

1.5 LASER TREATMENT OF BLADDER CANCER

1.5.1 Introduction

There has been enormous interest in the possibility that lasers could add to
the current management of bladder cancer. Lasers are not magic, healing
rays as they have often been portrayed but they can produce unique,
precise and predictable effects on tissue which may complement existing
techniques and treatments. The ability to transmit powerful light energy
along fine quartz or silica fibres has opened up the whole field of
therapeutic endoscopy to laser techniques. Most interest has focussed on
the treatment of malignant disease of which bladder cancer is but an
example. Clearly to be worthwhile a new technique must offer real
advantages over existing methods, if not in overall improved prognosis

then at least in terms of economy, convenience or reduced morbidity.
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Most work has centred around the thermal effects of the neodymium:
yttrium aluminium garnet (Nd:YAG) laser or the photosensitising abilities
of certain drugs activated by specific wavelengths of laser light. The
various types of urological lasers will be discussed in detail in chapter 2,
but for now it is useful to reflect more generally on the introduction of

laser techniques to urology.

1.5.2 Historical background

The first workers to apply laser energy to the bladder were Parsons and
co-workers (1966), who exposed an opened canine bladder to 694 nm light
from a pulsed ruby laser, using energy levels of 10-15 J. The histological
appearances after 3- 10 days showed minor damage confined to the mucosa
with a sharp transition from neighbouring normal tissue. They suggested
that this new energy modality might destroy bladder cancer endoscopically,
provided a suitable “light pipe” could be found. This breakthrough did not
come until the development of the flexible quartz fibre (Nath et al., 1973)

and the argon ion laser.

Several urologists have studied the argon ion laser (Staehler et al., 1976).
It is not ideal for urological use as it is low powered, poorly haemostatic
and although readily transmitted by quartz glass fibres, only penetrates
tissue for 1-2 mm. The blue/green argon laser light is well absorbed by
haemoglobin and whilst effective for small bladder tumours (Smith and
Dixon, 1984), it has in clinical practice been supplanted in this role by the
more powerful, compact and reliable neodymium:YAG laser (section
2.2.1). The argon laser can be used to pump (excite) a dye laser and this
configuration is still the standard light source for photodynamic therapy
(Benson, 1988). Even in this field though the argon dye laser is likely to

be superseded by the newer, more powerful pulsed metal vapour lasers.
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Miissiggang and Katsaros (1971) were the first to describe the use of the
Nd:YAG laser, for urological purposes. They realised its advantage over
the carbon dioxide laser in being transmissible via flexible glass fibres, and
designed a prototype laser cystoscope using bundles of thin glass fibres to
transmit the energy. Unfortunately glass caused significant transmission
losses, and the resultant heat generated quickly melted the adhesive used to
hold the bundles together unless the whole apparatus was water cooled.
They studied the effect of the pulsed Nd:YAG laser on bladder, prostate
and renal tissue as well as calculi. In the bladder they were able to produce
coagulation to a depth of about 1 mm using a power of 25 W. This damage
was sharply demarcated from the surrounding normal tissue. Stachler and
Hofstetter (1979) produced full thickness lesions (2 mm) in rabbit bladder
with a power of 40 W for 2 s, in comparison to the more shallow lesions

made by an argon laser.

1.5.3 Photodynamic Therapy

Photodynamic therapy (PDT) is an attractive approach to the treatment of
superficial bladder cancer, especially resistant Cis. The mechanism of PDT
will be described in detail in chapter 4 but in brief involves the
administration of a photosensitising drug which is retained with some
selectivity in malignant tissue (Benson et al., 1982). Light of a specific
wavelength corresponding to an absorption peak of the photosensitiser is
then used to illuminate the bladder mucosa. This light is best produced by
a laser and transmitted via a diffusing fibre placed centrally within the
bladder at cystoscopy. Illumination activates the photosensitising drug to
produce local necrosis of tumour, probably mediated via singlet oxygen,
with ideally little adverse effect on adjacent normal tissue. Because PDT is

not a thermal process the treatment is painless and could possibly be
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carried out on an outpatient basis though all workers so far have used
general or epidural anaesthesia because of the relatively lengthy
illumination times required (Stamp e? al., 1990). Treatment of superficial
bladder cancer with PDT should still be regarded as an experimental
therapy whilst applications to tumours in solid “urological” organs such as

the prostate are still in the pre-blinical phase.

It is in the patient with widespread Cis that PDT is most likely to be of
value. It has the advantage of being a single treatment and although there
are insufficient clinical data available to assess durability of response it
should be possible to retreat patients who relapse without additional
toxicity. Although the limitations of extravesical field changes apply to
bladder PDT as well as intravesical chemotherapy it would be technically
possible with currently available delivery systems to also treat the prostatic

urethra and lower ureter directly.

The bladder seems ideally suited to PDT as it is readily accessible and as
the entire mucosa can be treated simultaneously, areas of occult dysplasia
and Cis do not have to be precisely defined. The published clinical data are
discussed in detail in chapter 3, but they generally show that PDT is most
effective at treating Cis, less so for superficial papillary disease, and
ineffective for invasive tumour. Although good results have been achieved
in terms of the eradication of superficial bladder cancer resistant to all
conventional modes of treatment short of cystectomy, in around 65% of
patients treated (Benson, 1986; Shumaker and Hetzel, 1987); this has been
at the cost of considerable morbidity in most patients. Those serious side
effects reported include severe irreversible bladder shrinkage, sometimes
sufficient to require cystectomy for intolerable symptoms (Nseyo et al.,
1985a), and perhaps more worrying, a high incidence of upper tract

obstruction and vesico-ureteric reflux (Harty et al., 1989).
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1.5.4 Neodymium:YAG laser coagulation

The Nd:YAG laser energy is transmitted efficiently along modern optical
fibres and through water and has been used by urologists for more than 10
years. Its deep tissue penetration and excellent haemostatic properties
make it the laser of choice for thermal coagulation of bladder cancer. It is
with the treatment of small, superficial tumours that most expertise has
been gained, notably from European centres such as Oslo (Beisland and
Seland, 1986), and Hofstetter's groups in Munich and Liibeck (Hofstetter,
1987). As a result of these studies several advantages have been advanced
for the Nd:YAG laser compared with standard electrocoagulation,
noticeably that of improved efficacy in terms of controlling the disease
with some authors reporting a much lower recurrence rate after laser
coagulation compared to that seen following electrocautery (Hofstetter et
al., 1981; Malloy et al., 1984). However there have been few prospective
trials between laser and diathermy and these all have major shortcomings,
as will be discussed in chapter 9. One of the most beneficial aspects of
laser coagulation is that it is fairly painless and should enable, in
conjunction with flexible cystoscopy, the treatment of the great majority of

bladder cancer patients as out-patients without anaesthetic (Fowler, 1987).

There have also been some 7 studies, comprising around 150 patients,
investigating Nd:YAG coagulation as a means of local control of invasive
bladder tumours and generally showing promising results for T2 tumours
Some authors quote recurrence rates of less than 10% (Staehler et al.,
1985; McPhee et al., 1988). On the other hand laser coagulation seems to
give much poorer local control of T3 tumours with recurrence rates
generally in excess of 50% (Smith, 1986b; McPhee et al., 1988).

With the current rapid advances in instrument technology it also seems

likely that superficial low grade urothelial tumours of the kidney may soon
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be treatable endoscopically, either via a percutaneous tract or more
attractively via retrograde ureterorenoscopy. Ureteric tumours are
already being successfully coagulated by laser with less risk of traumatic
perforation or subsequent stricture than after diathermy (Schmeller and
Pensel, 1989).

1.6 DISCUSSION

The role for laser treatment in bladder cancer is still evolving. Often the
adoption of a new technique has as much to do with the personality of the
enthusiast as with any clear evidence for its superiority over existing
methods. Such has been the case with Nd:YAG laser coagulation of
bladder tumours. The great vigour that accompanies the emergence of a
new treatment such as PDT may lead to its wide application in a somewhat
haphazard way resulting inevitably in some poor results which then bring
the whole concept into disrepute. The right balance will be impossible to

achieve without careful experimentation and logical clinical trials.

Widespread bladder Cis or high grade multifocal papillary carcinoma
frequently herald the onset of a lethal invasive bladder cancer. Standard
intravesical chemotherapy is unlikely to produce a durable response in
more than 50% of patients. Early cystectomy often seems an excessively
radical step for such superficial disease with the result that surgery may be
delayed too long in non-responders, until the disease is incurable. An
effective new treatment which allowed the patient to retain his natural
bladder would therefore be very valuable and it is for this reason that PDT

has aroused our interest.

There seems little doubt that PDT can destroy bladder tumours, but before

it can become an accepted treatment for some resistant forms of superficial
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bladder cancer there needs to be much more pre-clinical research and
careful clinical trials. This is because the rapid clinical introduction of
PDT in the bladder whilst it was still an under-researched treatment, led to
major side-effects and there is a current need to revert to the sort of
preclinical studies described in this thesis. These should investigate the
effects on normal bladder as well as on tumour areas, to identify ways of
reducing the inevitable side effects to accepfable levels. As these seem to
be the result of necrosis followed by fibrosis in the muscle layer of the
bladder, i.e. the result of damage to normal tissue rather than to tumour,
these experiments can be most expeditiously performed on normal bladder.
This is fortunate as an animal model of superficial bladder cancer and in
particular of Cis, that closely approaches the human condition is not

available.

The major part of the experimental work in this thesis (chapters 6, 7 and 8)
seeks to explore the morphological and functional effects of PDT on
normal rat bladder and the subsequent recovery of bladder function during
healing. Although it is recognised that such work may not be directly
transferable to the clinical situation nevertheless it is hoped that general
principles may be established that will aid our further understanding of this

exciting technique.

The place of thermal, i.e. Nd:YAG laser, coagulation in the treatment of
superficial bladder cancer is by no means clear. The early laser pioneers
treated large numbers of patients and claimed a significant reduction in the
overall recurrence rate after laser coagulation (Hofstetter et al., 1981).
However these studies were not properly randomised against standard
therapies and most subsequent authors have not been able to substantiate
their claims, though there may be some advantage over diathermy in terms

of a reduction in local recurrence rates.
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An effective local treatment for early muscle-invasive bladder cancer
would be a worthwhile advance but the extent of laser necrosis produced
must be matched to the dimensions of the tumour being treated under
conditions where one can be sure of safe healing. Therefore not only must
the laser clinician know the extent of clinical disease (and here the more
widespread use of improved imaging techniques should be useful), but he
must also know the biological effect of the dosimetry parameters to be
applied in treatment. Some studies of the morphology of Nd:YAG lesions
in the pig bladder and a comparison of laser with diathermy coagulation

are presented in chapter 9.

We seem therefore in the not uncommon situation with new technologies in
that enough work has been done to show that a treatment is feasible but,
after the initial novelty has worn off, little careful work has been done to
define its proper place in the therapeutic armamentarium. In these days of
restricted in-patient beds and the need for improved efficiency we should
perhaps be looking at laser treatment to aid our service to patients by
enabling a reduction in the need for repeated in-patient admissions and
general anaesthetics. The prognosis of superficial low grade papillary
bladder cancer is unlikely to be improved by Nd:YAG laser coagulation
compared with diathermy coagulation as the incidence of new tumours
seems unaltered. The scope for improvement is likely to be in providing
more efficient treatment for the great majority of cases as outpatients
without anaesthetic. If this is feasible, and there is only 1 study suggesting
it may be (Fowler, 1987), then the economics of this approach, balancing
the high cost of a laser against savings in bed occupancy and theatre time,
need to be addressed. This was the justification for embarking on the study
discussed in chapter 10.
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2.1 INTRODUCTION

Light is an essential part of photodynamic therapy which requires the
production of a specific wavelength depending on the absorption spectrum
of the photosensitiser used. For external illumination of small areas the
filtered beam from an incandescent light source is usually adequate but it
has become customary to use a laser light source as this offers several
advantages. Laser light can be produced at precisely the wavelength and
power required and being so pure should contribute towards a consistent
biological effect, essential for the evaluation of this technique. Lasers
become essential for PDT when internal organs are to be treated as it is not
possible to effectively focus other forms of light down the fine optical

fibres necessary for endoscopic or interstitial use.

High energy lasers producing thermal effects (e.g. coagulation or cutting),
or photomechanical effects (e.g. lithotripsy) also have a place in urological
practice. Of these the thermal action of the Nd:YAG laser is the most
widely used and is the instrument employed for some of the work in this
thesis. It is necessary, therefore, to discuss briefly how a laser works and
to outline the characteristics of the relevant laser systems. This is not
intended to be a comprehensive account of urological laser practice for
which the reader is referred elsewhere (McNicholas, 1990).

The production of laser light requires the stimulated emission of photons in
a controlled manner from a medium excited by an external energy source.
When an atom absorbs energy it becomes excited but will soon
spontaneously return to its stable ground state by releasing this absorbed |
energy in the form of a photon. Normally more atoms are in the ground
state than in an excited state but if sufficient energy is applied to ensure that
the rate of production of excited atoms is faster than that of spontaneous
decay a “population inversion” results. Under these conditions a photon
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released from spontaneous decay can strike an already excited atom in its
path to release another photon identical to the first in terms of wavelength,
direction of travel, amplitude and phase. This is the process of stimulated
emission of radiation, first predicted in theory by Einstein over 70 years
ago, and which results in an amplified cascade of these identical photons
hence the acronym Light Amplification by the Stimulated Emission of
Radiation - LASER.

The light is produced within an optical cavity configured in such a way that
two parallel mirrors on opposite faces cause the internal reflection of those
photons travelling exactly perpendicular to the mirror face whilst any
others are lost. This means that the stimulated photons will also be
travelling in the same direction, resulting in a narrow, precisely coherent
beam. One of these mirrors is made partially reflective so that some of the
light is emitted as the laser output which can be focussed into a small spot
or transmitted via a flexible fibre. If light is prevented from escaping (e.g.
by rotating one mirror) whilst the laser medium is being energised, then a
very large population inversion builds up and upon restoring the exit path
all this energy is released as a very high energy, short duration pulse; this
is known as Q(quality)-switching. Other types of pulsed lasers producing
their output somewhat differently by energising the laser medium using

repeated electrical or optical pulses which results in a pulsed laser output.

Specific lasers derive their names from the laser medium used which may
be solid (e.g. ruby, neodymium:yttrium aluminium garnet - Nd:YAG,
holmium:YAG, or alexandrite), liquid (various coloured organic dyes
depending on the output wavelength required) or gaseous (e.g. argon ion,
carbon dioxide or metal vapour). New variants are continually coming
onto the market, though these rarely represent a real advance and will not

be considered here in any great detail.
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2.2 LASERS FOR PHOTODYNAMIC THERAPY

All photosensitisers have an absorption spectrum with a peak in the red
part of the visible spectrum. The exact wavelength depends on the
sensitiser though for the most commonly used (haematoporphyrin
derivative - HpD, and dihaematoporphyrin ether/ester - DHE) it is at 630
nm. Dye lasers use liquid organic dyes as the lasing medium which have a
fluorescence spectrum spread over about 50 nm. The particular dye used
depends on the wavelength band required and final fine tuning is achieved
with a filter. The dye laser has to be excited by another laser which is
termed “pumping”. In theory any laser can be used for this job as long as
it produces an output wavelength shorter than that desired from the dye,
though in practice the efficiency is greatly reduced if they get too similar.
At present, the laser sources most often used to pump a dye laser are the
argon ion or copper vapour lasers. The gold vapour laser emits at 628 nm
which is exactly right to excite HpD and DHE, but would not be suitable

for the newer photosensitisers that generally absorb at a higher wavelength.

Other possibilities include pumping dye lasers with excimer or frequency-

doubled Nd:YAG lasers (e.g. the KTP laser - potassium titranyl phosphate).

The laser output is capable of being focussed onto a very small spot (100 -
200 p) which enables it to be coupled into the end of an optical fibre and
transmitted to the target tissue. Fibres are made from a core of quartz
glass or fused silica enclosed in a cladding layer of lower refractive index
material to minimise transmission losses. This is then covered by a
protective plastic sheath (usually PTFE - polytetrafluoroethylene). The
laser light emerges from the distal end of the fibre as a slightly divergent
cone so, in the absence of any focussing devices, the power density on the

target tissue depends largely on the distance of the fibre from the surface.
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In the work described in this thesis a copper vapour pumped dye laser
system was used for the in vivo experiments, with aluminium sulphonated
phthalocyanine (AISPc) as the photosensitiser. A flashlamp-pumped dye
laser was used for the in vitro work with DHE as the photosensitiser. Both
of these are pulsed lasers but it should be recognised that the most
commonly used laser system for PDT in most centres is still the continuous

wave argon ion pumped dye laser.

2.2.1 Copper vapour pumped dye laser

The lasing medium is gaseous copper vaporised in a vacuum within a
ceramic tube by repeated high voltage pulses from a thyratron (10-20 kV).
This produces a population inversion within the copper atoms and a lasing
action is produced yielding two wavelengths, at 511 nm (green) and 578
nm (yellow). The copper vapour laser only operates in a high frequency
pulsed mode at a pulse repetition rate of 10 kHz and pulse duration of 30 -

50 nanoseconds (fig. 2.1).

The copper vapour laser is coupled to a dye laser so that its output passes
into the dye chamber. The dye which is continuously circulating is pumped
as a fine jet set at an angle (Brewster's angle) across the optical path of the
laser beam resulting in a population inversion within the dye molecules.
The output beam from the dye laser is passed through a birefringent filter,
which can be rotated around an axis perpendicular to the laser beam. For
each position of the filter only a single wavelength of light can oscillate
within the dye cavity and hence fine tuning of the output wavelength is
achieved. The output band of the dye laser depends on the dye used. To
get an output at 630 nm suitable for HpD or DHE, Rhodamine B is the dye
used, whereas an output at 675 nm necessary for AISPc was achieved by
using a mixture of 0.7 mM Ozozine 72 and 0.3 mM Rhodamine 6G.
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In very close proximity to tissue the intense light from a flashlamp dye
laser will disrupt electron bonds, forming a tissue “plasma” and clinically
its most important application is to fragment urinary and biliary calculi. If
the laser fibre tip is some distance from tissue this shockwave effect is lost
but it was thought interesting to see if the intense pulses of light would
produce a photodynamic action and this is the basis of work described in
chapter 5. The laser used was a prototype (Candela MDL-1P, Candela
Corp., Natick, M.A., USA), which needed a lot more maintenance than the
current clinical machines though generally it was reliable with a stable
output and needed little warm-up time. It also required 3-phase electrical

supply and external water supply for cooling the flashlamp.

2.3 THE NEODYMIUM:YAG LASER

The Nd:YAG laser has proved most effective as a thermal coagulator and
has been used successfully to treat lesions from the external genitalia to the
renal pelvis. Good transmission through water, deep tissue penetration and
excellent haemostatic properties make it the laser of choice for coagulating
bladder tumours. It is therefore with the Nd:YAG that most expertise has
been gained, notably from European groups such as Hofstetter's who have
treated over 1000 patients since 1976 (Hofstetter, 1987), and whom should

be credited with the introduction of laser surgery to urology.

The laser medium is a synthetic crystal of yttrium aluminium garnet
(YAG) doped with a small concentration of neodymium atoms (Nd). This
is pumped by light from a high intensity krypton lamp which is focussed
onto the crystal rod (fig. 2.3). Lasing is achieved between long-lived high
energy states and short-lived, low energy states of the excited neodymium

atoms. The output is usually in the near-infrared at 1064 nm though the
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2.3.1 Delivery systems

Some means is required to deliver the light produced by the Nd:YAG laser
to the target tissue. The output from the Nd:YAG laser can be focussed
onto a spot of about 200 microns. The standard optical fibre used
clinically is 600 microns which allows efficient coupling of the laser
energy into the fibre. For endoscopy with flexible instruments a thinner
fibre (usually 400 microns) is necessary as the rigidity of the 600 micron
fibre significantly restricts the deflection range of these instruments. When
working under water in the urinary tract sufficient cooling of the fibre is
provided by the irrigant so a‘“bare” fibre is used. For external use, such as
when treating anogenital condylomata, the fibre is cooled by a a flow of air

in a coaxial outer sheath around it.

The Nd:YAG laser may be used with either flexible or rigid endoscopes.
When using flexible endoscopes and bare fibres, care is necessary to
protect the instrument working channel against accidental damage from the
sharp end of the fibre (see chapter 10). For rigid endoscopy a modified
Albarran bridge, which encloses the fibre for precise manipulation, is
desirable (fig. 2.4), whilst a modified “laser resectoscope” (fig. 2.5) allows
loop resection of a bulky exophytic tumour followed by laser coagulation

of its base, without changing instruments.

2.4 LASER LIGHT INTERACTION WITH TISSUE

It is essential to understand the biological effects of laser light interaction
with tissue to use lasers appropriately in medicine. On contact with tissue,
photons may be reflected, scattered, absorbed or transmitted unchanged.

In practice a combination of these events occurs but the only process that
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Transmission may be a problem with thin-walled organs such as the
bladder when penetrating wavelengths of light such as the Nd:YAG laser in

the bladder may cause unwanted damage to overlying small bowel.

Most of the light reflected from tissue is as a result of diffuse reflection
which presents dosimetry difficulties in calculating the dose absorbed by

the tissue as it is the least easy variable to measure. This will be discussed

.........

therapy as “internal reflection” in a hollow organ results in reflected light

being repeatedly re-incident on another area of the tissue surface.

2.4.1 Biological effects

This is the end result of physical processes encompassing the transfer and
absorption of energy from the radiation field to the biological target. To
put PDT into context with other laser treatments it is useful to briefly
discuss the biological effects that medical lasers can produce which are

summarised below.

i) Thermal Optical radiation is transformed into heat leading
to coagulation, evaporation or carbonisation.

ii) Photomechanical High energy pulses produce shockwaves causing
photodisruption (laser angioplasty or lithotripsy).

iii) Photochemical A non-thermal reaction of light with tissue such
as in biostimulation and photodynamic therapy.

2.4.1.1 Thermal effects

The non-specific absorption of a photon by a tissue molecule will produce
thermal changes if the energy is delivered more quickly than the rate at
which the heat can be dissipated into the surroundings by direct conduction

or via blood vessels. The most common laser actions used in medicine are
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thermal producing precise coagulation or cutting actions. When using high
power thermal energy the tip of the fibre should not touch the target tissue,
to avoid charring, which restricts its application to external lesions or the
mucosal surfaces of endoscopically accessible organs: e.g. the coagulation
of small bladder tumours and bleeding peptic ulcers or malignant tumours

of the oesophagus, rectum and bronchus.

point, both laterally and in depth so it is usual to get a continuum of
changes depending on the applied energy (fig. 2.7). The extent to which all
these changes are seen in the target tissue depend both on the type of laser

used and, to a lesser degree on the tissue itself.

Figure 2.8 shows the emission wavelength of the types of laser in common
clinical usage. Light in the 780- 800 nm range will penetrate tissue best as
it is absorbed least by natural tissue molecules, and hence can produce
deeper thermal damage. The power that can be produced conveniently at
this wavelength though is less than at longer ones so, for clinical use, the
Nd:YAG laser emitting 1064 nm light has proved the most effective tissue

coagulator prociucing lesions up to 1 cm deep.

In both the ultraviolet and far infrared part of the spectrum, light is
absorbed by tissue much more intensely leading to rapid vaporisation over
a very short distance but little coagulation which produces a cutting effect.
A cutting effect can only be produced from the Nd:YAG laser by attaching
focussing tips to the optical fibre or by producing very short pulses (nsec -
usec pulse lengths). In the far infrared, at a wavelength more than 10
times that of the Nd:YAG laser, the carbon-dioxide laser light (10600 nm)
is strongly absorbed by tissue water within 0.1 mm or so producing a
cutting action (by vaporising rather than mechanical cleaving), with

minimal thermal changes to the immediately adjacent tissue.
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2.4.1.2  Photomechanical effects

If the laser output is released in a series of very short pulses then even if
the energy delivered is quite low, insufficient for a thermal effect, the peak
powers can be enormous. For example an average energy of 100 mJ
released as 1 psec pulses at 5 Hz represents a pulse power of 20 kW. If this
is distributed over a very small target area then quite enormous power
densities are generated, in the order of megawatts/cm?. This power can
disrupt electron bonds and produce a cascade reaction leading to formation
of a tissue “plasma”. Brittle substances such as calculi and atheroma are
fragmented by this whereas the pure thermal energy required to melt them

would be unacceptably high in a clinical setting.

Both a pulsed Nd:YAG (Q-switched YAG) laser and a pulsed dye laser can
produce a plasma and fragment calculi. The flashlamp pumped dye laser
(section 2.2.2) was pioneered by Watson et al. (1987) and can be used with
very small calibre ureteroscopes for easier and less traumatic endoscopy.
The output wavelength which can be matched to the absorption spectrum of
the target material: for example most urinary stones absorb green light
well (504 nm is used clinically) whereas the adjacent wall of the ureter
does not, allowing safe fragmentation of stones in this confined space. The

possible use of this laser for PDT in the bladder is discussed in chapter 5.

2.4.1.3 Photochemical effects

These occur when the absorption of light by a compound results in a
chemical reaction in the illuminated tissue. Examples of naturally
occurring photochemical processes are photosynthesis in plants, or sunburn
in Man. When this principle is used in medicine it is termed
photochemotherapy (an example being the combination of a psoralen drug
and ultraviolet-A light used for severe psoriasis- PUVA), or photodynamic

therapy. Where PDT differs from the other laser-tissue interactions is that
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relatively low powers of visible light are used, below that needed to
produce a thermal effect. The cytotoxic effect is produced purely by the

chemical activation of a light sensitive drug.

In summary, it is clear that the use of lasers in clinical practice is steadily
increasing and urological surgéry is one of the most fertile fields for their
use. Laser techniques fall into 2 main categories, those that achieve results
not possible in any other way and those that may improve on existing
therapy. Photodynamic therapy falls into the first category whereas laser

lithotripsy and coagulation of superficial bladder cancer join the latter.

The challenge is to use the unique and precise effects that lasers may
produce to achieve the desired biological result, no more and no less. This
is often however no easy matter and usually a lesion is overtreated to be
sure of destroying it, which invariably causes unwanted damage to normal
tissue. Sometimes this may not be deleterious but in other instances, such
as in whole bladder photodynamic therapy, it may have serious
consequences for the patient. Most of the laboratory research that
comprises this thesis is aimed at exploring the biological effect produced by
both PDT and thermal laser techniques on normal bladder in the hope that
by matching the treatment parameters to the characteristics of the target

organ an increased specificity of effect may be obtained.
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3.1 DISCOVERY OF PHOTODYNAMIC ACTION

The ability of some substances to produce a chemical reaction in the
presence of light was recognised nearly a century ago. In 1897 Oscar Raab
(a student of Professor von Tappeiner in Munich) started to investigate the
toxicity of an aniline dye, acridine orange, on the unicellular organism
paramecium. He found that the time to kill paramecia varied widely for
the same concentration of dye and then realised that this depended on the
ambient light level during the experiment, so concluding that the dye
rendered the paramecia sensitive to sunlight (Raab, 1900). This discovery
led Raab's professor and other co-workers to investigate these effects more
closely and soon several dyes and pigments were found with photo-
sensitising properties. The term “photodynamische erscheinung” was
coined by von Tappeiner and shortly after he used a topically applied
solution of eosin and fluorescein to treat skin tumours which were then
exposed to white light (von Tappeiner and Jesionek, 1903). Some response
was apparently seen in most patients though the overall results are not
clear. The same group also demonstrated that oxygen was required for this
process but the realisation that photodynamic action was an oxidative
reaction rather than the more complicated photobiological process
proposed by von Tappeiner did not come until Smetana (1938) showed the
actual uptake of oxygen during this process.

Around the same time that von Tappeiner had described photodynamic
action in the laboratory the first cases of conditions now recognised as
cutaneous porphyrias were being reported. Anderson (1898) studied 2
Orkney fisherman who suffered from intermittent eruptions of bullae on
exposed skin associated with port-coloured urine. These attacks could be

avoided by remaining indoors whilst their urine appeared dark. Analysis
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of this urine revealed a pigment with a similar absorption spectrum to

haematoporphyrin, which is derived from haemoglobin.

Soon haematoporphyrin was shown to have the same destructive effect on
paramecia as acridine and on injection into white mice rendered them
sensitive to light (Hausmann, 1908). In 1913 Meyer-Betz rather
foolhardily injected himself with 200 mg haematoporphyrin hydrochloride
and on exposure to sunlight for only a short time the following day
developed a marked sunburn. His skin photosensitivity remained for 2

months.

3.2 DEVELOPMENT OF PORPHYRIN PHOTOSENSITISERS

Over the next few decades there was continued interest and research into
various photosensitising compounds and their actions largely because of
their apparent ability to localise in tumours (see section 3.3.1). They were
a diverse group of compounds though Fowlks (1959) noted that many had a
cyclic ring structure, and haematoporphyrin hydrochloride (Hp) seemed to
be the most promising. However the photosensitising properties of Hp
were very variable and Schwartz, working at the University of Minnesota
in search of an improved photosensitiser, found that it was a crude mixture
of various porphyrins with different properties. He went on to produce an
improved compound by acetylating Hp with acetic and sulphuric acid which
became known as haematoporphyrin derivative (HpD) (Schwartz et al.,
1955). Lipson refined his technique for producing HpD and confirmed its
enhanced tumour localising properties (Lipson et al., 1961). The essential

processes in the preparation of HpD have remained unchanged since then.
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HpD was still a complex mixture of porphyrins and several workers have
attempted to purify it further. Dougherty and colleagues identified an new
fraction from HpD by chromatography which accounted for nearly half of
the mixture and was formed by hydrolysis of the acetate compounds in
HpD which largely contain the tumour localising fraction. This purified
material was thought to contain a higher percentage of the active
ingredients of HpD and has been variously termed dihaematoporphyrin
ether or ester (DHE) (Dougherty et al., 1984). Others have disagreed as to
the exact structure of DHE but most agree that the active components of
HpD are aggregates of some kind in aqueous solution (Kessel et al., 1986a).
These aggregates themselves are not phototoxic due to their low quantum
yield but become disaggregated within the body allowing singlet oxygen

production upon exposure to light.

HpD or DHE are the photosensitisers which have been used for almost all
clinical PDT to date. HpD has been available commercially for many years
as Photofrin, though most studies performed after 1986 used DHE (initially
called Photofrin II). DHE has now been renamed plain “Photofrin” (Lederle
Laboratories) and is the preparation used in the PDT Phase Il trials being
conducted in several centres worldwide; although it would seem likely that

many of the protocols in these clinical trials are probably inappropriate.

3.3 TUMOUR LOCALISATION OF PORPHYRINS

This putative property of the porphyrins has, more than any other, driven
the interest in and the development of PDT. Some animal sarcomas were
found to exhibit a red fluorescence when exposed to ultraviolet light which

was attributed to endogenous porphyrins (Policard, 1924). Auler and
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Banzer (1942) noted similar fluorescence from implanted tumours in rats
following systemic injection of haematoporphyrin, and produced tumour
damage with light exposure. These observations were confirmed by other
workers in several types of human sarcomas and carcinomas (Figge et al.,
1948). Fluorescence was also apparent in traumatised and embryonic
tissues suggesting that haematbporphyrin was taken up in rapidly growing

tissues, both normal and neoplastic.

These properties were studied by many workers and there are several
reports describing, with varying degrees of success, the observation of
fluorescence from haematoporphyrin as an aid to locating areas of occult
tumour. Some workers were able to demonstrate selective fluorescence
from malignant lymph nodes in patients with head and neck cancer
(Rasmussen-Taxdal et al., 1955). Surprisingly the concentration of
porphyrin (measured by chemical means) in organs which did not fluoresce
such as normal liver was found to be as high, if not higher, than that in
tumours, though this was thought to be due to light absorption by those
organs. Hughes (1960) found that there was equal fluorescence from both
normal and malignant tissues but the fluorescence faded more quickly from
normal tissues. Lipson and co-workers conducted several studies into the
use of HpD to localise tumours of the bronchus, oesophagus and cervix
(Lipson et al., 1964a, 1964b). This was pre-laser so they used filtered light
from a carbon arc lamp at around 400 nm with the operator viewing the
fluorescence through a glass filter that excluded the illuminating
wavelengths. They noticed fluorescence from areas of early tumours of
the larynx, oesophagus and stomach, some of which had been missed with
conventional methods. Other workers found though that some benign
lesions, especially ulcers, polyps and other inflammatory lesions also
exhibited fluorescence, and some tumours such as sarcomas were poorly

visualised. Gregorie et al. (1968) although they saw selective fluorescence
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in 76% of patients who had biopsy proven malignancy out of more than
200 patients studied, concluded overall that this technique was not reliable
enough as a test for malignancy particularly of adenocarcinomas or
sarcomas. The advent of lasers and electronic signal enhancement systems
has sustained the interest in HpD as a possible means of both detecting small
carcinomas and delineating the extent of larger tumours, particularly in the

bronchial tree, with more precision than at present (Monnier et al., 1990).

3.3.1 Bladder tumour localisation with HpD

Studies of porphyrin localisation in both tumour biopsies and in the intact
bladder have been reported. Kelly et al. (1975) working at St. Mary's in
London, first demonstrated that HpD localised in human bladder cancer
using an experimental model. They subsequently gave HpD to 11 patients
and looked at tissue fluorescence under ultraviolet light, noting a good
correlation between areas of tumour and the observed fluorescence,
particularly for Cis (Kelly and Snell, 1976). Hisazumi ez al. (1983)
observed fluorescence from HpD in biopsies of bladder tumours but not in
biopsies from normal urothelium in the same patients. There was great
interest in this as a potential means of identifying areas of macroscopically
occult tumour, especially Cis, within the bladder at the time of cystoscopy.
Before this could be realised it had to be shown that HpD fluorescence was
confined to and indicated all malignant or dysplastic areas and could also be
detected endoscopically. Benson and colleagues at the Mayo Clinic studied
bladders that were to be removed at cystectomy. They administered HpD
prior to surgery and then observed and mapped out the salmon-pink
fluorescence seen when the excised bladders were illuminated by ultraviolet
light. The bladders were then subjected to systematic histological mapping
and it was found that in every case the areas of fluorescence corresponded

to areas of tumour (Benson et al., 1982).
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Attempts have been made to dispense with the operator needing to visually
determine the areas of fluorescence, which would have the potenﬁal
advantage of being less observer dependent and also enabling the
examination to be carried out with normal white light rather than
ultraviolet illumination. Such a system designed for bronchoscopy used
“chopped” light to enable both ultraviolet excitation light and normal white
light for viewing to be used simultaneously. The detection system
converted the fluorescence signal to an audio tone which varied with
fluorescence intensity (Cortese et al., 1979; Kinsey and Cortese, 1980).
However discrimination of the significance of small tonal changes was still
rather subjective, so as the system was improved it evolved back to a visual
assessment whereby both endoscopic and fluorescent images could be
displayed simultaneously on video monitors (Benson, 1989). Other authors
have developed similar systems (Lin et al., 1984) but the apparatus is
cumbersome, complicated and costly, and there may be some diagnostic
errors as HpD will also localise in areas of bladder inflammation or injury
(Selman et al., 1985a). For most patients, even those with occult areas of
bladder Cis, a combination of high quality urine cytology and biopsies will
adequately determine tumour areas. In some situations, though probably
more so in other organs such as the bronchus, the use of photosensitisers as

tumour localising aids may be valuable (Monnier et al., 1990).

3.4 CLINICAL STUDIES OF PHOTODYNAMIC THERAPY

3.4.1 Early studies

The first English language reports of clinical PDT came from Lipson's
group when, after demonstrating that HpD would localise in tumours, they

treated a patient with an ulcerating recurrent breast carcinoma using
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filtered red light from a xenon arc lamp (Lipson ez al., 1967). Although
the tumour did not disappear there was some objective evidence of
response. One of Kelly and Snell’s (1976) patients had an area of bladder
illuminated by a mercury vapour lamp transmitted through a rigid quartz
rod. Several papillary tumours were necrosed but the authors commented
that improved techniques for illumination were needed. Early work with
PDT therefore was largely confined to cutaneous lesions and the first
British study was with superficial skin tumours of the head and neck
(Carruth and McKenzie, 1985). Although no definite conclusions were
drawn from the 10 patients treated, it was clear that PDT had caused
tumour regression and could potentially eradicate tumours completely with
few side effects and good cosmetic healing. The development of lasers and
fibreoptics soon enabled powerful monochromatic light to be conveniently
delivered to many sites in the body and the potential application of PDT to

several cancers accessible to the endoscope has since been studied.

3.4.2 PDT in Urology

3.4.2.1 Introduction

Clinical PDT in urology has been so far confined to bladder carcinoma
though advances in ureteric instrumentation and light delivery systems
make upper tract urothelial tumours theoretically treatable. For solid
organs such as the prostate or kidney, light can be delivered to the target
area by interstitial fibres though the volume treated around each fibre site
is small. In general therefore multiple fibres would be required and such

applications are still in the pre-clinical phase (Pantelides e? al., 1990).

There are several reasons why superficial bladder cancer would seem to be
the “ideal” pathology for PDT. Although the great majority of patients fall

into the low risk category as discussed in chapter 1, there is a well defined
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group with recurrent high grade disease whose likelihood of an early
progression to muscle invasion is worryingly high. If they fail to respond
to intravesical chemotherapy then cystectomy and urinary diversion is the
only option. Those patients with extensive primary Cis are particularly at
risk, yet it seems a shame to excise such a useful organ as the bladder when
the disease only involves the urothelium. Because patients with extensive
Cis have a field change dysplasia of their urothelium it is not possible to
visually identify all abnormal areas. As the entire bladder mucosa can be
illuminated simultaneously and these superficial lesions lie well within the
depth of tissue easily treated by PDT, it offers the potential to eradicate
these occult areas as well as visible tumour, at a single treatment session.
How effective though is PDT?

Since Kelly and Snell’s initial work there have been reports of patients with
bladder cancer treated by PDT from some 10 centres published in English
(2 or 3 series from China have not been reported elsewhere). These are
summarised in table 3.1. The individual series are small comprising from
7 to 27 patients, the bladder pathology heterogenous (Cis to T2 tumours
with some having intravesical chemotherapy or TUR prior to PDT), and
the treatment parameters employed very variable. The earlier series all
used HpD (dosage between 2 - 5 mg/kg) and those after 1986 generally used
DHE (2 mg/kg).

3.4.2.2  Bladder illumination

Sixty two of the 144 (43%) evaluable patients received focal illumination to
localised areas of tumour and 67 (47%) had illumination of their entire
bladder. The latter group generally had widespread primary Cis and 10%
of patients with a combination of Cis and discrete papillary tumours had
both focal and whole bladder illumination. The light doses used for whole

bladder illumination (5-70 J/cm?) were lower than for focal illumination
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(100-360 J/cm?). This was both to avoid excessively long treatment times,
as the powers were necessarily low because of technical limitations and the
need to avoid a thermal effect, and to reduce the complications which soon
became apparent after high light doses to the whole bladder with the

sensitiser doses used in these studies.

Most authors used a square-cut or microlens tipped laser fibre to illuminate
focal areas of bladder tumour. For whole bladder illumination the
problem of even light distribution is much more difficult and has been
approached in various ways by different groups. Some have filled the
bladder with a diffusing medium such as dilute Intralipid, and used a
special positioning catheter to centre a square-cut optical fibre (Jocham et
al., 1989). Although this produces an even scattering of light in a
regularly shaped bladder model the positioning of the fibre tip seems to be
critical (Plail ez al., 1990). As the smoothing effect of internal reflectance
of light from the bladder surface is largely lost with Intralipid then only a
small variation in position of the fibre tip or indeed a normally irregular
bladder will result in loss of uniform light distribution at the bladder
surface. Others have developed ingenious mechanical rotating devices for
stepwise illumination of the entire bladder mucosa (Hisazumi et al., 1984).
Most authors though, have used some type of bulb tip diffusing fibre
(Benson, 1986) centred as accurately as possible within the bladder and
accepted that the light distribution will not be perfectly even, particularly

around the bladder neck.

Illumination was provided by red light (630 nm) from an argon-ion
pumped dye laser in all but one series, which utilised a metal vapour laser
system (Williams and Stamp, 1988). All but one author illuminated
between 40 and 72 h (most at 72 h) after administration of HpD/DHE
though Benson (1986), treated at either 3 or 48 h with some patients
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receiving bladder illumination at both 3 and 48 h. It is important that the
bladder is gently distended during illumination but few give much detail
about this. Water or normal saline (150-350 ml) was generally used
though Tsuchiya ez al. (1983) used gas. Nseyo’s group initially used water
but changed to saline at a lower filling pressure in an attempt to reduce
problems with bladder irritation and contracture seen in their early patients
(Nseyo et al., 1985a, 1987).

3.4.2.3  Clinical results

The 10 series of PDT in bladder cancer that we are discussing comprise
some 144 patients and showed an overall complete response rate at 3
months of about 65% (table 3.1). Although the definition of a “complete
response”’ varies between the studies, in most this implies the disappearance
of all visible tumour and, where available, negative mucosal biopsies and
urine cytology. However several workers did not specifically define their
response criteria even though they classified patients implying that this had
been done (Nseyo et al., 1987; Shumaker and Hetzel, 1987; Tsuchiya ez al.,
1983; Prout et al., 1987). Some workers considered a partial response to
mean a greater than 50% reduction in tumour size or number though this is
therapeutically fairly meaningless for bladder tumours as the patient still

has active cancer! Nevertheless 22% of patients fall into this category.

Differing selection criteria, tumour pathology and treatment parameters
make direct comparison difficult but there is a consensus that PDT is most

effective at treating Cis, less effective for superficial papillary disease, and

results are those of Benson (1986, 1988) who reported 27 patients with
resistant Cis who refused cystectomy. Twenty three (85%) of these showed
a complete initial response to PDT, the other 4 had coexistent papillary

tumour which persisted though their Cis responded. Prout et al. (1987) on
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Authors No. Pts.  Sensitiser Intervalto  Light dose™ Response at 3 months

(mg/kg)  treatment (h) (J/cm?) Complete Persistent
Tumour

Benson 15 HpD 3,48 or both 150 (F) 15 0
1986 12 (2.5-5) 3o0r48 25-45 (WB) 8 4
Harty et al., 5 DHE 72 25(WB) + 100 (F) 4 1
1989 2 2) 25 (WB) 1 1
Hisazumi ez. al., 9 HpD 48-72 120-250 (F) 5 4
1983,1984 2 (2-3.2) 48 10 (WB) 2 0
Jocham er. al., 15 DHE/HpD 40-72 35 (15-70) (WB) 11 4
1989 (2-3)
Nseyo et.al., 2 DHE 72 100-200 (F) 0 2
1985a,1987 11 (2) 10-60 (WB) 3 8

10 100-200 (F) +5-60(WB) 4 6
Ohi et. al., 11 HpD 72 120 (F) 8 3
1984 (2.5)
Prouter. al, 17 DHE 48 100-200 (F) 8 9
1987 2 (2) 5.5-10 (WB) 1 1
Shumaker and 13 DHE 72 25 (WB) 12 1
Hetzel, 1987 2
Tsuchiya et. al., 8 HpD 48-72 120-360 (F) 8 0
1983 2.5)
Williams and 10 DHE 72 10-15 (WB) 4 6
Stamp, 1988 (2)

o w - o (65%) 50 (35%). o

* F = focal, WB = whole bladder treatment

Table 3.1 Results of photodynamic therapy in bladder carcinoma
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the other hand, reported on 19 patients the great majority of whom had
papillary bladder cancer alone, and found that only 47% had a complete

response.

The only British series so far reported (Williams and Stamp, 1988; Stamp
et al., 1990), comprised 10 patients with multiple superficial bladder
tumours (Cis, Ta and T1) that had not responded to intravesical
chemotherapy. A complete initial response was seen in 4 patients and a
partial response in another 4. Only 2 patients though remained tumour
free (in excess of 2 years) and 7 ultimately developed an invasive cancer of
whom 2 died.

There are few other published data on the durability of the response of
bladder tumours to PDT to suggest whether or not PDT offers any
worthwhile improvement in either recurrence rate, time to progression, or
survival. Although these series do include patients followed up for up to 3
years rarely is the median follow-up time given and it would seem that the
great majority of patients were followed for less than 1 year, some for
only a few months (3 weeks to 4 months - Hisazumi ez al., 1983, 1984).
The high rate of response seen, of Cis in particular, may be a reflection of
this. Benson (1988) reported a 50% recurrence of focally treated Cis at 1
year though most recurrence was in previously uninvolved areas and was
successfully retreated with PDT. Jocham ez al, (1989) reported that 9 out
of 15 patients with Cis remained clear with follow up in excess of 2 years

after whole bladder PDT. Two became clear with a second treatment and

4 had recurrences after a mean of 20 months.- - -~~~ -~~~

Resistant Cis - It is clear that this group of patients have the most to gain
from PDT as their only alternative is cystectomy. The above mentioned
studies contained 47 patients who had failed intravesical therapy (though

BCG was not available in most cases and no comparative trial of PDT vs.
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BCG has been performed). They had all either refused or been considered
unfit for cystectomy. All but 1 of these 47 patients had an initial complete
response to PDT (negative cytology and biopsies) though again there are
inadequate follow-up data to assess durability of the response. Patients who
had focal treatment of Cis tended, not surprisingly, to relapse in other

areas so whole bladder treatment is to be preferred

3.4.2.4 Discussion

At first sight, these results seem impressive, especially as they have been
achieved largely in patients who have failed all other modalities of
treatment short of cystectomy. However the complication rate was

alarming, as will now be discussed.

Functional impairment - Most authors state that their patients develop
irritative symptoms following PDT but these are often described as
“transient” and of no particular worry. There has almost certainly been a
gross under reporting of side effects by the enthusiasts of PDT, often no
doubt because they have not been specifically looked for, and many patients
would have had some pre-existing irritative symptoms anyway. All
authors who did look specifically at bladder function after PDT found
serious impairment in a high percentage of patients. Nseyo et al. (1985a)
reported severe side effects in all of an initial series of 6 patients under-
going whole bladder PDT. Two patients had such a marked reduction in
bladder capacity with incontinence that they required a cystectomy for
these PDT induced symptoms alone, although their bladders were found to
be clear of tumour. Following animal experiments they recommended
treatment parameters which produced better results in a subsequent 15
patients, with on average only a 20 percent reduction in bladder capacity
which recovered within 3 months (Nseyo et al., 1987). However, the

Sheffield group (Williams and Stamp, 1988; Stamp et al., 1990) using these
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supposedly improved parameters, still found severe dysuria and reduced
bladder capacity in all their patients. Some were hospitalised for several
weeks and one patient was left with a bladder capacity of only 50 ml after
voiding a sloughed “cast” of bladder mucosa. Jocham (1989) reported a
reduction in bladder capacity in many of his patients of more than half, and
3 out of 15 still had a 70% reduction 1 year after PDT. Some authors have
suggested not giving PDT to patients who have a bladder capacity less than
150 ml (quite common) or whom have received radiotherapy (rare for

superficial tumours) as they seem to have the worst complications.

Upper tract complications - Both ureteric reflux and ureteric
obstruction were seen in the initial series of Nseyo er al. (1985a) but in
general no problems with the upper tracts have been mentioned by other
authors until a recent report by Harty et al. (1989), in which he studied the
side effects after PDT in a series of 7 patients who were given whole
bladder treatment. Five patients had a significant reduction in bladder
capacity after PDT which persisted at 1 year in 4 of them. Deep bladder
biopsies showed marked fibrosis in the muscle layer. These 4 patients also
developed persistent bilateral hydronephrosis and grade 4 vesicoureteric
reflux. Interestingly the 1 patient in this series who escaped these problems
still had a complete response; he had received only two-thirds the intended
dose of DHE.

Cutaneous photosensitivity - Any drug given systemically will be
distributed throughout the body and so inevitably, photosensitisers will be
taken up to some extent in the skin. Unfortunately, HpD and DHE absorb
light well throughout the range of wavelengths in sunlight which means
that patients may develop cutaneous photosensitivity to ambient light. This
may last several weeks and require the patient to remain in subdued

lighting and to wear protective clothing. This is a major factor against
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patient tolerance of PDT with these sensitisers and despite warnings, most
series report a small number of patients who develop significant sunburn.
Other ways of administering photosensitisers have been tried with the aim
of avoiding skin sensitivity. Direct intra-tumour injection is only suitable
for solitary bladder tumours (Amano et al., 1988) and would clearly not
be feasible for Cis. Intravesical administration of HpD has not been
successful (Benson, 1988), and our studies on the intravesical uptake of
phthalocyanine (chapter 6) also show that although significant amounts are
absorbed by normal bladder, the uptake can be patchy and unpredictable.

The most likely solution to this particular complication lies in newer
photosensitisers which, although still given intravenously, are either
cleared more rapidly from the skin or, like the phthalocyanines, have a
localised absorption peak (fig. 3.1), at a longer wavelength than HpD, away
from the main concentration of solar emission, which produces much less
of a skin reaction (Tralau ez al., 1989). When using such a sensitiser at low
dose levels, the problem of cutaneous sensitivity to sunlight is likely to be
virtually eliminated. An alternative approach may be to use singlet oxygen
quenchers which can be given after PDT to reduce skin sensitivity in

animals, though their clinical efficacy is not yet proven (Dillon et al., 1988).

3.4.2.5 Dosimetry

It is perhaps not surprising that there have been problems encountered in
PDT of the bladder as there are very little data available on which to base
the light and sensitiser doses used clinically. This is illustrated by the wide
range of values for the most important treatment parameters which have
been chosen by the authors of the published clinical series of PDT for

superficial bladder cancer listed in table 3.1.

. Sensitiser dose:  HpD 2-5 mg/kg
DHE 2 mg/kg (all authors)
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. Time between sensitisation and light exposure: 3-72 h

. Light dose: whole bladder  5-70 J/cm?
focal treatment  100-360 J/cm?

At the photosensitiser concentrations commonly used clinically, the light
dose seems critical. However it is not easy to calculate accurately the dose
absorbed by the mucosa and the problem of achieving an even light
distribution has been approached in several ways as already described. The
light dose given is by custom merely the energy of the primary beam
divided by the estimated surface area of the bladder (assuming it to be a
sphere of known volume). This is certainly the easiest way of expressing it
and may be adequate to compare results between clinical series but is no
way close to the important value which is the light dose absorbed by the
malignant epithelium. Because the highly reflective internal surface of the
bladder acts somewhat like an integrating sphere the incident light dose in
certain areas can be considerably greater (direct plus reflected light) than
the output of the fibre. Multiple isotropic detectors placed in close
proximity to the bladder wall can be used to monitor this incident light
which it may be rather more important to measure than just the fluence of

the primary beam emitted from the fibre tip (Marynissen et al., 1989).

All of these methods require considerable enthusiasm and patience to use so
simplification of light delivery would make PDT easier to perform. One
way of doing this, as mentioned already, is by utilising the photobleaching
that occurs at low sensitiser concentrations. The investigation of this
important concept is one of the major aspects of the work presented in this
thesis and will be discussed in detail later. A possible disadvantage though
is likely to be that when using these low sensitiser concentrations the rather
high total light doses inevitably required will require long treatment times

with currently available laser systems.
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Fig. 3.1 Absorption spectra for HpD and AlSPc
(after Bown et al., 1986)
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An alternative approach to the problem of avoiding unwanted PDT damage
in the muscle layers of the bladder is to activate the photosensitiser with a
wavelength of light less penetrating than the red light (630 nm) used in all
clinical studies with HpD and DHE. Green light would be expected to
penetrate the bladder wall only 1-2 mm and HpD will absorb in the green
spectrum (a minor peak at 507 nm) rather better than it does at 630 nm.
Haemoglobin however also absorbs strongly here, so any surface bleeding
may shield underlying tumour and the reduced internal reflection of green
light within the bladder will make dosimetry more difficult. There are no
published clinical data as yet using green light to address these points.
Activation with green light though is not possible for the phthalocyanines
and most of the newer photosensitisers under study which only absorb in
the red part of the visible spectrum. Green light would also not be suitable
for any other clinical application of PDT apart from bladder Cis.

3.4.3 Overview of PDT in other specialties

Although PDT may well become most useful for the treatment of resistant
superficial bladder cancer, the majority of the clinical data presently
available come from other specialities. The largest studies are with
tumours of the respiratory tract though there is also experience with
gastrointestinal and brain tumours as well as cutaneous cancers, especially
of the head and neck.

3.4.3.1 Bronchial cancer

The largest studies come from Japan where Professor Hayata’s group has
treated over 160 patients in the last decade. The results from early
tumours in 40 patients, for whom surgery was not possible in over half,
seem particularly encouraging with a complete remission rate approaching

80% and reports, albeit rather anecdotal, of some long term cures (Kato et
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al., 1989). The major side effects were seen in treating bulky obstructing
lesions in that repeated bronchial toilet was necessary to keep the airwéys
patent, a problem not seen with Nd:YAG laser therapy where the necrotic
tissue can be cleared immediately. Delayed haemorrhage from the raw
tumour bed though can be fatal. This should have been predicted from
experimental studies as the maximum depth of PDT effect can only be in
the order of 4-5 mm, which would leave residual viable and highly
vascular tissue exposed when the superficial portion destroyed by PDT

sloughed (Cortese and Kinsey, 1982).

Apart from the treatment of tumours, the utilisation of photosensitiser
fluorescence as an aid to the detection and delineation of early tumours,
particularly synchronous lesions seems promising and has been discussed
earlier in this chapter. Further study will be necessary before to establish
whether the increased complexity required for these techniques compared

with standard white light bronchoscopy is justified

3.4.3.2  Gastrointestinal tumours

Like the situation in the bladder, PDT seems to have a fairly non-selective
effect against tumours of the upper gastrointestinal tract, requiring quite
extensive damage of adjacent normal tissue to obtain an adequate response
in the cancer. More selective damage to experimental colonic tumours has
been achieved but this requires careful manipulation of the treatment
parameters used so that photobleaching of sensitiser in the normal colon
occurs but not in the tumour; this situation has not yet been achieved
clinically (Barr et al., 1990a). Worthwhile palliation of the dysphagia
caused by advanced oesophageal tumours has been obtained with PDT and
the risk of serious secondary haemorrhage seems less than in the bronchus
though has been reported in colonic tumours (Barr et al., 1990b). The

major potential advantage for PDT over thermal methods of tumour

71



ablation in the GI tract such as the Nd:YAG laser, is that there is little risk
of causing a perforation after PDT even from full thickness damage to the
bowel wall as there is relative sparing of submucosal collagen so that the
mechanical strength is maintained (Barr et al, 1987a). However it is with
early tumours that the best results have been achieved, some groups from
China and Japan reporting disease free survival in excess of 2 years (Jin et
al., 1987).

PDT may also prove to be a useful modality for treating small tumours
where the patient is unsuitable for surgery or later relapses locally with,
for instance, an anastomotic recurrence (Barr et al., 1990b). Another
interesting finding is that the normal pancreas is very resistant to PDT
damage whereas pancreatic tumours are considerably more sensitive. Thus
selective destruction of pancreatic cancer may be possible though the

clinical applications of this have not yet been explored.

3.4.3.3  Brain tumours

The brain is a particularly exciting area for PDT as very high levels of
photosensitiser drugs can be achieved in glial tumours compared to normal
brain due to the disruption of the normal blood:brain barrier by the
tumour (in the order of 30:1). Unfortunately damage is still not entirely
selective after surface illumination which it needs to be as normal brain
cannot regenerate. Improved methods of light delivery however, either
interstitially or peroperatively after tumour resection to treat residual
infiltrating tumour cells, promise a useful therapeutic advance on the
rather depressing results of conventional treatment for gliomas (Muller and
Wilson, 1990).

3.4.3.4  Tumours of the head and neck
It has already been mentioned that the first clinical work of PDT in this

country was with head and neck tumours. Most of these whilst locally
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invasive metastasise late, and the anatomical clearance preferred for wide
surgical excision is rarely available. The Southampton group has been
treating head and neck tumours for some years and although there is no
controlled trial from this centre, they have produced long standing control
of some unresectable tumours (Carruth and McKenzie, 1985). In addition
PDT seems to be a suitable means of treating multiple basal cell carcinomas

(Buchanan et al., 1989).

3.5 THE WAY FORWARD

So what is the current status of PDT? From the literature it has become
apparent that PDT is only likely to be of value as a primary treatment for
small tumours because of the limited depth of penetration of the activating
light. The volume of necrosis that can be obtained from a single fibre is
much less than that from thermal lasers such as the Nd:YAG. The likely
place for PDT is not therefore to destroy large amounts of tissue but to kill
localised areas of tumour cells, most usefully in sites where they may not
necessarily be apparent visually. For large tumours though it could still be
valuable as a adjuvant treatment to “sterilise” the tumour bed once the main

bulk of disease had been removed by surgery.

Bladder Cis is therefore such an attractive pathology for PDT as it is very
superficial, tends to be multifocal and difficult to delineate precisely, and is
a serious disease difficult to eradicate with existing therapies. However
with so many serious problems encountered, it is perhaps surprising that
anyone is still ‘trying to use PDT in the bladder. Several of the clinical
pioneers did decide to stop clinical work and go back to the laboratory to
try and solve the problems (Nseyo et al., 1985b, 1988; Reed et al., 1989).

However, even now, a survey of the literature in this field shows that there
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is a remarkable absence of basic studies on exactly what PDT does to
normal and neoplastic tissue in the bladder. There are very few
background data on which to base the light and sensitiser doses used
clinically, and the values that have been used must be regarded as little

more than inspired guesses.

As has happened on many occasions in the history of medicine, the
clinicians have tried to run before their scientific colleagues have taught
them to walk! Often this empirical approach has worked, but for PDT in
the bladder clearly it has not as the role for PDT in this disease is still
evolving. The great vigour that accompanies the emergence of a new
treatment such as PDT may lead to its wide application in a somewhat
haphazard way resulting inevitably in some poor results which then bring
the whole concept into disrepute. Phase III clinical trials of PDT for
bladder cancer are under way in several countries both for resistant Cis
and as prophylaxis against recurrent papillary disease. There must
however be some doubt about whether these trials are appropriate in our
current state of knowledge as the protocols being used are essentially the
same as those that have produced irreversible damage to bladder muscle in
many of the patients whom have been treated over the last few years. The
right balance may be difficult to achieve and indeed will be impossible

without careful experimentation and logical clinical trials.

The work described in the section 2 of this thesis is designed to explore the
actions of PDT on the normal bladder, and in particular how dosimetry
variations will affect the biological result. The aim of this work is to
suggest ways in which the clinical application of PDT may be directed so as
to minimise the problems seen in these pioneering clinical series, which
have detracted from the wider development of this promising technique,

and still achieve the desired clinical effect.
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4.1 PRINCIPLES OF PHOTODYNAMIC ACTION

4.1.1 Introduction

Photodynamic action requires a photosensitiser, light, oxygen and a tissue
substrate. When the photosensitiser absorbs light it can either release it,
usually in the form of fluorescence or heat, or interact with tissue to form
toxic free radicals, which can then damage adjacent cells. These processes

will now be considered in more detail.

Normally the photosensitiser molecules are in a singlet ground state with
paired electron spins. The absorption of light leads to an excited singlet
state where the electrons are “pushed” into an outer valence ring though the
spins are still paired. This high energy state is very unstable and shortlived
(in the order of 10" secs) before it returns to the ground state by 1 of 2

main mechanisms or is degraded; these processes are competitive (fig. 4.1).

Firstly the excited state can decay directly to the ground state by releasing
light at a longer wavelength than the exciting light in the form of
fluorescence or heat. Detection of such fluorescence is the main way of
assessing photosensitiser distribution and hence identifying probable areas
of the malignant or dysplastic tissue which retain these drugs with some

selectivity. This will be discussed in more detail in section 4.3.

Around 50% (the actual percentage is known as the quantum yield and is
specific to each sensitiser) of the excited singlet molecules are converted to
a more stable triplet state by a process called intersystem crossover which
involves inversion of the electron spin such that the electrons are no longer
paired. As this excited triplet state is much longer lived than the excited
singlet state (0.5 msec) it can react with tissue elements in two ways, either
directly (Type I phototoxicity) producing hydroxyl and superoxide radicals
or, more importantly, by transferring its energy to molecular oxygen
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thereby producing singlet oxygen (Type II phototoxicity). Singlet oxygen
is very unstable (lifetime around 0.1 msec) and reacts with cells only in its
immediate vicinity causing oxidation of cellular components leading to cell
death and is thought to be the cytotoxic agent responsible for photodynamic
action (Dougherty et al., 1983). This is a threshold effect, and a certain
quantity of singlet oxygen must be produced before a cell is killed. The
photosensitiser molecules then return to the ground state and, as they have
not been chemically transformed, can be activated again by absorbing
another photon and so the cycle is repeated. Clearly this is a very efficient
process as a single photosensitiser molecule may generate many times its
own concentration of singlet oxygen provided of course that there is an

adequate supply of molecular oxygen.

(SINGLET STATE

50%
A intersystem
crossover
(TRIPLET STATE
Fluorescence Type I
Oxygen reaction
Internal Type 11
i conversion reaction
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PHOTOSENSITISER (Photobleaching)

y
\[G ROUND STATE

Fig. 4.1 Mechanism of photodynamic action

77



iii) Finally, the activated molecules can go through a different process in which
they are destroyed by the same activating light (photobleaching). This
means that the total quantity of photosensitiser in tissue is steadily reduced
as the tissue is exposed to light. This has important implications for
protecting tissues with low concentrations of photosensitiser as will be

discussed later in this chapter.

4.1.2 Singlet oxygen

Weishaupt et al., (1976) were the first to suggest that singlet oxygen was
the cytotoxic agent generated during PDT as they demonstrated that cell
cultures were protected from photodynamic damage when a singlet oxygen
“scavenger” was present. Others have since confirmed this so the belief
that this type II reaction is the predominant mechanism in PDT is largely

based on this indirect evidence (Valenzo, 1987).

Comparatively little is known about singlet oxygen considering it is
generally assumed to play such a pivotal role in PDT. This is largely
because it has so far proved impossible to detect in vivo as it is present in
minute amounts and has a very short lifetime. Its mode of action is thought
to be by producing irreversible oxidation of certain amino acids (cysteine,
histidine, methionine, tryptophan and tyrosine), the unsaturated bonds in
lipids, and some nucleic acids which will interfere with the normal function
of many cellular components and reactions. Singlet oxygen has been shown
in vitro to damage the cell membrane (Kessel, 1976), mitochondria and
DNA (Moan et al., 1982). Of these it would appear that the more
important effect is the peroxidisation of fatty acids in the cell membrane
(Spikes, 1984). Because of its very short lifetime, singlet oxygen can only
react within about 0.1 microns of its origin (Moan, 1985) which should

limit photodynamic damage to tissue actually containing the photosensitiser.
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Slight variations in the chemical structure of photosensitisers can greatly
alter their ability to produce singlet oxygen. For instance the incorporation
of certain metals such as aluminium and zinc in the phthalocyanine
photosensitiser molecule will increase the triplet and hence the singlet
oxygen yield, though other metals (e.g. copper) will reduce it (Rosenthal et
al., 1987).

4.1.3 Cellular effects

Many authors over the years have confirmed that illuminating sensitised
cells in tissue culture will kill them (Moan, 1986a). Therefore there is
clearly a direct cellular toxicity of PDT which as mentioned above may be
via damage to the cell membrane, intracellular organelles especially the
mitochondria or to chromosomes, though no mutagenic effect of PDT has
been demonstrated. The distribution of photosensitisers within the cell also
depends on time factors as early on after administration most is found in
association with the cell membrane though later on, fluorescence studies
have found HpD intracellularly, associated with the mitochondria and
nuclear envelope (Moan, 1985). Direct binding of the drug to the target is

not required being a less specific, though still localised, “shrapnel effect”.

What is disappointing is that there is no convincing evidence for an
increased susceptibility to photodynamic damage in malignant as opposed to
benign cells, notwithstanding the possible limitations of how “benign” a cell
line can be that will grow in culture. Henderson et al. (1983) looked at
PDT on a vafiety of malignant and benign cell lines and found no
difference in susceptibility as did Shulok ez al. (1986) in normal and
neoplastic rat bladder cells. Other workers though have found a increase
in both uptake of photosensitiser in malignant cells (Christensen et al.,
1983), and their destruction following PDT (Andreoni et al., 1983).
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4.1.4 Vascular effects

It was evident quite early on in the investigation of photodynamic action
that there was a marked effect on blood vessels. Some of the early work
on this aspect did not monitor temperature and as tungsten light sources
were generally used there may have been some thermal contribution to the
observed vascular disruption reported (Smetana, 1928; Blum, 1941).
Castellani et al. (1963) illuminated the mesentery of sensitised mice. They
kept the tissues moist and cooled below 37°C during irradiation and still
observed agglutination of erythrocytes and circulatory stasis which

progressed to ischaemic necrosis of the surrounding tissue.

There is convincing evidence that the major part of the PDT effect in vivo
results from damage to tumour blood vessels rather than a direct action on
the malignant cells themselves, although recently it has been suggested that
the bladder may be an exception (see below). Studies on the distribution of
photosensitisers in animal tumour models demonstrate that the relatively
small degree of selectivity of uptake of photosensitisers that is seen in
tumours is due to their retention in the vascular stroma (Bugelski et al.,
1981). The most obvious early effect of PDT is to shut down small blood
vessels leading to decreased tumour blood flow shortly after phototherapy
(as measured by a radioactive microsphere technique), which has been
shown to correlate with tumour regression (Selman et al., 1984).
Endothelial cells are probably damaged first (Berenbaum et al., 1986),
although it is not yet clear how this leads to the vasoconstriction and
closing of vessels that has been observed experimentally in both normal and
tumour tissue (Star ez al., 1986). The release of vasoactive substances from
mast cells may have a role here. Vascular shutdown is observed prior to

major cellular destruction (Henderson et al., 1985a).
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Henderson and colleagues also performed an elegant series of experiments
showing that cells from animal tumours treated at levels certain to kill
them in vivo, would survive if transplanted or cultured immediately after
PDT but showed a progressively reduced survival if this was delayed. This
reduced clonogenicity decreased along the same timescale as the survival of
cells taken from untreated tumours rendered anoxic by killing the animal
(Henderson et al., 1984).

Other workers have recently suggested that there may be a difference in
the form of vascular damage between different photosensitisers. Using the
rat ear chamber model and illuminating 24 h after administration of the
photosensitiser, Stern et al., noticed that following PDT with DHE there
was early haemorrhage and disruption of small venules whilst after
aluminium sulphonated phthalocyanine (AISPc) the main features were a
pronounced spasm and vessel shutdown. After both drugs the typical
neovascularisation usually seen in this model due to the implanted chamber
was abolished (S Stern et al., unpublished work, presented at 3rd Congr.
Int. Photodynamic Assoc., Buffalo, New York, 20 July 1990).

It is also possible that there may be a difference in the relative importances
of direct versus vascular-mediated damage between different tissues, and
furthermore that even in the same tissue this relationship may alter with the
time delay between sensitisation and illumination. Clearly there is a lot
more photosensitiser in the blood vessels early on (see chapter 6), whereas
after 24 h it is predominantly in the tissues. Only 1 group of workers has
looked at the microcirculation in the normal bladder after PDT (Reed et
al., 1989). They used DHE and a rat model in which the bladder with all
its neurovascular connections intact was mobilised and, with the animal on
its side, suspended in a tissue bath to be illuminated and viewed under a

microscope. They found much more marked changes in the bladder
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microcirculation (as assessed by red blood cell column diameter), when
illumination was given 30 min after sensitisation compared to when given
48 h afterwards. In the 30 min group, blood flow ceased in all small blood
vessels, and slowed in 75% of arterioles and 44% of venules due to mural
thrombosis though only rarely was true vasoconstriction noted. In the late
treated group there was some thrombus formed but no cessation of blood
flow, and a perivascular reaction was observed. The authors contrast these
results with similar experiments on rat cremaster where thrombosis and
vasoconstriction was clearly evident at 48 h and question whether the
bladder smooth muscle behaves in the same way as the striated muscle
preparations (e.g. hamster cheek pouch, rabbit or rat ear chamber etc.) that
most other investigators have used. They suggest that direct cytotoxic
effects, rather than vascular mediated damage were responsible for the
fibrosis that developed in the bladder smooth muscle of 80% of their small
clinical series (Harty et al., 1989).

4.1.5 Role of oxygen

Molecular oxygen, as has already been mentioned, is essential for photo-
dynamic action in order that singlet oxygen may be produced. Smetana
(1938) was the first to demonstrate that molecular oxygen was taken up
during photodynamic action though it had long been realised to have an
important role. Tissue oxygenation is dependent on an intact blood supply
and several workers have shown that if the organ or tumour undergoing
PDT is rendered temporarily anoxic then the effect produced is much
reduced or abolished. Gomer and Razum (1984) looked at the PDT effect
on the skin of the leg of albino mice. They found that if the blood supply
to the limb was temporarily interrupted during PDT no damage occured,
though the levels to which tissue oxygen tension had to fall were not

investigated. Certainly in tissue culture where oxygen is present at higher
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saturation than in vivo, a considerable reduction in oxygen level is needed
to inhibit cell death after PDT. Moan and Sommer (1985) found that if the
oxygen tension in the cell culture medium was reduced below 10 mmHg,
then there was a 50% inhibition of photodynamic cell kill. This is of some
concern in the treatment of larger tumours which are likely to contain a

hypoxic cell fraction, unlikely to be sensitive to the direct effects of PDT.

It would appear at first sight that we have a somewhat contradictory
situation here in that oxygen is necessary for photodynamic damage yet the
main mode of action in vivo is to damage tumour vasculature which will
reduce oxygen supply to the target tissue. The resultant tissue hypoxia may
limit direct tumour cell kill (Henderson and Fingar, 1989). Fingar et al.
(1988) artificially raised tissue oxygen tension in a mouse tumour model
and found that the effectiveness of PDT was enhanced. However the time
scale of these actions is difficult. Any direct cell kill there might be from
PDT must be initiated during phototherapy as the action of singlet oxygen
is localised and short-lived, though may not be detectable until later. The
interruption of vascular supply is a delayed event adding the “coup de
grace” to already compromised cells. Clearly though in human tumours
some parts will be relatively hypoxic and it might be expected that these
cells will be resistant to PDT damage and therefore impossible to eradicate.
This however may not necessarily be the case as such cells might eventually
be killed by the secondary failure of their vascular supply. It should be
remembered though, that because of the physical limitations of light
penetration, PDT using surface illumination is only applicable to relatively
thin tumours anyway (no more than 4-5 mm) which are not likely to
contain significantly hypoxic elements. Hypoxic cell fractions may become
more of a problem though if the interstitial light delivery techniques
presently being developed do allow the effective illumination, and hence

possible treatment of much larger tumours.
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4.2 PHOTOSENSITISERS

Any compound that will absorb light and produce cytotoxic radical species
can be used as a photosensitiser. The production of singlet oxygen from
the excited triplet state of a photosensitiser is energy and tissue dependent.
Therefore to produce singlet oxygen a photosensitiser must first absorb
light with greater photon energy than its excited triplet state which
theoretically limits it to the visible spectrum. Doiron (1984) calculated that
infrared light has insufficient energy to produce the excited triplet state of
known photosensitisers and the maximum wavelength of light that will do
this is about 750 nm.

The wavelengths of light that a photosensitiser can absorb depend on its
structure, in particular the length of the conjugated pathway (chain of
single and double bonds) around a molecule. Red light is the most deeply
penetrating in living tissue as few natural biomolecules have a long enough
conjugated pathway to absorb it whereas shorter wavelength light (blue and
green) is absorbed more rapidly. Therefore ideal photosensitisers tend to
be large molecules. In the past a number of cationic dyes have been studied
including acridine, fluorescein, rhodamine, and various “blues” such as nile
blue, victoria blue and methylene blue; but as already mentioned it is only

the porphyrins that have been used to any great extent so far.

4.2.1 Newer photosensitisers

The photosensitisers that have been used for essentially all clinical PDT to
date are HpD or DHE though these are far from ideal as photosensitisers as
they are incompletely defined mixtures whose composition and stability

between preparations varies, and which are difficult to assay. There are
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several promising new groups of drugs being developed, especially the
metallophthalocyanines (tetra-azoporphyrins) which have similar biological
properties to the porphyrins, but are easier to handle chemically and assay
in tissue and have much more suitable light absorption spectra (Ben-Hur
and Rosenthal, 1985a; Bown ez al., 1986). However despite extensive ex-
perimentation with these compbunds, especially the aluminium sulphonated

phthalocyanine used in this work, they are not yet ready for clinical trials.

Other photosensitising drugs that show promise include the chlorins which
appear effective both in tumour localisation and absorption of red light
(Beems et al., 1987). Synthetic porphyrins called purpurins have been
synthesized by several groups (Morgan et al., 1987). These can be made
with greater purity than HpD/DHE and also absorb further into the red,
e.g. benzoporphyrin derivative absorbs at 690 nm. Other experimental
drugs such as naphthalocyanines and bacteriochlorophylls absorb at even
longer wavelengths, above 750 nm, which should make them suitable to use
with the new generation of cheap semi-conductor lasers. Although there
are some dyes that absorb light in the near infrared region (around 1 pm)
where tissue is most transparent, their triplet state energies are too low to

generate sufficient singlet oxygen for effective photodynamic action.

4.2.2 Ideal properties of a photosensitiser

For most clinical situations where PDT will be used a deep as possible
penetration of tissue is required, though bladder Cis may be an exception as
was discussed earlier. Therefore an ideal photosensitiser should have a
single absorption band in the far red of the visible spectrum, with little
absorption across the main concentration of solar emission (below 600 nm)
to minimise skin photosensitivity. It should be relatively easy to synthesise

in a pure and consistent form, be non toxic and photochemically stable

85



during storage. It is clearly desirable that a photosensitiser should have a
strong affinity for malignant tissue, though complete selectivity of uptaké is
unlikely to be achieved and processes such as photobleaching may be
important in providing an alternative mechanism of selectivity. It should
have a high quantum yield with a long-lived triplet excited state to produce
the most efficient yield of singlet oxygen and other reactive radicals. The
ability to detect and assay the drug in vivo by fluorescence or chemical
methods is important and has been widely used. However it is also
preferable that these estimations correspond to the biological effect
achieved, as there may be a considerable difference in photochemical

activity between drug aggregates (e.g. dimers) and the monomeric species.

Table 4.1 compares haematoporphyrin derivative (HpD) and aluminium

sulphonated phthalocyanine (AlSPc) in these respects.

Desirable properties HpD AlSPc
Easy to synthesise no yes
Photochemically stable no yes

Non toxic yes probably
A single major absorption peak no yes
Absorption peak in red spectrum 630 nm 675 nm
High quantum yield 0.5-0.9 0.6
Long lived triplet state 0.5 msec > 0.5 msec
High yield of reactive radicals yes yes
Easily detected in vitro and in vivo no yes
Fluorescence corresponds to photoactivity no yes
Selectivity for malignant tissue poor poor
Table 4.1 Comparison of the main photochemical

properties of HpD and AISPc
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The following sections will discuss the properties of the haematoporphyrin
and phthalocyanine photosensitisers in more detail prior to presenting the
experimental work carried out with these drugs. AISPc has been chosen by
our Unit as the most promising of the second generation of photosensitisers
to replace HpD, and has been undergoing extensive preclinical investigation
across several specialties since 1984. Other groups worldwide are studying
the alternative compounds outlined above, several of which show promise

but will not be considered further here.

4.2.3 Porphyrin photosensitisers

The development of the porphyrin photosensitisers has been outlined in
Chapter 3. It has been mentioned that both HpD and DHE are complex
mixtures of compounds with varying tumour localising and photo-
sensitising properties whose exact chemical nature has still not been
clarified. Around 50% of HpD comprises several porphyrins including
haematoporphyrin, protoporphyrin and hydroxyvinyldeuteroporphyrin,
which are photosensitisers but poor tumour localisers. The remainder
comprises an undefined hydrophobic component which is the tumour
localising agent and forms the bulk of the purified product DHE, extracted
by Dougherty (Dougherty et al., 1984). There has been spirited debate as
to whether DHE is an ether or an ester, and in reality it is probably
contains both ether and ester-linked porphyrin units ranging from dimers
to oligomers, the amount of ether-linked porphyrin increasing with storage

at room temperature (Kessel et al., 1987).

The proposed structure of Hp is shown in fig. 4.2. It has a strong tendency
to form large aggregates (molecular weights from 20 000 -30 000) which
tend to bind to cells where they may remain for some time. These

aggregates can be detected by fluorescence but are poor photosensitisers as
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their yield of singlet oxygen is low (Moan and Sommer, 1984). HpD is
also unstable in solution, being degraded by light and temperature. The

thawing and refreezing of porphyrin solutions may give unreliable results.

4.2.3.1 Mechanism of tumour uptake of porphyrins

It would appear that the retention of porphyrins in malignant tumours is
the result of general differences in the physiological environment of the
tumour rather than any specific property of the malignant cells themselves.
Often after injection of HpD into an animal bearing a transplanted tumour,
higher levels are seen in organs such as the liver and spleen than in the
tumour, particularly in associations with mast cells and macrophages.
These cells are also plentiful in tumour stroma and may well be responsible
for localising porphyrins. The rather leaky vasculature and incompetent
lymphatics of tumours should further encourage the trapping of HpD
bound to serum proteins, in the extracellular fluid. HpD may also bind to
low density lipoproteins (LDL), numerous receptors for which are found
in tumour cells associated with membrane synthesis. There appears to be a

correlation between LDL receptor levels and sensitiser distribution (Kessel,
1986b).

4.2.4 Phthalocyanine photosensitisers

The phthalocyanines have similar biological properties to the porphyrins
but are easier to handle chemically and assay in tissue. Aluminium
sulphonated phthalocyanine (AISPc) has a single strong absorption band at
675 nm, where tissue penetration is good as there is little unwanted
absorption by natural biomolecules, with a high yield of singlet oxygen. It
appears non toxic in animals and though not yet licensed for clinical use, is
under detailed experimental study in several centres (Bown et al., 1986;
Chan et al., 1986; Spikes, 1986)
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Fig. 4.2 The planar structures of aluminium sulphonated
phthalocyanine (AlSPc) and haematoporphyrin (Hp)

The chloride ligand attached to A1SPc minimises aggregation and
may be substituted by others during sulphonation. The longer the
conjugated pathway around the molecule the longer the wavelength
of light that can be absorbed.

Phthalocyanines are structurally related to porphyrins in that they are
tetraazoporphyrins and their molecules have a similar planar ring structure
(fig. 4.2). Biochemically they comprise 4 isoindole units linked by
nitrogen atoms, whereas the porphyrin ring consists of 4 pyrrole units
linked by methine carbon atoms. Because the conjugated pathway around
the hydrocarbon ring is longer they will absorb light of a rather higher
wavelength than the porphyrins, the exact wavelength being dependent on
the metallic ion incorporated. Although they have some absorption in the
ultraviolet range (345 nm), there is only a single strong peak in the visible
spectrum at 675 nm for AlSPc (fig. 3.1). This peak represents almost a 50
times stronger absorption than HpD has at 630 nm (Spikes, 1986), and
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should result in a greater photodynamic effect though the differences are
not as vastly great as this might suggest. AISPc's low absorption at UV and
visible wavelengths is likely to minimise cutaneous photosensitivity which
will be of major clinical benefit (Tralau ez el., 1989). Naphthalocyanines
have the longest conjugated pathway and will absorb light out to 780 nm.

Pure phthalocyanines are not water soluble but they can easily be made so
by sulphonation of the metallic compound by treatment with fuming
sulphuric acid (McCubbin, 1985). This process results in a mixture of
molecules containing from 1-4 sulphonate groups per molecule with an
average of around 3 in the compound supplied to us for this work from the
Royal Institution. The exact composition is determined by partitioning the
phthalocyanine with an insoluble cation which forms an organic complex
soluble in chloroform but not in water. The optical density of the fraction
partitioned in chloroform compared to that in aqueous solution will
indicate the degree of sulphonation. Because the mono-, di-, tri- and tetra-
sulphonated derivatives have different charges they have differing
solubilities in vivo, the greater the degree of sulphonation the greater the
water solubility and vice versa for lipid solubility, and hence .will have
differing photochemical properties. Recent studies in our Unit have shown
that the relatively hydrophilic tetra-sulphonated preparation (AlPcS4) tends
to remain in the extracellular space whereas the more lipid soluble di-
sulphonated derivative (AlPcS2) localises more intracellularly (Chatlani ez
al., 1991). Berg et al. (1989) found that the cellular uptake of AlPcS1 (the
most lipid soluble) was 10 times higher than that of AlPcS4 (the least lipid
soluble). Other groups have incorporated insoluble phthalocyanine into

liposomes as a means of transport and targeting tumour cells (Jori, 1989).

Like HpD and DHE, AISPc forms aggregates in tissue, though rather less
readily, but the important feature is that phthalocyanine aggregates do not
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appear to be active as photosensitisers nor do they exhibit fluorescence.
This means that fluorescence detection is specific for the photoactive
compound, in contrast to the porphyrins where all forms with varying
activities are fluorescent. Aggregation is dependent upon the degree of
sulphonation so AlPcS1 will form aggregates much more readily than
AlPcS4. The efficiency of cell inactivation, higher for increasing lipid
solubility, also increases with decreasing number of sulphonate groups with
the exception of AlPcS1 which is less efficient than AlPcS2 but more
photoactive than either AlPcS3 or AlPcS4. This implies that the
aggregated species are photoinactive (Berg et al., 1989).

4.2.4.1 Development of phthalocyanines for PDT

Preparations of copper phthalocyanines have been used for some years as
selective histological stains for certain polysaccharides and connective
tissue elements. Phthalocyanines have also been used in industry for photo-
disinfecting textiles, and as dyestuffs on account of their intense blue/green
colouring. Their first potential use in cancer therapy was suggested nearly
30 years ago when several groups noticed that they were taken up well by
experimental brain tumours in mice. Frigerio (1962) proposed that linking
phthalocyanines to radionuclides might be an effective method of targeting
radiotherapy for brain tumours. Increasing interest in PDT lead to their
potential as tumour photosensitisers being studied in a variety of tissue
culture and experimental tumour systems. Various metal atoms were
chelated with phthalocyanines and were found to have a marked effect on
photosensitising ability, aluminium and zinc being the most effective as
producers of singlet oxygen whereas copper is not (Rosenthal et al., 1987).
This group was also the first to produce water-soluble sulphonated phthalo-
cyanines and to show that molecular oxygen was necessary for their
activity, a small reduction in pO; reducing the photoinactivation of Chinese
hamster cells by half (Ben-Hur and Rosenthal, 1985b).
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The mechanism of action of the phthalocyanines is similar to that of the
porphyrins except that the longer triplet lifetime should result in a higher
yield of singlet oxygen (Spikes and Bommer, 1986). They have been
shown to be efficient photosensitisers both in vitro (Chan et al., 1986) and
in vivo (Barr et al., 1987b). though are not any more selective for
malignant tissue than HpD (Tralau ez al., 1987). Like HpD, AISPc seems to
exert a major effect via the tumour vasculature. Selman et al. (1986)
measured blood flow in experimental tumours, using a radioactive micro-
sphere technique, both before and after PDT with AlSPc. Blood flow in
the tumours was found to decrease by 85% compared with controls, which
were sensitised but shielded during light exposure, following PDT and
haemorrhage and coagulation necrosis were observed later. This group

had previously reported similar results using HpD (Selman et al., 1984).

Most of the work presented in this thesis has used the AISPc mixture but
more recently the use of high pressure liquid chromatography has enabled
the purification of enough of the di-sulphonated derivative to use experi-
mentally. This compound (AlPcS2) is also proceeding slowly through the
extensive pre-clinical assessments required before the phthalocyanines can

be used in patients.

4.3 SELECTIVITY OF PHOTODYNAMIC EFFECT

The driving interest in PDT has centred around the concept that it should
be possible to kill tumours without damaging normal tissue. Unfortunately
this is rather an optimistic oversimplification. It is very difficult to
produce truly selective tumour necrosis with PDT based on selective uptake

of the photosensitiser, as this can only be done under special circumstances
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with careful manipulation of all the treatment variables involved (Barr et
al., 1990a). Under the conditions described in virtually every published
paper on PDT, if tumour and normal areas are exposed to the same light
dose, there is damage to both. However, it is now becoming apparent that
the nature of the biological effects of PDT on normal and malignant tissues
is different from those produ‘ced by other forms of local injury such as
thermal coagulation or ionising radiation. For example, tissue architecture
and tensile strength are much better preserved after PDT than after
thermal injury. Experimental studies of rat colon show that despite a full
thickness necrosis after PDT there was no reduction in wall strength as
measured by gaseous bursting pressures, in contrast to comparable thermal
lesions produced by a Nd:YAG laser which proved much weaker (Barr et
al., 1987a). The reason for this seems to be that PDT has little effect on
submucosal collagen in the colon whereas heat destroys it. Interestingly the
collagen in blood vessels on the other hand is easily damaged by PDT
(Nelson et al., 1988). In the treatment of human disease the understanding
and exploitation of these differences is likely to be more important than
trying to limit effects to tumour areas. Even though normal tissue may be
damaged along with the tumour, if this heals by regeneration of normal
tissue as seems to be the case after PDT, then the net effect is selective

eradication of the tumour.

Any form of local treatment has some degree of selectivity. Therapy with
ionising radiation or with a thermal laser such as the Nd:YAG will produce
the greatest effect in the area that receives the highest dose. If the light
used for PDT is directed solely at tumour tissue, then naturally necrosis is
confined to the tumour area. Much higher degrees of selectivity are
possible by controlling where the light is directed than can be achieved
solely by differences in the uptake of the sensitiser between normal and

neoplastic areas. However in many instances where PDT is likely to be
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useful, particularly for early multifocal tumours, it will not be possible to
localise all the neoplastic areas precisely so both normal and tumour areas
will be exposed to similar light doses. The understanding of the nature and
healing of photodynamic damage to normal tissue is therefore fundamental
to the establishment of those treatment parameters that will eradicate

tumour but not cause irreversible damage to normal tissue.

One method that has been suggested to enhance PDT selectivity and
effectiveness is to also heat the tumour. It may seem strange to want to
combine PDT with hyperthermia as one of the distinguishing features of
PDT is that it is a non-thermal process. Nevertheless several workers have
found a synergistic effect when PDT is followed by hyperthermia (in the
order of 42.5-45°C), both in vitro and in vivo (Christensen et al., 1984;
Henderson et al., 1985b). This potentiating effect is lost when the time
delay between PDT and hyperthermia is increased much beyond 2-3 h, and
it is thought that hyperthermia inhibits the repair of sublethal PDT damage.

Other workers have tried to improve the targeting of photosensitiser by
combination with monoclonal antibodies (Mew et al., 1985). This sounds a
promising technique but can be no better than the specificity of the linked

monoclonal for the tumour cells, which is often disappointing.

4.3.1 Selectivity of PDT in the bladder

The side effects of PDT on the bladder that have been encountered in
clinical studies, and which were discussed in chapter 3 (section 3.4.2.4),
appear to be the result of necrosis followed by fibrosis in the muscle layer
of the bladder, i.e. the result of damage to normal tissue rather than to
tumour. These results beg the question of how much selectivity there
really is under the conditions being used at present. Also, bearing in mind

the superficial nature of the pathology we are trying to treat (bladder Cis),
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should we be perhaps looking for selectivity between superficial and deep
layers of the normal bladder wall rather than between normal and

neoplastic mucosa ?

Much of the experimental work on PDT has stressed the importance of
selective uptake of photosensitisers using tumours transplanted
subcutaneously in mice and rats compared with the adjacent skin and
muscle. However, what is important clinically is the difference in uptake
or retention between a tumour and the adjacent normal tissue in which that
tumour arose (or into which the tumour has spread); it is surprising how
few data are available in the world literature on this crucial point. There
have been many reports, both clinical and experimental, on selective
fluorescence of malignant tumours after porphyrin sensitisation, but this is
normally excited by ultraviolet light, which penetrates less than 0.1 mm
into tissue so one is only looking at surface differences between tumour and
normal areas. It is difficult to correlate these measurements with
concentrations of photosensitiser in the bulk of the tumour though these
techniques may have a useful role in diagnosing areas of endoscopically
occult malignancy (Lin et al., 1984; Benson, 1989). Work on animal
tumours of the colon and pancreas has shown that the best selectivity of
uptake achieved with either HpD or AISPc is only in the order of 2-3:1
between tumour and adjacent normal tissue. The major exception to this is
for intracranial gliomas where the ratio is considerably greater at 28:1,
most likely due to the breakdown of the blood brain barrier in tumour
areas (Tralau et al., 1987). Little such data are available for bladder

tumours.

4.3.1.1 Experimental studies on normal bladder
The first objective in planning PDT experiments on the bladder must be to

decide what biological effect is desired and then to manipulate all the
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variables involved to see if this effect is achievable. It is surprising that so

little has been done along these lines.

In whole bladder treatments, no-one has shown necrosis limited to the
tumour areas, and instead large areas of mucosa have sloughed which must
be presumed to include both normal and neoplastic regions. These have
healed with regeneration of normal mucosa which for patients with Cis
means that their tumour has been eradicated, although the price paid was
scarring and a permanent impairment of detrusor muscle function. Thus it
seems less important to attempt any form of selectivity between normal and
abnormal mucosa, but highly appropriate to try and limit the damage to the
mucosa and submucosa and leave the muscle intact. Experiments designed
to answer this question can be carried out on normal animals, which is

simpler than finding an adequate animal model of in situ bladder cancer.

Two sets of variables can be manipulated. Those related to the photo-
sensitising drug (e.g. dose, route of administration and time between
sensitisation and light exposure), and those related to the light (wavelength,
power, exposure time and geometry of light distribution). It is only by
performing careful and logical experiments that the problems that exist
with clinical dosimetry may be properly addressed. The aim of the
experimental work presented in this thesis is to investigate the effect of

varying these basic dosimetry values on the biological result.

4.3.2 Fluorescence

All photosensitisers will fluoresce when exposed to light of a wavelength
corresponding to an absorption peak (fig. 3.1). The emitted light is of a
longer wavelength than the exciting light energy and may be detected
visually, photographically, or by a variety of sensitive electronic imaging

systems. Normally ultraviolet light is used to excite fluorescence from
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porphyrins, the largest absorption band is around 405 nm, and the resulting
reddish fluorescence detected at 630 nm. Fluorescence has been widely
used to localise photosensitisers, both to identify putative areas of
malignant tissue and to investigate the mechanism of photodynamic action.
The bladder is one organ in which such localisation seems useful (Benson ez
al., 1982) though the equipfnent required is costly and the technique

complicated (section 3.3).

Fluorescence measurements though have several potential drawbacks
notably that it is questionable whether or not the observed fluorescence
closely mirrors photoactivity, given that the non-active porphyrin
aggregates also fluoresce (Moan and Sommer, 1981; Berns et al., 1984).
With the phthalocyanines however the main aggregates formed are dimers
whose fluorescence appears to be negligible and whose photoactivity is also
very low compared to that of monomers (McCubbin, 1985; Spikes and
Bommer, 1986). The question of the correlation between fluorescence and
photoactivity has been examined previously for AlISPc (Barr et al., 1988;
Berg et al., 1989), from which it was concluded that fluorescence detection
is selective in that only photoactive monomers are detected. Therefore
fluorescence estimations of phthalocyanines are probably more relevant in
most instances than chemical assays of sensitiser concentration as the
inactive aggregates are ignored. Another potential difficulty in relating
fluorescence intensity to sensitiser concentration in tissue is that some
tissues are efficient quenchers of fluorescence. For instance, very little
fluorescence is seen from normal liver after the administration of HpD
even though sensitiser levels are high as measured by radiolabelling
techniques (Gomer and Dougherty, 1979). Also the very light used to
excite fluorescence may itself degrade the image by causing photo-
bleaching. This can be minimised by using a very sensitive imaging system

that only requires an extremely low-powered excitation source (chapter 6).
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4.3.3 Photodynamic thresholds and photobleaching

Photobleaching, the irreversible degradation of some of the excited triplet
state molecules, was initially thought to be a disadvantageous property for a
photosensitiser-as it indicated that it was photochemically unstable. This
can occur through reaction of the activated photosensitiser either with
singlet oxygen or with tissue components such as amino acids. AISPc is
known to be extremely stable against attack by singlet oxygen (McCubbin,
(1985; McCubbin and Phillips, 1986) unlike many porphyrins, but it has
been shown that phthalocyanines can react with amino acids such as
cysteine (Darwent et al., 1982), leading to the formation of less stable
phthalocyanine ionic and radical species. These may undergo further
reactions resulting in decomposition of the phthalocyanine ring and
irreversible degradation (fig. 4.1). This phenomenon was first described
for porphyrins in vitro by Moan (1986b), and later in vivo by Mang et al.
(1987) who showed a loss of fluorescence and reduction in extractable
porphyrin from a mouse mammary tumour. Similar responses have been
since demonstrated in other tumour models and it has become clear that
photobleaching could be a valuable mechanism by which tumour selectivity

in PDT may be enhanced. How might this work ?

The amount of singlet oxygen produced depends on the total “photodynamic
dose” which is a product of the total light energy absorbed at each point
and the tissue concentration of photosensitiser at the time of light exposure.
There is reasonable reciprocity between the sensitiser concentration and the
light dose in the ranges most workers have studied; i.e. for a given tissue
effect if the sensitiser concentration is doubled then the light dose is halved
(Bown et al., 1986; Barr et al., 1987b; Profio and Doiron, 1987). However
photodynamic damage is a threshold effect, and a minimum amount of

singlet oxygen must be produced before a cell is killed. This reciprocity
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therefore fails for low concentrations of photosensitiser which cannot

produce sufficient singlet oxygen, however high the light dose given.

In effect then, there are two threshold conditions that must be satisfied
before a PDT effect can be produced. The first is a minimum tissue
concentration of photosensitiser below which it may be inactivated by
photodegradation before sufficient singlet oxygen is produced to cause any
biological damage. Even if there is enough photosensitiser there must of
course also be enough light, which results in a second threshold for the
total photodynamic dose. We have already seen that the difference in
photosensitiser‘ concentration between tumour and normal tissue is rarely
more than about 2:1. However if treatment variables can be manipulated
such that the concentration of photosensitiser in the tumour is above the
first threshold level, whereas it is below it in the adjacent normal tissue
then a truly selective tumour destruction should occur. The only two
requirements are that the absorbed light dose in the tumour is sufficient to
satisfy the second threshold condition for total photodynamic dose, and the

fluence rate is not high enough to cause thermal damage.

These threshold values are likely to vary considerably, not only between
experimental animals and Man but also between different organs and
tissues. The depth of tissue damage produced using these low photo-
sensitiser concentrations is less than would be the case at a higher photo-
dynamic dose when larger amounts of singlet oxygen are being generated,
only about 2 mm; though this is quite adequate for bladder Cis. Careful
experimentation is therefore going to be necessary to achieve these
theoretical results in clinical work, but the principle has been shown to
work in animal colon cancers sensitised with AISPc (Barr et al., 1990a) and
in some other tumours using HpD (Potter et al., 1987). Barr and

colleagues concluded that low concentrations of AISPc in normal colon
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were photodegraded too rapidly for the threshold light energy absorption
to be reached, whereas in tumour, containing about twice as much AISPc as
normal tissue, the threshold dose was reached making selective tumour
destruction possible. MacRobert et al. (1989) have calculated that
significant photodegradation may occur in a comparatively short time, in
the order of 10 absorption cycles, using typical PDT energy doses. This
principle of photobleaching enhancing selectivity of necrosis is explored

for the normal bladder in the work presented in chapters 6- 8.

Photobleaching as a means of reducing the period of cutaneous photo-
sensitivity following PDT with porphyrins has been suggested (Boyle and
Potter, 1987). They were able to show in mice that repeated low doses of
light degraded the sensitiser in skin such that there was no reaction to a
subsequent large dose. If this worked in Man, the typical period of
sensitivity to daylight after porphyrin photosensitisation might be reduced

from six weeks to one week.
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SECTION 2

EXPERIMENTAL STUDIES ON
PHOTODYNAMIC THERAPY
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5.1 INTRODUCTION

The complications encountered in clinical bladder PDT with porphyrin
photosensitisers have already been discussed in chapter 3. The damaging
event appears to be the activation of photosensitiser in the muscle layers of
the bladder wall causing tissue damage that heals with sufficient fibrosis to
produce a significant reduction in compliance and functional capacity.
Until photosensitiser drugs that are more selective for neoplastic tissue are
developed the only possible ways of limiting damage to the muscle layer
are by adjusting dosimetry parameters such that either one or other of the

following conditions occurs:

i) The concentration of photosensitiser in the muscle never reaches the
threshold level required to yield enough singlet oxygen to result in

photodynamic necrosis, independent of the light dose.

ii)  The light dose reaching the deeper tissue layers is insufficient to
produce sufficient singlet oxygen from the photosensitiser molecules
to cause necrosis even in the presence of adequate amounts of the

sensitiser (the second threshold condition).

The first statement implies that there should be a gradient of photo-
sensitiser distribution between the superficial (epithelium and lamina
propria) and deep (muscularis) layers of the bladder wall; a concept which
will be studied more fully in the following chapters. The only way though
of satisfying the second condition and reducing the light dose reaching
muscle whilst still giving enough surface illumination for a PDT effect in

the epithelium, is to use a less penetrating wavelength of light.

All published clinical PDT studies have used HpD or DHE as the photo-
sensitiser activated by red light with a wavelength of 630 nm as red light
penetrates tissue well because it is poorly absorbed by naturally occurring
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biomolecules. The maximum penetration of light is at around 780- 800 nm
in most tissues but current photosensitisers cannot absorb such ldng
wavelengths and the photon energy of this light is insufficient for an
adequate yield of singlet oxygen (Doiron, 1984). For most applications of
PDT it would be advantageous to treat the maximum bulk of tissue possible
though this will never be more than about 5-6 mm (around 4 penetration
depths in most tissues). For superficial bladder carcinoma this is not
necessary and as we have seen is probably responsible for the major
complications encountered. Furthermore, as has already been discussed,
630 nm corresponds to a relatively minor peak in the absorption spectrum
of HpD / DHE, whereas there is rather stronger absorption through most of
the rest of the visible spectrum, e.g. a peak for green light around 507 nm.
Therefore not only might a stronger photodynamic effect be expected for
the same dose of green as compared to red light but also the depth of tissue
penetration by green light would be much less at only 1-2 mm (van-Gemert
et al., 1985), so affording some protection to the deeper layers of the
bladder wall. Of course it is not possible to activate the phthalocyanine
photosensitisers with green light as they do not absorb at this wavelength so
it is necessary to use a porphyrin photosensitiser (HpD/DHE) for studies

involving green light.

There are several types of laser that will produce green wavelength of
light. The most obvious option is to use the direct output of an argon ion
laser rather than coupling it to the dye laser necessary to produce red light.
This would also result in much higher output powers (typically 7 W at 514
nm from a laser system that would give only 1 W in the red). The copper
vapour laser also produces a high output of green light (511 nm). Neither
of these lasers though have any other urological application and the argon
ion laser in particular has several disadvantages in terms of its bulk, poor

reliability and expense that make it less than satisfactory for clinical use.

104



The flashlamp pumped dye laser which produces pulsed green light (504
nm) has already been described (section 2.2.2) and is routinely used for
fragmenting ureteric calculi (Coptcoat ez al., 1987). Although it is a more
expensive laser than the copper vapour laser there would be an advantage

for Units already possessing one to have another possible use for it.

There are very few studies investigating the suitability of the pulsed dye
laser for PDT. There was no report of its efficacy in vitro prior to
undertaking this work and only 2 in vivo studies neither of which showed
an effect. These studies will be discussed later, but briefly, Bellnier et al.
(1984) used a murine tumour model sensitised with HpD and although
observing some damage after illumination with a pulsed dye laser,
attributed this to thermal effects. Barr et al. (1989) did not produce any
PDT effect on normal rat colon sensitised with AISPc. These latter authors
expressed doubt as to whether the slow pulse repetition rate of this type of
laser was adequate to produce a high enough singlet oxygen yield for

efficient photodynamic action.

It was considered, nevertheless, that these experiments were not conclusive
and that the rather more tightly controlled environment of in vitro
experiments would be most likely to answer these points. Would green
light PDT effectively kill bladder tumour cells in culture and would the
particular qualities of this type of pulsed laser prove advantageous over the

more commonly used light sources ?
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5.2 MATERIALS AND METHODS

The author had no prior experience of in vitro techniques, so began this
work with a period of instruction in the cell culture laboratories at St.
Paul's hospital under the guidance of Dr. JJR.W. Masters. Adequate

proficiency was acquired in performing standard procedures involved in:

- cell freezing and thawing and culture medium preparation.

- routine maintenance and subculture of continuous cell lines.

- cell counting and viability assessment with a haemocytometer.
- techniques of in situ clonogenic assay.

- fixing, staining and counting cell colonies.

5.2.1 Cell culture techniques

A human continuous bladder carcinoma cell line (MGH-U1l) was
maintained in monolayer culture in RPMI 1640 medium, (Gibco Europe
Ltd., Paisley, Scotland) supplemented with 5% heat-inactivated fetal bovine
serum (Sera-Lab Ltd., Crawley Down, England) and 2mM L-glutamine
(Flow Laboratories Inc., Irvine, Scotland), at 36.5°C in a humidified
atmosphere of 5% CO; in air. The flasks were examined daily and when
the cells were becoming confluent they were routinely subcultured to allow
them to continue growing logarithmically. Subculture was also performed

to obtain a single cell suspension for the clonogenic assay described below.

5.2.1.1  Cell subculture

Subculture was performed in the sterile environment of a laminar flow
cabinet after first checking the culture flask under an inverted microscope
to exclude any bacterial or fungal contamination. Fresh medium was
prepared by adding 25 ml fetal bovine serum and 5 ml L-glutamine (kept

frozen at -20°C and defrosted in a 37°C water bath immediately prior to
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use) to 500 ml RMPI 1640 medium (stored at 4°C). The necks of all
containers were flamed in a bunsen burner both before and after remov'ing
their lids to ensure sterility. The enzyme mixture was prepared by adding
4 ml of an aqueous solution of 0.05% trypsin (1:250; Difco Laboratories,
Lbndon) to a 16 ml aliquot of 0.016% versene (EDTA disodium salt; BDH
Chemicals, Poole, England). |

The flask containing the cells to be subcultured was tilted onto its side and
the medium aspirated from one corner taking care that the tip of the
Pasteur pipette did not scrape cells off the bottom of the flask. The cells
were then gently rinsed with 5 ml phosphate-buffered saline (PBS) to re-
move any remaining serum which would inactivate the trypsin. Next 4 ml
of the trypsin/versene mixture were added, the flask was gently rocked so
that the monolayer was covered and after 30 s most of the trypsin/versene
was aspirated, leaving only a thin film to cover the cells. The flask was
then returned to the incubator until all the cells had rounded up indicating
that they had detached from the flask base (usually 5-10 min) and could be
dislodged by tapping the side of the flask. A single cell suspension was
produced by forcefully syringing 10 ml medium repeatedly up and down
through a 25 gauge needle. For routine maintenance of the flasks 1 ml of
this suspension was placed into 2 new 25 cm?® Falcon flasks and made up to
5 ml with fresh medium. Flasks were then labelled and one was added to
the old passage number. The medium was changed the following day to
remove any dead cells and the cells were used over a restricted range of 10
passages to minimise any changes occurring as a result of long term

culture. No antibiotics were used.

5.2.1.2  Cell counting and preparation of culture dishes
Exponentially growing cells were enzymatically detached from the flask

base, and a single cell suspension was produced as described above. The
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degree of dilution of this cell suspension needed to produce the required

number of cells in the experimental dishes was calculated as follows.

The counting chamber of a haemocytometer (Neubauer) was cleaned with
alcohol and a coverslip applied. Equal amounts (0.2 ml) of the cell
suspension and of a 0.1% solution of trypan blue were drawn up with a
micro-pipette, mixed together and a small volume of the resulting solution
aspirated into the tip of a Pasteur pipette. Applying a drop to each side of
the coverslip drew in, by capillary action, the exact amount needed to fill
the counting chambers of the haemocytometer which was then examined
under a microscope. Dead cells would take up the stain, appear dark blue
and could be excluded from the count. If the cells appeared clumped this
indicated that a single cell suspension had not been achieved and then the
flask suspension was syringed back and forth a few more times before

repeating this step.

The 4 counting areas in the haemocytometer chamber each represented an
area of 1 mm? and were subdivided into 16 smaller squares. The depth of
the counting chamber beneath the coverslip was 0.1 mm and therefore the
volume of each area was 10 ml. The number of viable cells within the
grid confines of each of these areas was counted and this process repeated 4
times with a new solution of the cell suspension and trypan blue. Cells
lying across the boundary lines at the top and left-hand side of the counting
square were counted in whilst those lying across the bottom and right-hand

lines were excluded. A typical set of values is illustrated below.

Haemocytometer readings - i) 73, 66, 50, 68 (mean 64.25)
i) 71, 66, 55,59 (mean 62.75)
iii) 65, 65, 68, 69 (mean 66.75)
iv) 74,56,59,52 (mean 60.25)

Overall mean value = 63.5

Concentration of viable cells = 63.5 x 2*x 10* = 127x10* cells /ml
* (the factor of 2 allows for the dilution in trypan blue)
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Now that the cell concentration of the single cell suspension was known
then the dilution required in order to seed the required number of cells

into each of the experimental dishes could be calculated.

Each dish would contain 0.2 ml cell suspension and 2.8 ml medium
150 cells were required per dish
concentration of cell suspension required was 750 cells/ml

Serial dilutions of cell suspension with fresh medium required were
1:9  giving a cell concentration of 12.7 x 10* cells/ml

then 1:16 giving a cell concentration of 7.5 x 10° cells/ml

then 1:9 giving a cell concentration of 7.5 x 10? cells/ml

Sufficient 3.5 cm petri dishes for each experiment were prepared (5
replicates for each parameter to be studied plus controls) containing 2.8 ml
prewarmed and gassed medium, seeded with 0.2 ml diluted cell suspension.
Out of the 150 cells seeded, the MGH-U1 cell line would be expected to
yield about 100 viable colonies per dish which are about the maximum that
can be conveniently counted in a 3.5 cm dish. The dishes were returned to
the incubator for 48 h to allow the cells to attach and attain exponential

growth prior to any experimental procedure.

The medium was then replaced with either fresh medium alone for some of
the controls or with medium containing the photosensitiser dihaemato-
porphyrin ether (DHE -Photofrin II, Photomedica Inc., Ravitan, N.Y.).
DHE was received from the manufacturers as a frozen concentrate
containing 2.5 mg DHE/ml. This was prepared for each experiment by
thawing the required amount and diluting in fresh medium 1:11.5 to
produce a concentration of 200 ug DHE /ml. This solution was sterilised by
passing through a millipore filter and further diluted as required. The
concentration most often used was 20 pg/ml (section 5.3.1), 0.3 ml of the

initial solution being added to each culture dish containing 2.7 ml medium.
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After a 1 h incubation in DHE solution the dishes were washed with fresh
medium to remove any unbound DHE and then placed in 1 ml PBS to

prevent the cells from drying out during the subsequent light exposure.

All dish procedures on sensitised cells were performed under very low
level indirect lighting (by necessity at night!) and sensitised cells remained
protected by aluminium foil from scattered light except during the actual
exposure. At all other times, including during incubation, the dishes were
also covered with foil. Two sets of control dishes were used, the ones used
to calculate survival rates being unsensitised cells exposed to light. A
second set of sensitised controls manipulated in the same way as the test
replicates but without the actual light exposure would reflect any toxicity
from ambient or inadvertent illumination which if apparent led to the

whole experiment being repeated.

5.2.1.3  In situ clonogenic assay

Following light exposure, given as described below, the cells were washed
3 times in fresh medium and incubated for a further 7-8 days during which
times the viable cells would form colonies. Any dishes with macroscopic
contamination were discarded. After this time a couple of dishes would be
checked under an inverted microscope to ensure that there were adequate
sized colonies present (minimum 50 cells). The medium was poured off
and the dishes washed under gently running water then fixed in methanol
for 10 min. The dishes were washed again and colonies stained by adding
5 ml of 10% Giemsa (Giemsa's stain, BDH chemicals) for 5-10 min.
Stained dishes were washed in tap water and left to dry in air before the

colonies were counted using a binocular dissecting microscope (fig. 5.1).

Five replicates were exposed initially at each parameter tested. Despite
meticulous attention to dish handling techniques the large number of

procedures on each dish, and the transport to and from the laser room (in
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another building), did result in some becoming infected. The minimum
acceptable number of surviving dishes for any parameter tested was 3, so if
loss from infection resulted in less than this, then the whole experiment was
repeated. This occured in over half of all experiments (8 out of a total of
15 major experiments). In most cases this was due to dish contamination
but on 2 occasions was as a éonsequence of laser malfunction and once

there were too few colonies, most likely due to inadvertent illumination.

Cell survival (colony forming ability) was calculated as the mean number
of colonies of a minimum of 3 dishes at each treatment point expressed as a
percentage of the mean of the controls. All experiments were repeated 3
times to plot cell survival curves. The data shown by these curves,
therefore, represent the means and variation between experiments rather
than those results within individual experiments. Discrete experiments
(defined as having only a single variable) might be combined on a single
occasion to comprise dishes treated with different variables; e.g. DHE and
AlSPc and the same light exposure, or cells treated at different laser
powers; generally up to the maximum of about 60 plates that could be
conveniently managed at one time. Each experiment though would be

repeated on 3 separate occasions with a new cell passage and new controls.

The mean values for each series of observations may be compared by
calculating overall mean percentage cell survival values and the standard
error of these means. These calculations together with the data from each
experiment are shown in appendix 1. Statistical significance was assessed
by the Student's t test for unpaired values. It is a reasonable assumption
that cell numbers plated out into each dish would be normally distributed
for this analysis to be valid. In view of the relatively small numbers of
observations being compared it was considered that non-parametric tests

would be unlikely to provide sufficient sensitivity to make even large
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differences between groups statistically valid. Nevertheless it is not
intended that undue emphasis should be placed on such statements of
significance as the differences between, say, the individual laser powers

employed are of secondary importance to the overall effectiveness of PDT.

5.2.2 Experiment design

Experiments were designed to address the following questions.

i) To assess any direct toxicity of DHE on MGH-U1 cells.

ii)  To assess the effect of strong white light on sensitised cells and
any difference in sensitivity to white light between cells
sensitised with DHE and those sensitised with AISPc.

iii) To assess the effect of pulsed green laser light at varying
powers and pulse repetition rates on both unsensitised cells and
cells sensitised with DHE.

5.2.2.1 Direct toxicity of DHE

Initial experiments were designed to assess whether DHE caused any direct
toxicity to this cell line, and to determine a suitable concentration for use in
subsequent laser experiments. MGH-U1 cells, prepared as described above,
were incubated in the dark for 1 h in medium containing DHE at
concentrations of 0 (controls), 5, 10, 15, 20, 25, 30 and 50 pg DHE/ml.
Five replicate dishes were used at each concentration. After this period the
cells were washed 3 times with fresh medium and returned to the incubator
for 7 days before the in siru clonogenic assay was performed. This
experiment, as with all others described below, was repeated on 3 seperate

occasions to calculate cell survival rates.

5.2.2.2 The effect of white light
These experiments were now repeated using the same concentrations of

DHE (0-50 pg/ml), but this time both sensitised cells and controls were
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exposed to strong white light for 30 min. The light source used was the

standard fluorescent lighting of the laminar flow cabinet.

The effect of exposure to white light was compared between cells sensitised
with either DHE or AlSPc, as an indication of the magnitude of cutaneous
photosensitivity that might be expected in vivo. This is the only instance
that AISPc was used as it would not be suitable for the laser experiments
using green light and should not confuse the overall aim of these
experiments. Less photodynamic effect would be expected on those cells
sensitised with AISPc due to its more localised absorption of visible light
than DHE (fig. 3.1). Cells were incubated for 1 h with either DHE or
AlSPc (both at 20 pg/ml) prior to exposure to bright white light for 2, 5,

10, 15 and 20 min. Controls comprised sensitised cells kept in the dark.

5.2.2.3 The effect of pulsed green laser light

The laser light source used was a flashlamp pumped dye laser (Candela
MDL-1P, Candela Corp., Natick, M.A., USA - fig. 5.2), emitting green
light (504 nm) transmitted along a 200 micron quartz fibre which was led
into the laminar flow cabinet so that the cells could be illuminated under
sterile conditions. This is the same clinical laser used by urologists for
lithotripsy of ureteric calculi and its properties have already been described
in section 2.2.2. The laser output was controlled by a foot switch and

electronic timer allowing accurate short exposures.

The tip of the freshly cleaved laser fibre was positioned in a clamp
approximately 12 cm above the culture dish, with its lid removed. At this
distance the divergence of the laser beam was sufficient to illuminate the
whole dish evenly. Incident light energy was measured with a power meter
at the level of the dish. This meter had a 1 cm? aperture placed over its
sensor so that the laser output could be adjusted to give an average power

density of 50, 75 or 100 mW/cm? (close to maximum available power).
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As Barr et al. (1989) had suggested that the low repetition rate (5 Hz) that
they had used from a similar laser to our own was the main reason for a
lack of effect, most of these experiments were performed at 20 Hz which is
towards the higher end of the available frequency range from this laser.
The frequency usually chosen for clinical lithotripsy is 10 Hz and the
average power drops off quite rapidly much above 20 Hz due to
insufficient recycling time for the flashlamp capacitor. The pulse length
was 1 s representing a pulse energy density (at 20 Hz) of 2.5-5 mJ/cm?
and peak power density of 2.5-5 kW/cm?. The output power was
measured after each set of exposures to confirm that it had remained stable,
which was almost always the case. Variations up to 5% were accepted but
on the rare occasions that output had drifted further than this the laser was

recalibrated before the next set of exposures.

Three different experiments using laser light were performed. Initially
any possible direct cytotoxic effect of the laser light alone was investigated
on unsensitised cells exposed to the maximum laser power used in these
studies (average power density of 100 mW/cm?). Five replicate dishes
were exposed to laser light at this fluence rate and 20 Hz pulse frequency

for 5-30 s. Control dishes comprised unexposed cells.

Then sensitised replicates were exposed to a range of 3 laser powers
(average power densities of 50, 75 and 100 mW/cm?) at a pulse repetition
rate of 20 Hz, and exposure durations from 2-15 s. Initially a 30 s
exposure was also used but this resulted in total cell kill with 50 mW/cm?.
Control dishes comprised both unsensitised cells exposed in the same way
(to pick up any direct toxicity of either DHE or the laser), and sensitised
cells kept in the dark (to pick up any toxicity due to inadvertent light

exposure during the multiple manipulations of the culture dishes).
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Finally the effect of reducing the laser pulse frequency was investigated.
Sensitised cells were exposed to an average power density of 50 mW/cm?
delivered at either 5 Hz or 20 Hz for exposures of 2-15 s. As the average
power was the same for both the peak pulse power density was therefore 4
times higher at the slower frequency (a massive 10 kW/cm?) than that
delivered at 20 Hz. Control dishes comprised both unsensitised cells

exposed to laser light and sensitised cells kept in the dark.

5.3 RESULTS

Detailed cell survival data are given in appendix 1. The values presented in
this section are the means and standard errors for each set of experiments.
Each data point therefore represents the mean + SEM of 3 experiments,
with each experiment consisting of 3-5 dishes at each point, depending

upon the level of dish loss from contamination and other causes.

5.3.1 Direct toxicity of DHE and the effect of white light

For cells kept in the dark there was no significant toxicity observed
throughout the range of DHE concentrations from 0-50 pg/ml (fig. 5.3).
Marked toxicity however was evident on exposure of sensitised cells to the
strong white overhead illumination of the laminar flow cabinet. Colony
forming ability was reduced, compared to unsensitised cells similarly
exposed to light, to 55% at a DHE concentration of only 5 pg/ml. There
were only 2 colonies seen in 12 plates treated at 15 pg/ml DHE and no
surviving colony seen at the higher concentrations. A concentration of 20
pg/ml DHE with a 1 h incubation was therefore chosen as standard

sensitisation for subsequent laser exposures for two reasons. Firstly there
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