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Photodynamic therapy on the normal rabbit larynx with phthalocyanine and
5-aminolaevulinic acid induced protoporphyrin IX photosensitisation
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Summary Photodynamic therapy (PDT) is a promising technique for the treatment of small tumours in
organs where it is essential to minimise damage to immediately adjacent normal tissue as PDT damage to many
tissues heals by regeneration rather than scarring. As preservation of function is one of the main aims of
treating laryngeal tumours, this project studied the effects of PDT on the normal rabbit larynx with two
photosensitisers, endogenous protoporphyrin IX (PPIX) induced by the administration of 5-aminolaevulinic
acid (ALA) and disulphonated aluminium phthalocyanine (AlS2Pc). The main aims of the study were to
examine the distribution of protoporphyrin IX and AlS2Pc by fluorescence microscopy in the different regions
of the larnyx and to assess the nature and subsequent healing of PDT damage. Peak levels of PPIX were found
0.5-4 h after administration of ALA (depending on dose) with highest levels in the epithelium of the mucosa.

With 100 mg kg-', PDT necrosis was limited to the mucosa, whereas with 200 mg kg-l necrosis extended to
the muscle. With 1 mg kg - AlS2Pc, 1 h after administration, the drug was mainly in the submucosa and
muscle, whereas after 24 h, it was predominantly in the mucosa. PDT at 1 h caused deep necrosis whereas at
24 h it was limited to the mucosa. All mucosal necrosis healed by regeneration whereas deeper effects left some
fibrosis. No damage to cartilage was seen in any of the animals studied. The results of this study have shown
that both photosensitisers are suitable for treating mucosal lesions of the larynx, but that for both it is
important to optimise the drug dose and time interval between drug and light to avoid unacceptable changes in
normal areas.
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Conventional management of malignant laryngeal tumours is
by surgery or radiotherapy. Early tumours can be treated
endoscopically by laser surgery or conventional techniques,
which can be repeated for persistent or recurrent lesions, but
there is always a difficult balance between removing enough
tumour to minimise the risk of recurrence and leaving as
much normal tissue as possible to optimise function. There is
usually some deterioration in the quality of the voice after
treatment. In the UK and North America, radiotherapy is the
treatment of choice for early tumours. This induces little or

no damage to the voice, but because of cumulative toxicity, it
is often not possible to repeat it for any local recurrence. For
early tumours, the 5 year survival rate for each method is
80-90% (Kleinsasser, 1987). Thus the preservation of the
voice becomes a particularly important aspect of treatment.
A new non-surgical technique which could destroy tumours
of the larynx without the cumulative toxicity of ionising
radiation and avoid destroying normal parts of the larynx
with the consequent disturbance of voice function could
represent a valuable advance. Photodynamic therapy (PDT)
produces localised tissue necrosis with light following prior
administration of a photosensitising drug. Although the
tumour selectivity of PDT is often overemphasised, it is
now well documented that PDT necrosis of many normal
tissues heals with regeneration rather than scarring. This
makes it a promising approach for treating small tumours in
many organs.

Photodynamic therapy (PDT) of head and neck tumours
has attracted increasing attention over the last ten years, as
shown by more than 30 recent clinical publications (Gluck-
man, 1991; Feyh et al., 1993). However, despite the inherent
suitability of PDT for laryngeal tumours, only a few studies
have been performed on this organ to date (Gluckmann and

Weissler, 1986; Wustrow et al., 1988, 1989; Abramson et al.,
1990, 1992; Feyh et al., 1990; Freche and De Corbiere, 1990;
Kleemann, 1990; De Corbiere et al., 1992; Feyh, 1992; Biel,
1994). The easier access to other parts of the head and neck
region such as the oral cavity may partly account for this
comparative neglect. Nevertheless, PDT is promising as a

function-preserving treatment, especially for small laryngeal
malignancies, precancerous lesions of the larynx and lesions
like laryngeal papillomatosis. Haematoporphyrin derivative
(HpD) and its derivatives like Photofrin are currently the
most widely studied photosensitisers undergoing clinical
trials. Although good results using these sensitisers have
been reported (Monnier et al., 1990; Abramson et al., 1992;
De Corbiere et al., 1992; Feyh, 1992; Grant et al., 1993a;
Biel, 1994), they have certain disadvantages, particularly the
long-lasting skin photosensitivity, which has prompted an

active search for new photosensitisers with more suitable
properties.
Two agents that have attracted much recent interest are

endogeneous protoporphyrin IX induced by administration
of exogenous 5-aminolaevulinic acid (ALA) and disulpho-
nated aluminium phthalocyanine (AlS2Pc). ALA is a

naturally occurring haem precursor whose production is
regulated by the level of haem through a negative feedback
mechanism acting on ALA synthase (Rimington, 1966;
Marriott, 1968). Using excess amounts of exogenous ALA,
this feedback control can be bypassed which leads to the
build up of protoporphyrin IX (PPIX) with the final step
converting PPIX to haem then becoming the rate-limiting
step. PPIX is an active photosensitiser and thus any cell
capable of synthesising haem can be sensitised by this means.
Photodynamic effects have been produced both in vitro and in
vivo after ALA administration and subsequent exposure to
red light at 630 nm (Malik and Lugaci, 1987; Divaris et al.,
1990). Compared with HpD, the great advantage of ALA is
the short duration of tissue sensitisation, especially the skin
(typically less than 24 h). More recently, several experimental
and clinical studies using ALA have been reported showing
that, unlike other currently available photosensitisers, it can
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be given either topically or systemically (orally or intrave-
nously), (Kennedy et al., 1990; Wolf and Kerl, 1991;
Kennedy and Pother, 1992; Bedwell et al., 1992; Loh et al.,
1992; Peng et al., 1992; Loh et al., 1993a; Grant et al.,
1993b). AlS2Pc has been reported to be a potent photo-
sensitiser by several groups (Paquette et al., 1988; Berg et al.,
1989; Chan et al., 1990; Chatlani et al., 1991; Meyer et al.,
1991; Loh et al., 1992). It is biologically similar to HpD, but
causes much less skin photosensitivity (Tralau et al., 1989).
PDT necrosis of squamous cell carcinomas, the most

common tumour of the larynx, is well documented (Wustrow
et al., 1988, 1989; Feyh et al., 1990, 1993; De Corbiere et al.,
1992; Biel, 1994). However, for PDT to be of clinical value it
is essential for the nature of the damage and subsequent
healing of necrosed tumour and necrosed adjacent normal
tissues to be fully understood. This is of particular
importance in an organ such as the larynx whose function
is very sensitive to small changes in its component tissues.
Abramson et al. (1990) carried out PDT experiments on the
normal canine larynx using HpD. They described macro-
scopic changes and thermal effects and advised the use of
light doses no higher than 100 J cm-2 to avoid laryngeal
obstruction after PDT. Chevretton et al. (1992) described
studies of PDT effects on normal striated muscle and showed
that at least some regeneration and restoration of function is
possible after PDT necrosis. Other investigators have
provided further information on PDT on normal tissues in
a range of organs using ALA and AlS2Pc (Meyer et al., 1991;
Nuutinen et al., 1991; Pope and Bown, 1991; Bedwell et al.,
1992; Judd et al., 1992; Loh et al., 1992, 1993a).

The aims of this study were to use fluorescence microscopy
to look at the distribution of PPIX and AlS2Pc in normal
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laryngeal tissues (mucosa, submucosa, muscle and cartilage),
and to assess the damage and subsequent healing of these
tissues following exposure to red light in sensitised animals.
The hope was that we could achieve mucosal necrosis reliably
without unacceptable damage to the underlying submucosa
and muscle, which has not previously been shown using PDT
on the larynx. The main aim was to study ALA. The limited
number of experiments done with AlS2Pc were to provide a
comparison between sensitisers and to make it easier to
correlate the ALA results with our previous extensive studies
with the phthalocyanines (Meyer et al., 1991; Nuutinen et al.,
1991; Pope and Bown, 1991; Smith et al., 1993).We chose the
rabbit larynx as the experimental model for this work, as the
rabbit was considered to be the smallest animal with a larynx
of suitable structure and size for these experiments.

Materials and methods

5-Aminolaevulinic acid (ALA) was obtained from the Sigma
Chemical Company (Poole, UK); it was dissolved in sterile
saline and buffered with sodium bicarbonate to pH 5 shortly
before intravenous administration at a concentration of
80 mg ml-'. AlS2Pc was prepared in the Department of
Chemistry, Imperial College, London (Bishop et al., 1993). It
was dissolved in 0.1 M NaOH and buffered to PH 7.4 for
intravenous administration giving a final concentration of
1 mg ml-'.
A total of 73 male New Zealand white rabbits was used in

this project. These were divided into two groups. The first
group of 40 animals was used for pharmacokinetic studies
and received either ALA (n = 36) or AlS2Pc (n = 4) by
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Figure 1 Mean level of fluorescence (±s.d.) of laryngeal tissues measured by fluorescence microscopy after i.v. administration of
200mg kg- 1 ALA as a function of time: (a) mucosa, (b) submucosa, (c) muscle, (d) cartilage. The value at each time point represents
the mean (with standard deviation) of measurements from two or three animals and three different areas for each tissue in each
animal. All values have been corrected for tissue autofluorescence.
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intravenous injection into an ear vein under light sedation
with Hypnorm (fentanyl and fluanisone). Animals were
sensitised with 200. 100 or 20 mg kg-' body weight ALA
or 1 mg kg-' AlS2Pc. These doses were chosen on the basis
of previous results from this centre on other organs as
described above. Two or three animals per time point were
killed from 0.5 h up to 1 week after ALA injection. The
larynx was removed at post mortem. and frozen immediately
in isopentane cooled in liouid nitrogen. Frozen sections of
10pum thickness were cut and stored at -20-C before
analysis. In view of our extensive previous studies with
AlS,Pc (Nuutinen et al.. 1991: Smith et al.. 1993), only two
time points (1 h and 24 h) after sensitisation were chosen to
determine the AlS.Pc distribution. Quantitative fluorescence
imaging of the frozen sections was carnred out with a
fluorescence microscope (Olympus IMT-2). attached to a
CCD (charge-coupled device) camera system (Wright
Instruments. Cambnrdge. UK) as described preViously
(Chan et al.. 1989: Bedwell et al.. 1992: Loh et al.. 1992).
Images were recorded using a 10 x objective: the low-power
composite images were composed from three adjacent areas.
All fluorescence measurements were corrected for autofluor-
escence as measured on control specimens from unsensitised
animals. After fluorescence microscopy. slides were fixed in
formalin and stained with haematoxylin and eosin. The light
microscopy image and the fluorescence image (falsely colour-
coded for ease of analysis) were compared to correlate the
fluorescence distribution of the photosensitiser within the
tissue sections.

The second group of 33 animals underwent laser treatment
of the larynx. In all, 24 animals were given drug and light,
seven controls received light only. and in two further controls
only a tracheotomy was performed without drug or light. The
relatively large number of light-only control animals was
owing to the need to optimise the light delivery technique.
Drug-only controls were taken from animals used in the
pharmacokinetic part of the study. The light source used was
a pulsed (12 kHz) copper vapour pumped dye laser (Oxford
Lasers. Oxford). For ALA the laser was tuned to 630 nm,
and for AlS.Pc. to 675 nm. For ALA. the time intervals
between drug and light were chosen on the basis of the
fluorescence pharmacokinetic experiments. Animals which
received 200 mg kg-' ALA were treated 4 h after sensitisa-
tion (n=9) and those receiving 100 mg kg ALA at 3 h
(n=6), to match the time of the peak mucosal fluorescence.
Four animals were sensitised with 20 mg kg-' ALA and
subsequently treated at several time points (30, 40, 50 and
90 mmn) as the optimum time was difficult to ascertain from
the pharmacokinetic studies. Up to three animals were
treated for each combination of drug dose and time from
light exposure to killing the animal to ensure that results were
reproducible. The times from PDT to killing the animal were
divided into early (24-48 h, intermediate (10 days) and late
(6 weeks). Animals given AlS2Pc (n =5) were treated 1 (n = 2)
or 24 h (n =3) after sensitisation. To minimise the number of
animals required, not all combinations of values were studied,
and for the less important combinations studied, only one
animal was used. No late studies were undertaken with
AlS.Pc as similar studies had been reported previously from
our group on rat trachea (Smith et al., 1993).

Laser treatment of the larynx was undertaken via a
tracheotomy performed under general anaesthesia with
Hypnorm and Diazepam. Covering one-half of the larynx
With a sheet of opaque paper (to reduce the risk of oedema
after treatment causing respiratory obstruction), the micro-
lens laser fibre (200 pm diameter, PDT Systems, USA) was
inserted through the trachea and fixed at a distance about
0.5-1.0 cm from the infenror aspect of the true vocal cord.
The laser spot size was adjusted to between 2.5 and 5 mm by
varying the distance from the fibre tip to the tissue so the
spot covered the true and the false vocal cord, the laryngeal
ventricle and the subglottic area nearest to the true vocal
cord. The exposure time was calculated from the power at the
fibre tip (set at 100 mW) and the distance from the tip to the

target tissue, to give a total light dose of 100 J cm- . The
actual exposure times used were in the range 600-900 s. This
same light dose of 100 J cm- Iwas used for all animals
treated in this study. At the end of laser treatment. the fibre
was removed. the tracheotomv closed and the animals
allowed to recover. Animals were observed twice a day and
any showing signs of respiratory difficulty were given
corticosteroids up to 48 h after treatment to avoid larvngeal
obstruction from oedema. This was required in all animals
given 200 mg kg-' ALA or I mg kg AlS2Pc but in only
one given 100 mg kg-' ALA. First signs were seen 4 h after
PDT and the maximum effect was seen at 24 h. With this
regime. none developed severe respiratorv distress. The
rabbits were kept under standard animal house conditions
until killed at various subsequent time points (24 h. 48 h. 10
days and 6 weeks). On killing the animal. the larynx was
excised immediately and opened longitudinally along the
posterior side for macroscopic inspection. The larynx was
fixed in 5% buffered formalin for at least 3 days and then cut
longitudinally. Representative tissue samples of the supra-
glottic. glottic and subglottic region were retrieved and
embedded in paraffin wax. Sections (4 gm thick) were cut
from each block and stained with haematoxylin and eosin

I

Figwe 2 (a) Composite low-power magnification fluorescence
image of frozen sections of a larynx cut horizontally 4h after
200mg kg- 1 ALA. The mucosal layer and submucosal glands are
brightly fluorescent with a moderate signal from cartilage and
very little from submucosa and muscle; (b) Photomicrograph of
the same section as in (a) after H&E staining; (c) Composite low-
power magnification fluorescence image of frozen sections of a
larynx cut horizontally I h after 1 mg kg - AlS2Pc. All tissues
apart from cartilage show considerable fluorescence: (d) Photo-
micrograph of the same section as in (c) after H&E staining. (m.
mucosa; mus. muscle).
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(H & E), periodic acid Schiff (PAS) and with Masson's
trichrome for histological examination. The sections were
examined by two independent pathologists.

Results

Fluorescence microscopy

In the rabbit larynx, the mucosa is composed of the
epithelium and the underlying superficial connective tissues
(the lamina propria). Below this lies the submucosa which is
the fibro-fatty connective tissue deep to the lamina propria
which may contain mucous glands. In some areas the
mucosa is bound down tightly to the perichondrium or to
muscle so there is no submucosal layer. The distribution of
PPIX fluorescence after administration of 200 mg kg-' ALA
is shown in Figure 1. With this dose, the fluorescence signal
in the mucosa rose rapidly to a peak at 4 h (see Figures 2
and 3) whereas the signal in the other layers rose more
slowly and to lower peak levels. The highest levels were seen
in the epithelium of the mucosa with moderate levels in the
submucosal glands and little in the muscle or the lamina
propria. The ratio between mucosa and both submucosa and
muscle reached a maximum of approximately 7:1 at the
peak time of 4 h. In contrast, the signal in cartilage
increased at a much slower rate reaching a later maximum
at around 48 h. There was no detectable fluorescence in any
tissue after 1 week. The peak fluorescence in the mucosa was
achieved earlier with lower doses of ALA and declined more
rapidly as shown in Figure 4. Peak levels after 100 mg kg-'
were similar to those after 200 mg kg-, but were attained
1 h earlier. As a result, the ratio between mucosa and
cartilage at 3 h after 100 mg kg-' was 5:1 (data not shown),
whereas the ratio at 4 h after 200 mg kg- 1 was found to be
only 2.5:1.
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Figure 4 Mean fluorescence of laryngeal mucosa after different
doses of ALA as a function of time. Each point represents the
mean (with standard deviation) of three different areas per tissue
in two animals for each time point. All values have been corrected
for tissue autofluorescence.

Table I Levels of fluorescence in the layers of the larynx 1 and 24 h
after 1 mg kg- 1 AIS2Pc

Fluorescence intensity (± s.d.)/(counts per pixel)
Time (h) Mucosa Submucosa Muscle Perichondrium

1 33 (5) 90 (12) 38 (5) 25 (4)
24 22 (5) 25 (5) B B

B, indistinguishable from background readings.

I

Figure 3 High-power views of the same sections as in Figure 2. False colour-coded fluorescence images (white, highest intensity) of frozen
sections of a larynx cut horizontally and the corresponding H&E stains: (a) and (b) 4 h after 200mg kg-1 ALA; (c) and (d) 1 h after
1 mg kg- l AlS2Pc. These images demonstrate the differences in the patterns of mucosal and cartilage fluorescence after ALA and AlS2Pc. (m,
mucosa; s, submucosa; car, cartilage; m.g., mucous glands; mus, muscle).
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The microscopic fluorescence intensity distributions at 1
and 24 h after 1 mg kg-' AlS2Pc are given in Table I. The
highest levels were seen in the submucosa at 1 h. The levels in
mucosa, muscle and cartilage (mainly perichondrium) were
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comparable with each other and lower than those found in
the submucosa (see Figures 2 and 3). The fluorescence levels
in all layers had declined significantly by 24 h. Little could be
detected in muscle and cartilage at this time, although there

Figure 5 Glottic region 48 h after PDT given 3 h after 100mg kg-1 ALA. There is complete epithelial necrosis with ulceration and
marked inflammation'of the superficial lamina propria (arrows). In contrast, there are only minimal inflammatory changes in the
underlying submucosa. There were no abnormalities in the muscle or cartilage (not shown in this section) (H & E).

IbF -'>g 't " a 'Y g- _s*,

Figure 6 (a) Glottic region 6 weeks after PDT given 4 h after 200mg kg- 1 ALA. The epithelium has regenerated with proliferation
of the basal cell layer. There is inflammation with necrosis and developing fibrosis in the deep muscle layers (arrows). There is no
damage to cartilage (not shown in this section) (H & E). (b) Glottic region 6 weeks after PDT given 3 h after 100mg kg ALA. The
epithelium has regenerated with proliferation of the basal cell layer. In contrast to the findings using 200mg kg-1, there is minimal
fibrosis in the subepithelial tissues, but no abnormalities in the deep muscle or cartilage.
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was still moderate fluorescence in mucosa and submucosa,
the absolute levels in these layers being similar. A marked
difference in the fluorescence pattern of the cartilage was
found after AlS2Pc sensitisation compared with that after
ALA. Using AlS2Pc the fluorescence signal was mainly in the
perichondrium, whereas after ALA the highest signal was
seen in the chondrocytes with redistribution from an
intracellular location to the matrix occurring after 48 h.

Photodynamic therapy
Macroscopic changes No macroscopic lesions were seen in
the control groups treated with sensitiser alone, light alone or
those which just underwent a tracheotomy without any other
treatment. Using 200 mg kg-' ALA with PDT at the peak
time (4 h), extensive oedema of the irradiated side of the
larynx was apparent by 24 h after treatment and macroscopic
mucosal necrosis exceeding 5 mm in diameter by 48 h. With
100 mg kg-' ALA, less extensive lesions, comparable with
the size of the irradiated area (5 mm) were found. However,
with either dose, regenerated epithelium was found by 10
days. When the dose of ALA was reduced to 20 mg kg-', no
macroscopic lesions could be seen at any time after
treatment. After photosensitisation with 1 mg kg-' AlS2Pc
1 h before PDT, extensive injury to the treated side of the
larynx extending up to 3 mm beyond the laser irradiation
zone was seen in animals killed at 48 h. For animals treated

Figure 7 Glottic region 48 h after PDT given 24 h after
mg kg-1 AlS2Pc. There is extensive necrosis of the epithelium

although the basal layer appears intact (arrows). Inflammatory
cell infiltration of the muscle is present. In this region, the lamina
propria abuts directly onto the cartilage and there is no

submucosa (H & E).

24 h after sensitisation with the same dose, a smaller, well-
circumscribed lesion was found (typically about 5 mm in
diameter, matching the size of the light spot used for
illumination). If the dose was reduced to 0.5 mg kg-1
AlS2Pc with light exposure at 24 h, no macroscopic effect
was seen. By 10 days after PDT with the 1 mg kg-1 dose, the
larynges examined looked macroscopically normal.

Histology Untreated animals (drug only) and those with just
a tracheotomy showed no histological changes. Those
exposed to laser light without prior sensitisation did show
some diffuse, inflammatory infiltration of the mucosa and
patchy inflammatory cell infiltration in deeper structures with
oedema and areas of haemorrhage 24 h after treatment.
However, these changes were mild and after 10 days, all that
could be seen was some minimal subepithelial fibrosis.

With the highest dose of ALA studied, (200 mg kg-1),
necrosis was seen down to the deep striated muscle by 48 h
after treatment. In contrast, with 100 mg kg-', the zone of
necrosis was confined to the mucosal layer and superficial
seromucous glands (Figure 5), with no necrosis of muscle. By
10 days the mucosa was regenerating in animals treated with
each dose, but with persistent deep necrosis in the
200 mg kg-1 group. Long-term results (6 weeks after
treatment) demonstrated re-epithelialisation of the true and
false vocal cords in both groups. In the group sensitised with
100 mg kg-' there was only moderate subepithelial fibrosis at

Figure 8 Glottic region 48 h after PDT given 1 h after 1 mg kg- 1
AlS2Pc. There is focal necrosis of the epithelium with disruption
of the basal layer and extravasation of red cells in the lamina
propria. There is also muscle degeneration (arrow) and
inflammation of the deep perichondrium (arrowheads). There is
no submucosa in this area (H & E).
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Table II Summary of histological changes after photodynamic therapy
Sensitiser Time interval Histology changes
and dose before light Early (24-48 h) Intermediate (10 days) Late (6 weeks)
Tracheotomy only - None * *
Sensitiser only - None None *
(ALS2Pc or ALA)

Light only - SI+ + SF+ SF+
DI +

ALA 200mgkg' 4h SI+++ SN+++ SI+ + + SN+ + + SF+ + SF+ + +
DI+++ DN+++ DI+ + + DN+ + + DF+ + DN+ DF+ + +

ALA l00mgkg-' 3h SI+++ SN+++ SI+ SF++ SI+ SF++
DI +

ALA 20mgkg-1 30, 40, 50 and SI+ + SN+ * *
90min

ALS2Pc lmgkg lh SI+ + SN+ * *
DI+ + + DN+ + +

ALS2Pc lmgkg' 24h SI+++ SN+++ SF+± *
DI+ +

ALS2Pc 0.5mgkg-1 24h SI+ + SN+ * *
DI +

SI, Superficial inflammation; SN, Superficial necrosis; SF, Subepithelial fibrosis; DI, Deep inflammation; DN, Deep necrosis; DF,
Deep fibrosis. +, patchy changes; + +, moderate changes; + + +, severe changes. *No animals treated using these values.

this time, but with 200 mg kg-' , there was oedema and
inflammation associated with considerable fibrosis in the
muscle layer with no indication of muscle regeneration
(Figure 6a, b). With the low dose of ALA (20 mg kg-')
only mild and patchy changes were seen, limited to the
superficial regions.

Animals sensitised with 1 mg kg-' AlS2Pc 24 h before
PDT and killed 48 h later showed extensive superficial
epithelial necrosis with some inflammation in the deep
muscle (Figure 7). At the lower dose of 0.5 mg kg-', similar
changes were seen but were patchy. However, using
1 mg kg-' and the shorter time of 1 h between drug and
light, more extensive damage was seen in the deeper layers
with degeneration of muscle and marked perichondritis even
though the mucosal layer exhibited only focal epithelial
necrosis with some haemorrhage in the lamina propria
(Figure 8). Ten days after PDT (with the 24 h drug to light
interval), moderate and diffuse submucosal fibrosis and
reactive myofibroblastic proliferation were seen (much more
marked changes than were seen with laser alone).

There was no evidence of cartilage necrosis in any of the
sections examined with either photosensitiser. The histologi-
cal changes are summarised in Table II.

Discussion

The key to using a technique like PDT for treating lesions of
the larynx is to establish conditions under which diseased
areas can be destroyed and the adjacent normal tissue is
either unaffected or only undergoes changes that do not cause
any permanent impairment of laryngeal function. Much has
been written about the selectivity of PDT. There is good
evidence for some degree of selectivity in the uptake of
photosensitisers in neoplastic tissues in many organs between
tumour and the adjacent normal tissue in which the tumour
arose (Tralau et al., 1987), but very little evidence that this
selectivity of uptake can be used to achieve selective tumour
destruction. In special circumstances when the tissue
concentrations of photosensitiser are close to the threshold
levels for a PDT effect, it may be possible to have levels
above the threshold in tumour but below threshold in
adjacent normal tissue, but under these conditions it is
likely that the PDT effect will be very superficial (Barr et al.,
1990a). It is easier to get selectivity of necrosis between
different layers of normal tissue (e.g. mucosa and underlying
muscle, as in results reported by Pope and Bown (1991) in
the rat bladder and Loh et al. (1992) in the rat stomach) than
between neoplastic and normal mucosa. In practice, the main

selectivity of PDT is achieved by illuminating the tumour and
not adjacent normal tissues. However, all solid tumours must
meet normal areas somewhere, and in these sites, both will be
exposed to the same light dose. Apparent selectivity is seen
because there is necrosis to both normal and tumour tissues,
but healing in all areas is by regeneration of normal tissue.
Most solid tumours respond to PDT and take up slightly
more sensitiser than their normal tissue of origin, so in
assessing its potential in any tissue, the challenge is to see
what it does to the normal tissue and to understand how any
PDT-induced damage heals. The purpose of the present study
has been to look at the effects of PDT on all parts of the
normal rabbit larynx with two different sensitisers and
identify conditions under which PDT necrosis heals without
unacceptable sequelae. The photosensitisers used in this
study, ALA-induced PPIX and AlS2Pc, are known to have
different pharmacokinetics. PPIX accumulates intracellularly
and the PDT effect is directed mostly at mucosal cells (Loh et
al., 1992). AlS2Pc accumulates mainly in the microvascular
stroma of the submucosa (similar to HpD, Bugelski et al.,
1981) so the PDT effect is mainly on the microvasculature.
The two were contrasted to assess their potential for use in
the larynx. Use of fluorescence microscopy enabled us to
study their distribution in each layer of the larynx at a range
of times after administration before the PDT studies.

The accumulation of PPIX after systemic administration of
ALA in epithelial tissues and epithelial tumours has been
reported by several authors (Divaris et al., 1990; Kennedy and
Pottier, 1992; Bedwell et al., 1992; Loh et al., 1992; Grant et
al., 1993b). Other tissues, particularly those of mesodermal
origin, such as muscle, submucosa and other connective tissues
have shown relatively little PPIX. We found similar results in
the larynx. However, the PPIX levels seen in cartilage were
unexpected and higher than previously reported from studies
of mouse ear (Kennedy and Pottier, 1992). This peak was seen
considerably later than in other regions, only peripheral nerves
exhibiting similar kinetics (our own unpublished data and WE
Grant, personal communication). The results of varying the
dose of ALA were consistent with those reported in other
tissues (Loh et al., 1992); fluorescence maxima were seen at
earlier times with lower doses. Peak mucosal sensitisation was
seen about 1 h earlier using 100 mg kg-' (3 h) than with
200 mg kg-' (4 h) although similar kinetics for both doses
were found for cartilage.

Three main differences in the fluorescence patterns were
found between ALA and AlS2Pc. High levels of PPIX were
found in the mucosa at the early times after ALA in contrast
to the predominant localisation of AlS2Pc in the submucosa
1 h after sensitisation. No PPIX was detectable in the mucosa
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and submucosa at 24 h whereas AlS2Pc was detectable in
both layers at this time and thirdly, PPIX was detected within
chondrocytes whereas AlS2Pc was seen mainly in the
perichondrium with very low levels in cartilage itself.

In the PDT experiments three groups of control animals
were used - photosensitiser alone, tracheotomy alone and
laser irradiation alone. In the first two groups, no effects were
seen. No macroscopic signs were found after laser radiation
alone. However, some minor changes were found histologi-
cally which were not seen in the other control groups. The
simplest explanation is that these effects were thermal
although the fibre output was only 100 mW and the fibre
was not in contact with the tissue during irradiation.
Abramson et al. (1990) found little increase of tissue
temperature even with higher power densities. We did not
measure temperatures, but it is unlikely that there was a
significant rise. Some form of biostimulation is another
possibility, but the effects were minor and much less than
those seen in sensitised animals, and so are unlikely to be
relevant to the conclusions of this paper.

As the most important tumours of the larynx are
squamous cell carcinomas arising in the epithelial layer of
the mucosa, the time intervals between administration of
drug and light chosen for the PDT studies were those at
which peak levels of mucosal photosensitiser fluorescence
were seen. For ALA, this depended on the dose used. For
AlS2Pc, animals were treated both at 1 h and 24 h with 1 h
corresponding to the peak fluorescence and 24 h to the
optimum mucosa-submucosa fluorescence ratio reported in
other organs (Loh et al., 1992). Macroscopically, the main
worry after PDT of the larynx is that oedema in the treated
area will cause respiratory obstruction. These experiments
were limited to one side of the larynx, but marked oedema
was seen in some of the animals treated with higher sensitiser
doses. This reached a maximum 24 h after light exposure,
although some oedema was still present at 10 days. This
could be controlled easily with steroids and a human larynx
is somewhat larger than that of a rabbit, but this aspect will
require careful consideration in any clinical studies.

In this study, mucosa injured by PDT regenerated within a
relatively short time with both sensitisers. Damaged under-
lying tissues, particularly muscle, did not heal so well leading
to some scarring depending on the severity of the initial
insult, as has been reported in other organs (Meyer et al.,
1991; Pope and Bown, 1991; Bedwell et al., 1992; Loh et al.,
1992; Chevretton et al., 1992). With the highest dose of ALA
(200 mg kg-'), we found severe damage to mucosa,
submucosa and muscle. After 6 weeks, the mucosa had
regenerated completely, but intramuscular fibrosis persisted.
More selective damage was produced with 100 mg kg-1 ALA
with which necrosis was confined to the mucosal layer
although there was a strong inflammatory reaction in the
submucosa and muscle. Only superficial, patchy necrosis of
the mucosa was seen using 20 mg kg-' although it is possible
that a more uniform effect would have been seen with a
higher light dose.

With AlS2Pc and 24 h between sensitiser and light, the
pattern of PDT effects was broadly similar to the effects seen
with ALA, as would be expected with most of the sensitiser
being located in the mucosa rather than muscle at this time.
Using a dose of 1 mg kg-', necrosis was seen mainly in the
mucosa with some in the submucosa and none in muscle. In
contrast, with laser irradiation after just 1 h, the most severe
damage was seen in the muscle and submucosa. These
findings correlated well with the fluorescence microscopy
studies described above showing that the distribution of
fluorescence for both PPIX and AlS2Pc can be correlated
with their biological activity as photosensitisers. Although
Chevretton et al. (1992) described a reasonable restoration of
the function of striated muscle after severe damage by PDT
using HpD (haematoporphyrin derivative, which acts
biologically like AlS2Pc rather than ALA, Barr et al.,
1990b), their results may not be relevant to the larynx
which is so dependent on muscle for normal function. We did

not find any signs of active muscle regeneration as they
described with either sensitiser. A recent report by Biel et al.
(1994) using Photofrin with treatment 24-48 h after drug
administration described ablation of laryngeal tumours with
restoration of a normal voice by 6-8 weeks after treatment.
This is consistent with our conclusion that there is no serious
muscle damage with AlS2Pc if the drug to light interval is
24 h.
No definite necrosis in cartilage was seen with either

photosensitiser under any of the conditions used in this study,
despite the accumulation of PPIX in cartilage and the
perichondrial inflammation seen with AlS2Pc. It is possible
that damage to cartilage could be produced with ALA by
illumination at the time of peak cartilage fluorescence (48 h),
but this was not tested as the time interval is so different
from that at which the best sensitisation of mucosa was
found. No long-term studies were undertaken with AlS2Pc
but previous studies were reported by Smith et al. (1993) on
the normal rat trachea using 5 mg kg-' aluminium sulpho-
nated phthalocyanine (AlSPc, a mixture of the mono-, di-,
tri- and tetrasulphonated derivatives) and illumination 1 h
after sensitisation. They showed mucosal and submucosal
changes similar to those reported here, but there was no
damage to cartilage in sections examined as long as 3 months
after PDT.

Thus it would appear that both ALA and AlS2Pc are
potentially suitable for the treatment of mucosal lesions in
the larynx with PDT while preserving the function of deeper
layers. Neither causes damage to cartilage, but both can
damage muscle if used inappropriately. The drug dose and
the time interval from drug to light are important for both.
For ALA, 100 mg kg-' at 3 h produces the desired effects.
Doubling the drug dose leads to muscle damage and reducing
it gives only patchy effects for the same light dose. Other time
intervals were not tested, but peak fluorescence was seen at
this time. Nevertheless, the peak fluorescence levels found
using microfluorimetry provide a measure of the integrated
PPIX levels in each layer (Loh et al., 1993b), although it is
difficult to ascertain exactly how much PPIX is present
intracellularly and how much has been excreted into the
extracellular space. We presume that a treatment time
corresponding to the highest intracellular level would be
optimum and this may precede the time corresponding to the
peak integrated level. Moreover, the ratio between mucosa
and underlying tissues, especially the cartilage, is better at
earlier time points. Bedwell et al. (1992) showed that almost
as much necrosis was produced in normal rat colon 30 min
after ALA as after 4 h, even though peak fluorescence was
seen at 4 h with almost no fluorescence at 30 min. Little data
are yet available on the best times to treat tumours and it will
probably depend on the dose of ALA. Large numbers of
animals with similar laryngeal tumours would be required to
study this formally and no suitable animal model is available,
so it is likely that the answer will come from careful,
empirical, clinical studies, using times in the range 3-6 h as
in other clinical work using systemic ALA (Regula et al.,
1995).

For AlS2Pc, the more important variable is the time
interval from drug to light, as the relative distribution of
sensitiser between mucosa and muscle changes so much. At
1 h, there is far too much muscle damage, but at 24 h
damage is largely limited to the mucosa. We did not study
larger doses of AlS2Pc, but previous reports of experiments in
the rat bladder (Pope and Bown, 1991) showed that using
larger doses is likely to lead to muscle damage even at 24 h,
and so there is probably a fairly narrow band for the effective
dose of AlS2Pc as there is for ALA. In normal rat stomach
Loh et al. (1992) could not produce any tissue damage with
1 mg kg-' of AlS2Pc and needed higher doses with earlier
irradiation time points. They could not find any conditions
under which they could produce selective mucosal damage in
the stomach using AlS2Pc (although selective mucosal
necrosis was possible with low doses of ALA). These
differences are most likely caused by different PDT thresh-
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olds in different organs. Higher doses of 5 mg kg-' AISPc
(not AlS2Pc) have been used in other studies (Meyer et al.,
1991; Smith et al., 1993). From the animal data available
(Barr et al., 1990a; Tralau et al., 1987), the best time to treat
tumours is probably 24-48 h after giving AISPc, as this is
the time of greatest ratio of tissue concentration between
tumour and its tissue of origin. A time of 24 h is also
consistent with the present results as the best time for
minimising muscle damage and so this should be the time of
choice in preliminary clinical studies.

It is hoped that clinical studies with AlS2Pc will start in the
next few months. From the experience of others with HpD,
the dose for small animals and patients is about the same
(Grant et al., 1993a), and so as biologically, HpD and AlS2Pc
are similar, a suitable starting dose for clinical work with
AlS%Pc would be 1 mg kg-'. There is not yet enough clinical
data on ALA to make any definitive comment on what dose
would be appropriate for clinical use, although some
preliminary data on its use for the treatment of gastro-
intestinal and oral tumours (Regula et al., 1995; Grant et al.,
1993b) suggest that the appropriate doses may be quite
similar to those used in experiments on small animals. The
tissue distribution of PPIX achieved with oral administration
of ALA in experimental studies on the gastrointestinal tract
was similar to that achieved with intravenous administration
(Loh et al., 1993a). Nevertheless, we feel that the use of ALA
for PDT treatments of mucosal lesions of the larynx might be
preferable with intravenous injection or infusion. The lower
doses of ALA required (half that needed compared with oral
administration, Loh et al., 1993a) could be used more
efficiently owing to the direct uptake in peripheral tissues
avoiding the first-pass hepatic uptake probably encountered
with oral administration. The choice of treatment time could
also be easier. Endoscopic surgery on the larynx is normally
performed under general anaesthesia and oral intake of fluids
within 4 h of anaesthesia is not recommended. Nevertheless,
oral administration of ALA is more convenient for patients
undergoing endoscopy without general anaesthesia. Another
factor is that the maximum dose of ALA that patients can
tolerate by mouth is 60 mg kg-' (owing to hepatotoxicity
after absorption from the gastrointestinal tract) and recent

work suggests that this produces tissue levels of PPIX that
are only just above the threshold required for a PDT effect
(Messman et al., 1995). The current experiments suggest that
100 mg kg-' intravenously is appropriate, but this would be
equivalent to 200 mg kg-' orally, much more than can be
tolerated by this route. A new preparation of ALA that can
be given intravenously is required to assess what the
maximum dose is that can be tolerated by this route before
an appropriate dose for laryngeal tumours can be identified.

This study has identified conditions under which PDT can
be used to produce mucosal necrosis in the normal larynx
with safe healing by regeneration and no unacceptable
changes in the submucosa, muscle or cartilage. Thus, PDT
has potential for treating any lesion of the larynx in which
the abnormal tissue has similar or greater susceptibility to
PDT than the normal mucosa. Current evidence suggests that
dysplasia and all tumours from carcinoma in situ to more
invasive lesions of the upper aerodigestive tract are at least as
susceptible as normal mucosa and so would be appropriate
for PDT. Other possible targets would include preneoplastic
lesions such as hyperplastic laryngitis, benign polyps,
recurrences after radiotherapy and conditions such as
laryngeal papillomatosis (Lofgren et al., 1995). However,
for PDT to eradicate lesions in the larynx, it is essential that
the true extent of disease is known and that appropriate light
doses can be delivered to all relevant areas, which may not
always be straightforward. Nevertheless, PDT is minimally
invasive and does appear to be safe, so if patients fail other
conventional treatments such as radiotherapy or surgery it
can still be given, which makes it an attractive first option,
particularly in patients whose general condition is poor.
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