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Fluorescence diagnostics based on aminolaevulinic acid
(ALA) fluorescence has been suggested as an in vivo pre-
surgical tool for tumour demarcation. We performed flu-
orescence diagnostics of 35 basal cell carcinomas (BCCs)
undergoing photodynamic therapy (PDT) using methyl-
aminolaevulinate (MAL). In addition, a semi-automated
thresholding algorithm was implemented to detect the
potential tumour region. The mean tumour fluorescence
contrast was found to be 1.65 +0.06 during the first MAL-
PDT session, and increased to 1.84 +0.07 at the second
treatment (p<0.01). This could imply that disruption of
the skin barrier and inflammatory responses after the
first session of PDT led to higher accumulation of proto-
porphyrin IX during the second session of PDT. The
tumour areas detected based on fluorescence in small
BCCs (<1 cm?) were in general (n=18/23) larger than the
visual clinical tumour size. In addition, the fluorescence
contrast using MAL (1.65+0.06) was found to be signifi-
cantly higher (p<10~) than the contrast (data from pre-
vious study) after application of ALA (1.20 +0.06). Thus,
MAL generally provides higher tumour contrast than
ALA in BCCs, and should be preferred for use in fluore-
scence diagnostics. Correlation between fluorescence,
lack of treatment response and/or pain was not obser-
ved. Key words: aminolaevulinic acid; fluorescence diag-
nostics; fluorescence contrast; methyl-aminolevulinate;
PDT; photodynamic therapy.
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The incidence rate of non-melanoma skin cancer has
increased globally during the last few decades (1-3) and
basal cell carcinoma (BCC) accounts for approximately
80% of these tumours (4-6). Photodynamic therapy
(PDT) has become a popular therapeutic method for
treatment of both superficial and thin nodular BCCs,
with excellent cosmetic outcome (7, 8). After topical
application of aminolaevulinic acid (ALA) or methyl
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aminolaevulinate (MAL), protoporphyrin IX (PpIX) is
accumulated in the tumour through synthesis of cellular
heme (9). Subsequent irradiation with red light induces
a phototoxic reaction that kills the tumour cells. PDT has
been shown to have equivalent cure rates compared with
cryosurgery for superficial BCCs, but superior healing
and cosmesis (10).

The general practice in Europe is to treat superficial
BCCs with MAL-PDT twice, with an interval of one
week between treatments (7, 8); however, it has not been
investigated whether the degree of photosensitization
differs between the two consecutive treatments. In acne,
patients have been found to have a significantly lower
PpIX fluorescence at the second treatment (11), but
to our knowledge, no such study has been performed
on BCCs. Furthermore, regardless of the type of PDT
procedure, some BCCs will not respond to treatment
(7). It is possible that the poor response of some BCCs
can be explained by lack of PpIX accumulation, but this
has not been studied.

In connection to PDT, a diagnostic technique based
on fluorescence has evolved, so-called fluorescence
diagnostics (FD) (12). By recording the red PpIX fluore-
scence of ALA-treated BCCs during illumination of
blue light (wavelength (A)=365-405 nm) the tumour
can be visualized (13—15). This technique can be used
as an in vivo pre-surgical diagnostic tool, which can
help to detect occult tumour borders of ill-defined
BCCs before Mohs micrographic surgery (13). In order
to obtain a good demarcation with FD, it is important
that the fluorescence contrast between the tumour and
the surrounding normal skin is as high as possible.
There have been indications that PpIX formation is
more tumour-selective when using MAL compared
with ALA (16, 17), but clinical data verifying this are
scarce. Data from a previous study by our group (14)
were available in which the fluorescence contrast after
ALA application to BCCs had been investigated. Since
similar fluorescence data for MAL were lacking, the
present study was designed to be able to compare the
results with the earlier ALA data.

In this study, the objective was to evaluate the fluore-
scence contrast in superficial BCCs. Fluorescence images
were obtained in connection with both the first and second
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PDT sessions. The obtained MAL fluorescence contrast
between the tumour and normal skin was also compared
with data from our former study, in which ALA was used
as the pro-drug. Furthermore, a refined semi-automated
image analysis technique was implemented to identify
the areas in the fluorescence images corresponding to
tumour and to surrounding normal skin.

MATERIALS AND METHODS

Patients

Twenty-four patients (mean age 67 years, age range 36—86
years, 13 men and 11 women) with one or more clinically
suspected superficial BCCs who were referred to the routine
PDT-clinic were included in this clinical study. Two patients
discontinued the study prematurely after the first PDT session,
due to pain in one case and for unclear reasons in the other.
Thus, 22 patients with 35 lesions in total were included for
further analysis. The mean number of lesions per patient was
1.6 (range 1-6). Seventeen of the 35 lesions were histopatholo-
gically verified as superficial BCCs. All patients were referred
for MAL-PDT at the clinic. The study was performed at the
Department of Dermatology at Sahlgrenska University Hospital,
Gothenburg, Sweden, and approved by the human ethics com-
mittee at the University of Gothenburg. All patients provided
informed consent before any study-related procedures were
undertaken. In an earlier study by our group (14), a comparable
investigation of the fluorescence of BCCs treated with ALA
was carried out on 40 patients with 40 lesions using the same
fluorescence imaging device, as described below.

PDT procedure

All lesions were documented and photographed at all visits. The
lesions were pre-treated with a light curettage to remove scales
and crusts, taking care to avoid bleeding. The MAL cream (160
mg/g, Metvix®, Photocure, Oslo, Norway) was administered to
the tumour in an approximately 1 mm thick layer, including at
least a 1 cm surrounding margin. The area with the MAL cream
was then occluded with a thin plastic film (Tegaderm®, 3M,
UK). After 3 h, the film was removed and all superfluous cream
wiped off gently. FD was performed (as described below) before
the lesions were irradiated with red light using a light-emitting
diode (LED)-lamp (Actilite®, Photocure, Oslo, Norway) with a
wavelength centred around 635 nm, a fluence rate of 37 mW/cm?
and a total light dose of 37 J/cm? according to the manufacturer’s
specifications. The patients were treated with two sessions on
mean 8.3 days apart from each other (range 7—-15).

Assessment of pain

The patients were asked to state their maximum pain expe-
rienced during both treatments by using a visual analogue scale
(VAS), ranging from 0 (no pain) to 10 (unbearable pain).

Fluorescence diagnostics

All patients were subject to FD after application of MAL, but
before the irradiation with red light at both treatment occasions.
A photodemarcation system 1, prototype 5, (Medeikonos AB,
Gothenburg, Sweden) was used for imaging the PpIX fluorescence.
The system uses an excitation light generated by filtered mercury
lamps, resulting in ultraviolet (UV)-blue light mainly concentrated
in two peaks, at around 365 and 405 nm, having a fluence rate of
0.5 mW/cm?. The detector consists of a filtered charged-coupled
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device (CCD)-camera, which records the fluorescence emission
in the range of 610—715 nm, matching the PpIX emission at 635
nm. The fluorescence data consists of 8-bit grey-scale images
(512 %446 pixels), where the value of each pixel represents the
measured fluorescence intensity at that point.

Follow-up

The patients were followed up 7-18 weeks after the second
treatment. The treatment outcome was assessed as completely
cleared, partially cleared (approximately 50%) or not cleared.
Any adverse events were recorded.

Image analysis

All images and clinical photographs were analysed using
Adobe® Photoshop® CS2 (Adobe Systems Incorporated, San
José, California, USA) and Matlab® 7 Image processing toolbox
(Mathworks Inc., Natick, MA, USA). The fluorescence images
were converted to 16-bit format. The visual clinical margins of
the BCCs were marked by a clinician on the digital photographs
using Adobe® Photoshop® CS2. To detect the tumour margins in
the fluorescence images a semi-automated thresholding algo-
rithm was implemented in Matlab®, as described below.

A region of interest (ROI) was selected in each of the fluore-
scence images. The ROI was chosen as a region with even
illumination, comprising the MAL-treated area including the
lesion. A thresholding algorithm was implemented so that three
regions in each image were identified; the highly fluorescent
area presumably corresponding to the tumour area is delimited
by the threshold denoted t - a surrounding medium fluore-
scent area corresponding to the MAL-treated area with normal
skin delimited by thresholdst _andt - andoutsidet
a region with low fluorescence presumably without traces of
the photosensitizer corresponding to the baseline fluorescence.
The semi-automatic thresholding algorithm was based on the
following. The total area of the regions within an image with an
intensity that is higher than a certain threshold (¢) is denoted by
A(t). By increasing the threshold (#), the area A4(z) will decrease.
By investigating how A (%) varies as a function of # in each image,
the following quantity: R(2)=1/A4(t) d4(t)/d¢t can be determined,
corresponding to the relative area change. Thus, the thresholds
were selected so that the relative area change R(#) assumed local
maxima. The region was chosen by automatically detecting the
local maxima of R(#) and visually inspecting the fluorescence
images, so that unrealistic thresholds were avoided. An example
of how the thresholding algorithm operates is presented in Fig.
1. Fig. laillustrates a topographic view of a fluorescence image.
The different thresholds were set to an intensity level at which
the relative area change had a maximum, as illustrated by Fig.
lc. At this level, the slope of the topographic image was the
steepest; see the location of the threshold planes in Fig. 1a. The
corresponding thresholds marked in the fluorescence image are
visualized in Fig. 1b. These areas were compared to investigate
how the visual clinical area of the BCC corresponded to the
area obtained from the fluorescence imaging.

After extracting the areas corresponding to the tumour area
(T), normal MAL-treated skin (N) and baseline (B) using the
semi-automatic segmentation program, the mean intensity (/) in
the selected regions was calculated. Thereafter, the fluorescence
contrast, defined as: x=I /I could be calculated. The area of
the detected tumour region was also compared with the visual
clinical tumour markings, and their correlation was assessed.

Statistics

Student’s #-test and Wilcoxon’s signed rank test were used
as statistical methods. Pearson’s correlation coefficient and
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Fig. 1. Illustration of the semi-automated thresholding algorithm applied to fluorescence data of a basal cell carcinoma after topical application of methyl-
aminolaevulinate. (a) The topographic view of the fluorescence data, where the fluorescence intensity is plotted as a three-dimensional surface. The z-coordinates
equal the fluorescence intensities of the pixels located at the corresponding x,y coordinates in the image. The automated thresholds derived by the algorithm,
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Spearman’s rho were used to test for correlations. Three fluore-
scence images were excluded from the analysis since the selec-
ted ROI were found to contain areas with field cancerization
and actinic keratoses. Fluorescence contrast data is presented
as mean values + standard error of the mean (SEM).

RESULTS

Fig. 1 shows the principles of the semi-automated thre-
sholding algorithm used in this study (see also Material
and Methods). Fig. S1 (available at: http://www.medi-
caljournals.se/acta/content/?doi=10.2340/00015555-1
068) illustrates clinical photographs and fluorescence
images of three different superficial BCCs obtained in
connection with the two consecutive MAL-PDT ses-
sions. The visual margins of the tumours are marked
on the clinical photographs (first row). The typical
crust formation obtained after PDT is observed in the
lesions before the second treatment (row 3). The lesions
were completely cleared at follow-up (row 5). Included
in the fluorescence images (row 2 and 4) are also the
borders between the different areas as detected by the
semi-automated threshold algorithm. As shown in Fig.
S1, the identified tumour areas delimited by the thres-
holdt  correspond well to the visual clinical tumour
borders for the lesions. Also, the area corresponding
to MAL-treated normal skin could be automatically
delimited by the threshold t . as illustrated for lesion
I and II; however, as the application area of MAL for
lesion III was larger than the imaging field of view,
the border between MAL-treated and untreated skin
could not be identified. In this case, an average value
of the fluorescence outside the detected tumour area
was applied as a value for the normal fluorescence in
the further analysis. It can also be seen that the fluore-
scence pattern differs slightly between the first (row 2)
and second (row 4) treatment. At the second treatment,
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» are marked with two planes intersecting the surface. (b) The fluorescence image to which the automated thresholds have been applied. The
and the blue margin corresponds to t
are chosen where the function has local maxima.

(c) The relative area change as a function of threshold. The

normal®

the fluorescence of the MAL-treated perilesional skin
has a more speckled structure (lesion I and II). This
was observed in four of the 35 lesions.

In order to evaluate how well the semi-automated
algorithm was able to demarcate the tumour, the visual
clinical area (marked in the clinical photographs) was
compared with the semi-automated detected tumour area
from the fluorescence images. Fig. 2 shows a drop-line
graph for the areas obtained for each lesion, i.e. the areas
calculated based on the visual clinical margin and by
the semi-automated threshold algorithm (three lesions
excluded from analysis). As shown by the figure, the
detected tumour area from the fluorescence images was
in general substantially larger than the visually marked
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Fig. 2. Drop-line graph showing the different areas obtained for each lesion;
circles “0” correspond to the area obtained by the clinical tumour margin,
rectangles “0” correspond to the tumour areas obtained by the thresholding
algorithm applied to the fluorescence images acquired at the first treatment
and triangles “A" to the tumour areas obtained from the fluorescence images
acquired at the second treatment. Three lesions (numbers 4, 16, and 17)
were excluded from analysis as the images also contained areas with actinic
keratoses.



tumour areas in the clinical photographs if the tumour
was less than 1 cm? (n=18/23). This can also be obser-
ved in Fig. S1, in which the fluorescence images (row
2) show a larger tumour area compared with the visual
clinical tumour marking (row 1). The major deviation
from this trend was found in lesions having a visual
clinical tumour area larger than 1 cm? (Fig. 2), in which
only three out of nine lesions showed a larger tumour
area obtained in the fluorescence images. This implies
that when investigating small BCCs with MAL-induced
fluorescence, i.e. lesions less than 1 cm?, the tumour area
identified by the fluorescence will, in general, be larger
than the area defined by the visual clinical marking.
No significant difference in tumour area was observed
comparing the fluorescence images obtained before the
first and second PDT sessions.

The fluorescence contrast was calculated from the
fluorescence images obtained after MAL application at
both treatment visits (Fig. 3). As expected, the fluore-
scence contrast between tumour and MAL-treated
normal skin was significantly higher than the contrast
between MAL-treated normal skin and untreated skin.
Interestingly, the mean tumour contrast was found to
increase from 1.65 +0.06, obtained in connection with
the first PDT session, to 1.84 +0.07 at the second treat-
ment (p<0.01), as shown by the figure. This implies
that the accumulation of PpIX in the tumour is generally
higher during the second PDT session.

Fluorescence images from BCCs treated with ALA
were available from an earlier study by our group
(14). Thus, it was possible to compare the fluorescence
contrasts obtained using the two different pro-drugs,
i.e. ALA and MAL, as presented in Fig. 4. As shown
by the figure, the mean fluorescence contrast obtained
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Fig. 3. The mean fluorescence contrast obtained from the different regions
of the fluorescence images of basal cell carcinomas (n=32) treated with
methyl-aminolaevuninate (MAL). Open bars show the mean contrast values
of MAL-treated tumour compared with MAL-treated perilesional normal skin.
Filled bars show the mean contrast of MAL-treated perilesional normal skin
compared with untreated skin. Error bars are 95% confidence intervals. Data
obtained at the first and second treatment are presented.
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during the first treatment with MAL (1.65+0.06) was
significantly higher than the mean fluorescence contrast
obtained after a 3-hour application of ALA (1.20+0.06).
We also tried to implement the semi-automated thres-
holding algorithm on the ALA data; however, due to
the low mean contrast value, the algorithm failed to
find appropriate thresholds in the ALA images (data
not shown). In our earlier study on ALA, we instead
decided to calculate a peak contrast value including
only 10% of the highest fluorescent pixels within the
marked tumour area of all tumours. The value on the
peak ALA contrast was found to be 1.61 +0.10. This
value is similar to the mean contrast value obtained with
MAL. Thus the mean contrast with MAL is as high as
the peak contrast obtained with ALA.

At follow-up, 7-18 weeks after the last treatment, 32
lesions (91%) were completely cleared, two (6%) were
partially cleared and one (3%) did not respond to PDT.
No correlation between the fluorescence and lack of
treatment response was observed; although, due to the
small number of patients not responding to treatment
in this study, no statistical analysis could be made.
Furthermore, we investigated the correlation between
the fluorescence and VAS, but no correlation was found
(data not shown).

Adverse events

Adverse events were observed in three patients. Two
patients had severe pain in the treated area, but this
resolved without any action taken. One patient had a
serious adverse event not related to the study presenting
with hypotension, which resolved after half a day in
hospital.
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Fig. 4. Fluorescence data of basal cell carcinomas (BCCs) exposed to methyl-
aminolaevuninate (MAL) (open bar) (n=32) in the present study compared
with those exposed to aminolaevulinic acid (ALA) (filled bar) (»=15) in an
earlier study (14). The values correspond to the mean fluorescence contrast
in the tumour area. Error bars are 95% confidence intervals.

Acta Derm Venereol 91



402 C. Sandberg et al.

DISCUSSION

We have evaluated the fluorescence contrast between
tumour and perilesional normal skin in BCCs undergo-
ing two consecutive MAL-PDT sessions. It was found
that the fluorescence contrast obtained at the second
PDT session was, in general, significantly higher than
at the first treatment, implying that the accumulation
of PpIX in the tumour area is higher during the second
PDT session. This is probably explained by increased
penetration of the pro-drug, i.e. MAL, into the tumour
due to disruption of the penetration barrier after the first
treatment. The effect of PDT on the skin barrier func-
tion of non-melanoma skin cancer has been confirmed
in rodents (18), but in humans the effect on PDT on
skin barrier has been investigated only on patients with
acne, where no effect on transepidermal water loss was
found (19). The skin barrier differs between acne and
skin tumours, since the latter already has an impaired
skin barrier. In addition, the elevated PpIX levels at
the second treatment could probably be explained by
an effect on the skin barrier after the first treatment, as
confirmed in rodents. Another possible explanation for
the higher PpIX accumulation in the tumour area at the
second PDT session might be the presence of inflamma-
tory cells as a result of the first treatment. Inflammatory
cells have been reported to show accumulation of PpIX
after administration of ALA or MAL (18, 20). Thus,
the presence of inflammatory cells at the second PDT
session could also contribute to the higher accumulation
of PpIX in the tumour region. Furthermore, the effect
on the PpIX accumulation in the perilesional normal
skin resulted in a more speckled fluorescence pattern
at the second treatment for some lesions (4 out of 35).
This effect could also be attributed to disruption of the
penetration barrier or a gathering of inflammatory cells
in the normal skin around the tumour.

A semi-automated image analysis algorithm was im-
plemented to identify areas in the fluorescence images
corresponding to the tumour and the surrounding normal
skin. Our results show that the fluorescence-detected
margins, in general, were larger than the visual clinical
margins of the BCC detected on clinical photographs.
Only the large tumours (>1 cm?) deviated from this
pattern. As no detailed histopathological mapping of
the tumours was available, it is unclear whether the
larger area actually corresponds to tumour. Higher ac-
cumulation of PpIX in close vicinity to the tumour mass
has been reported previously (17, 21). Nevertheless, the
result implies that, when investigating small BCCs (<1
cm?) with MAL-induced fluorescence, the identified
tumour area will be larger than the area defined by the
visual border.

In this study, two lesions only partially cleared and
one did not respond (6% and 3%, respectively). There
is an ongoing quest to find the reasons to this resilience
to treatment (7). One possible explanation could be the
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lack of accumulation of PpIX. In the present study, no
deviation in fluorescence could be observed for the
three lesions that did not clear completely. In our earlier
study using a microdialysis technique, it was shown that
therapeutic concentrations of ALA or MAL at depths
between 1 and 2 mm were obtained in only 50% of the
investigated lesions (22). It is possible that the lack of
treatment effect might be related to lack of PpIX ac-
cumulation in deeper tissue layers. Thus, superficial
fluorescence measurements might not always be useful
to predict treatment outcome.

Although other authors have reported a correlation
between the fluorescence and the pain experienced by
patients during the irradiation phase of PDT (11), we
could not observe any correlation between the fluore-
scence contrast and the recorded VAS levels among
the patients in this study. However, the earlier report
concerned actinic keratoses, so larger areas might have
been treated. Since BCCs generally affect much smaller
areas, the degree of photosensitization of the tumour is
of much less importance for the pain sensation. This is
in agreement with our earlier report, that pain is related
to the size of the treatment area (23, 24).

The fluorescence contrast between the tumour and
normal skin was found to be higher when using MAL
compared with fluorescence data from our former study
applying ALA as a pro-drug (14). The fluorescence cont-
rast was measured in a similar manner in both studies.
This is most likely explained by the fact that MAL has a
low penetration into normal intact skin, while ALA ge-
nerally has a higher penetration into intact skin (25, 26)
leading to reduced tumour selectivity for ALA. No dif-
ference between penetration of MAL and ALA has been
seen in BCCs (18, 22). This means that, when performing
topical PDT using MAL, higher tumour specificity can
be obtained. However, the penetration of the pro-drug is
restricted to areas with decreased barrier function. This
means that when performing PDT on tumours with an
intact epithelium, ALA might be the pro-drug of choice.
When it comes to FD, which is based on demarcating
the tumour from the surrounding tissue, our results sug-
gest that MAL is more suitable than ALA because of
the higher tumour contrast. As most studies regarding
FD for tumour demarcation have been performed using
ALA, future studies investigating the histopathological
correlation with MAL-FD are required.
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