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ABSTRACT 
Photodynamic therapy using 8-aminolevulinic acid-induced protoporphryin IX as a 
photosensitizer has been performed on a variety of pre-cancerous skin lesions and non
melanoma skin malignancies. A fibre-coupled diode laser-system, emitting continuous wave 
light at 633 nm with an output power of 1.5 W, was used as a treatment light source. Its 
clinical efficacy was, as expected, comparable to that of conventional lasers used in this 
kind of treatment, with a significant improvement in terms of portability and easy handling. 

To monitor the accumulation ofPpiX in the lesions, two fluorescence imaging systems were 
used. One of the systems was based on the processing of identical images simultaneously 
recorded in different wavelength bands. By forming ratios, an optimal contrast function 
between the lesion and the normal skin could be formed. The second system acquired 
sequential images with different delays after the excitation pulse. These images were used to 
calculate the fluorescence lifetime for each picture element. Differences in the lifetimes 
could be used to outline the lesions. 

Keywords: 8-aminolevulinc acid, ALA; diode laser; fluorescence imaging; fluorescence 
spectroscopy; photodynamic therapy 

INTRODUCTION 
Photodynamic therapy (PDT) using 
topically applied 8-aminolevulinic acid 
(ALA) for the induction of protoporphyrin 
IX (PpiX) as a photosensitizer has been 
used in particular in the treatment of 
various cutaneous malignancies [ 1-7]. 
Both coherent and non-coherent light has 
been exploited for the excitation of the 
photosensitizer [8]. Non-coherent light
sources can be used in the treatment of 
skin lesions. However, spectra of filtered 
lamps are usually wider than the 
absorption peak of the photosensitizer. 
Thus, most of the light does not contribute 

to the PDT, but is absorbed by the tissue. 
This leads to a rise in temperature, which 
can be substantial. Another limitation of 
filtered lamps is the difficulty to focus the 
light into optical fibres, which are needed 
for treatment of lesions in the hollow 
organs of the body. This is not a problem 
when lasers are used. The mam 
disadvantage of conventional lasers is the 
unwieldiness that makes their use in 
clinical practice inconvenient. Diode 
lasers, on the other hand, are small and 
easy to handle. They have, however, not 
until now been available with adequate 
output power at wavelengths around 



635 nm, where PpiX has an absorption 
maximum that can be utilised for PDT. 

The aim of this study was to demonstrate 
the clinical usefulness of a diode laser 
emitting light around 635 nm, and to 
illustrate different imaging techniques that 
can be used for the visualisation of tumour 
borders and the build-up of the 
photosensitizer. Two imaging systems, 
based on wavelength dispersed and time
resolved fluorescence monitoring, 
respectively, were employed. 

METHODS 

Patients 
Eight patients (6 males and 2 females) 
with 13 lesions - 7 basal cell carcinomas 
(BCCs), 3 lesions with Bowen's disease, 2 
actinic keratosis lesions (AK), and 1 
minimally invasive squamous cell 
carcinoma (SCC) - were included in the 
study following histopathological 
verification of the diagnosis. Six of the 
lesions were localised in the head and 
neck region, 5 on the extremities, and 2 on 
the trunk. All lesions were photo
documented before and after treatment. At 
the 3 months follow-up visit the lesions 
were photodocum~nted and evaluated 
visually and by palpation. 

Drug 
For the induction of PpiX, topically 
applied ALA (Porphyrin Products 
#091295, 20% by weight in Essex cream) 
was used. Before ALA application, the 
lesion was prepared by removing crusts 
and in some cases debulking of the 
tumour volume by curettage. Then, ALA 
was applied with a margin of 10 mm in 
the visibly normal skin and covered with a 
waterproof dressing (Tegaderm, 3M) for 
4-8 hours for 6 patients, and 20-25 hours 
for 2 patients. During this time period, the 
ALA cream was removed 2-3 times for 
about 10 minutes to perform multi-colour 
and lifetime imaging, and was then 
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Fig. 1. A close-up of the diode laser used 
for PDT. 

smeared out on the area and covered with 
the dressing again. Prior to the therapeutic 
laser irradiation, the dressing and 
remaining ALA cream were removed. 

Light source 
The irradiation was performed by the 
portable ( 18x37x42 cm3, 16 kg) diode 
laser unit (Ceralas PDT635, CeramOptec 
GmbH, Bonn, Germany, see Fig. 1), 
emitting continuous wave light at a 
wavelength of 633 nm. The power from 
the distal end of the 600-).lm-diameter 
output fibre could be adjusted up to 
1.5 W. A total light dose of 60 J/cm2 was 
given to all lesions with the fluence rate 
kept below 110 mW/cm2 to avoid 
hyperthermic effects in the tissue. Only 
one ALA-PDT session was performed 
within the scope of this study. 

Multi-colour fluorescence imaging 
Multi-colour fluorescence imaging was 
carried out by simultaneous acquisition of 
spatially identical images, using differ~nt 
optical bandpass filters, as earlier 
described in detail in Refs [9, 1 0]. The 
fluorescence was induced by ultraviolet 
light (390 nm) from a frequency-doubled 
Alexandrite laser. The excitation light was 
delivered to the tissue with an optical 
fibre. A gated image-intensified CCD 
camera, synchronized with the laser, was 
used to acquire the fluorescence images. 



Table 1. Summary of the treatment results evaluated by visual inspection three months post 
treatment. The results were classified as complete remission ( CR), partial remission ( PR), 
or no remission (NR). 

Patient Lesion Diagnosis Location 

1 1 sec Finger 
2 1 BCC Neck 
3 1 BCC Lower leg 
4 1 Bowen's disease Belly 

2 Bowen's disease Shoulder 
3 Bowen's disease Lower arm 

5 1 AK Chin 
2 AK Chin 
3 BCC Forehead 

6 1 BCC, nodular Lower leg 
7 1 BCC, superficial Neck 

2 BCC, superficial Upper arm 
8 1 BCC, nod. cystic Nose 

Furthermore, a colour CCD camera 
simultaneously recorded the normal 
reflected light image. A dimensionless 
contrast function was calculated as the 
ratio between the PpiX -related 
fluorescence (with an emission maximum 
at 635 nm) and the autofluorescence (in 
the wavelength region between 500 and 
550 nm), for each pixel of the 
fluorescence images. This function was 
presented as a pseudo-colour or grey scale 
image, which could be super-imposed on 
the same-size normal tmage from the 
colour CCD camera. 

Fluorescence lifetime imaging 
The experimental set-up used for tumour 
demarcation by fluorescence lifetime 
imaging is similar to the system described 
in detail by Cubeddu et al. [11]. The basic 
elements of the system are a nitrogen
laser-pumped dye laser, emitting I-ns
long pulses at 405 nm, and a gateable 
intensified CCD camera, with a gate rise 
time of 2 ns. A cut-off filter (Kodak 
Wratten N. 22), transmitting the red 
fluorescence light (about 20% at 560 nm 
and 90% at 610 nm), was placed in front 

Prior 3 months 
treatment response 

Cryosurgery CR 

2xPDT CR 

Cryosurgery PR 
Cytostatic cream CR 
Cytostatic cream CR 
Cytostatic cream PR 
- CR 
- CR 
Surgical excision NR 
- PR 
- CR 
- CR 
Surgical excision CR 

of the detector. Thus, most of the 
autofluorescence, which has its emission 
maximum in the blue-green wavelength 
region, was suppressed. The images were 
acquired in 7 seconds and processed by a 
high-performance image board m a 
personal computer. 

In the present study, four gated images 
were recorded from each lesion: 0, 5, 10, 
and 20 ns after the excitation pulses, 
respectively. According to a rough model, 
the fluorescence intensity following a 
short excitation pulse can be 
approximated with a mono-exponential 
decay function. The spatial distribution of 
the decay time can then be calculated by a 
linear regression, performed pixel by 
pixel, on the acquired images. This leads 
to a lifetime matrix, which is plotted as a 
pseudo-colour or grey scale image. 

RESULTS AND DISCUSSION 
The outcome of the initial treatment is 
presented in Table 1. Complete remission 
was obtained in nine lesions ( 69% ), while 
three lesions (23%) responded partially. 
One lesion did not respond at all to the 
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Fluorescence lifetime imaging 
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Fig. 2. White light photograph (a), multi-colour fluorescence image (b) and fluorescence 
lifetime image (c) of a superficial BCC close to the ear of patient #7. Tlze circles in the two 
fluorescence images matches the one in the photo. The fluorescence lifetime image was 
acquired 30 min after ALA application, while the multi-colour fluorescence image was 
recorded 6 hours post ALA. 

therapeutic procedure. This result is in 
good agreement with what could be 
expected for these types of lesions after a 
single treatment session. It should also be 
noted that eight of the lesions were 
recurrent tumours after given treatment. 
Only five lesions were not treated before. 
Out of these, four responded completely, 
and only one nodular cystic BCC on the 
leg responded partially. From experience 
we know that nodular cystic tumours are 
more resistant to PDT as compared to 
only nodular ones. It is also known that 
nodular lesions usually have to be treated 
more than once [5]. 

As expected, there does not seem to be 
any significant difference between the 
diode laser and previously used 
therapeutic laser systems emitting light at 
635 nm, such as a dye-laser pumped by a 
frequency doubled Nd:Y AG-Iaser. There 
are, however, several advantages using a 
diode laser as compared to other laser 
systems. First of all it is a turn-key system, 
which is very user-friendly. With this 
system there is no need for changing dyes 
or aligning the laser, which needs skilled 
technicians. Furthermore, the diode laser 
is easily moved from one room to another. 
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No high-voltage, water-cooling, or gas 
bottles are needed, only a standard electric 
outlet. Still, the output power from the 
treatment fibre can be up to 1.5 W. Such a 
high power is useful to treat large skin 
lesions or when endoscopic treatments of 
extensive areas have to be carried out. 

For lesions not requiring fibre-optic light 
delivery, such as skin lesions, it is also 
possible to use a filtered lamp as a 
treatment light source. Lamps are, 
however, limited in the photodynamically 
active emission, i.e. the power in the 
wavelength range overlapping the 
absorption band of the photosensitizer 
resulting in induction of local 
hyperthermia. Filtered lamp light is also 
difficult to guide through an optical fibre, 
due to the difficulty to focus it. For 
applications requiring fibre optic delivery, 
a laser is much more efficient. 

The preferential accumulation of PpiX in 
hyperproliferative tissues together with its 
strong fluorescence can be exploited for 
diagnostic purposes. Moreover, imaging 
techniques based on laser induced 
fluorescence enable one to monitor the 
build-up of the photosensitizer in the t 
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whole ALA treated area. As the 
penetration of UV light is only some 
hundreds of micrometers, a marked 
preciseness in the detection of tumour 
borders can be obtained in an early phase 
of the tumour development. 

The fluorescence imaging systems were 
both tested for tumour demarcation. As an 
example, Fig. 2a shows a photograph of a 
superficial BCC near the ear of patient #7. 
The corresponding multi-colour image 
acquired 6 h after the ALA application is 
depicted in Fig. 2b. A darker pixel 
corresponds to a higher value of the ratio 
between the PpiX-fluorescence and the 
autofluorescence. The lesion is marked 
with a sharp border, while the normal skin 
results in lower pixel-values. 

The tumour area can also be delineated by 
a grey-scale image obtained with the 
lifetime imaging system. In fact, the 
effective fluorescence lifetime is a 
measure of the balance between the short
lived endogenous signal and the long
lived exogenous one, which is higher in 
neoplastic tissues. Accordingly, as shown 
in Fig. 2c, the fluorescence lifetime is 
considerably longer in the lesion than in 
the surrounding normal skin. 

In conclusion, due to its portability and 
easy handling, the diode laser used in this 
study significantly facilitates the work in 
the field of ALA-PDT. Its clinical efficacy 
is comparable to that of conventional 
lasers used for ALA-PDT, as expected. 
The introduction of convenient diode laser 
systems for ALA-PDT can be considered 
as a break-through in the practical 
management of malignant skin lesions. At 
the same time, imaging techniques can 
contribute to improve the therapeutic 
effectiveness of PDT. Fluorescence 
imaging, either spectrally or time-resolved, 
allows an accurate localization of the 
lesion to be treated. Moreover, information 
on the accumulation of PpiX and its 

photobleaching following PDT can be 
obtained from spectroscopic data, and 
profitably used in order to optimize the 
therapeutic protocol. 
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