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Abstract. A system for multi-colour fluorescence imaging of tissue is described. The
instrument is mainly developed for tissue diagnostics to identify and localise malignant
tumours, but might also be useful for real-time monitoring of the therapeutic dose
delivered during photodynamic therapy.In vivo examples from various malignant skin
lesions following topicalδ-amino levulinic acid (ALA) administration are presented.
The diagnostic system utilises both characteristics of a fluorescent tumour marker, such
as a porphyrin containing substance, and the native tissue autofluorescence to
characterise the tissue. A dimensionless function of three or four simultaneously
recorded fluorescence intensities is formed and an optimum-contrast image is calculated
pixel-by-pixel.

Keywords: tissue diagnostics, fluorescence spectroscopy, imaging, skin cancer,
photosensitiser, ALA.

1. Introduction

Photodynamic therapy (PDT) is gaining interest in the local
treatment of certain types of malignancies, although the
approval process for the first generation photosensitiser—
Photofrin—seems to be very slow. The long evaluation
time has mainly been due to the conceptually new treatment
modality and the poorly characterised chemical substance
used. In parallel with the clinical evaluation of Photofrin,
it is now of interest to develop and evaluate second-
generation photosensitisers for PDT. Phase I–II clinical
trials have been initiated for several substances such as
benzoporphyrin derivative, zink-phthalocyanin andmeso-
tetrahydroxy phenyl chlorin and phase III trials forδ-
amino levulinic acid (ALA). ALA, a precursor in the
haem cycle, is itself not a photosensitiser, but in excess
quantities it will cause photodynamic active protoporphyrin
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to accumulate in tissue. Protoporphyrin is an intermediate
product in this cycle, and is the origin both for the
characteristic dual-peaked porphyrin fluorescence at 635
and about 700 nm and photosensitisation of living tissue
following ALA administration. ALA has been shown to be
especially useful after topical application, reducing the only
side-effect with PDT described to date in the literature—
skin photosensitisation following intravenous injection of
Photofrin. ALA-PDT was first applied to humans by
Kennedyet al (1990) and has been successfully used for
PDT of skin malignancies (Kennedyet al 1992, Svanberg
et al 1994).

Diagnostic techniques using porphyrin fluorescence as
a tumour marker have been developed. These techniques
have been developed in parallel with photodynamic
therapy utilising porphyrin photosensitisation of various
types of malignancies (Profio 1990, Andersson-Engels and
Wilson 1992). The interest so far has mostly been to
develop various kinds of instrumentation for early tumour

0966-9051/95/030134+10$19.50c© 1995 IOP Publishing Ltd



Multi-colour fluorescence imaging

Figure 1. Arrangements for (a) the spectrally resolving point-measuring fluorosensor and (b) the multi-colour fluorescence
imaging system.

Table 1. Patient data and results from the fluorescence imaging system. A central area over
the tumour represents the tumour values and an area between 3 and 5 mm outside the visible
tumour border is used for the skin values. The ratio of the processed values for the tumour
and skin areas are given together with the tumour identification qualityQ, defined in (2) as a
ratio of the difference between the tumour and skin function values, and the square root of the
sum of their variances. This qualityQ gives a measure of how much the function value
increases going from the skin to the tumour in comparison with the variation of these values
within the two areas. Nod: Nodular; Sup: Superficial; BCC: basal cell carcinoma; Cut:
Cutaneous; Mb. Bowen: squamous cell carcinomain situ.

Patient data Malignant tumour Imaging results

No Initials Sex Age Type Size (mm) Location Ratio Q
length× width tum/skin

1 G.B. F 63 Nod. BCC 20× 20 scalp 25 2.6
2 A.S. F 73 Nod. BCC 9× 8 nose 6.2 2.4
3 J.P. M 36 Nod. BCC 9× 7 eyelid 3.8 1.4
4 L.S. M 48 Nod. BCC 15× 15 chin 5.2 1.2
5 T.B. M 77 Nod. BCC 30× 20 forehead 20 2.6

Sup. BCC 20× 18 back 18 2.4
6 D.J. F 85 Mb. Bowen 60× 58 lower leg 22 2.3
7 M.A. F 88 Cut. T-cell 70× 60 upper arm 58 5.3

lymphoma

detection. Less attention has been paid to an evaluation
of instrumentation and detection limits for various tumour
types. This is mainly due to the present restrictions on
the photosensitiser used as a fluorescent tumour marker,
hampering clinical studies. Another, much less exploited
area for fluorescence probing instruments, is to measure
the photo-bleaching of the photosensitiser during PDT and
use this parameter as an on-line input for PDT dosimetry
(Anderssonet al 1992). Porphyrin photobleaching has been
the subject of several studies (Moan 1988, Moanet al
1988, Schneckenburgeret al 1989). None has, however,

considered measuring the photobleaching and using this
signal as a dosimeter parameter. Several groups have
developed detection criteria for tissue diagnosis making
use also of the native tissue autofluorescence (Andersson-
Engelset al 1991, Lamet al 1993, Lohmannet al 1989).
In this way it is possible to find a more robust diagnostic
criterion as well as more information about the tissue under
study. Firstly, one would like to be able to subtract
the superimposed tissue autofluorescence from the tumour
marking agent fluorescence to gain contrast. Secondly,
one would like to divide the background-free fluorescence
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Figure 2. (a) Typical fluorescence emission spectra from an
ALA-sensitised tumour and surrounding normal skin. The two
strong peaks at 635 nm and 700 nm from the tumour area result
from the protoporphyrin produced in the tissue due to the
presence of an excess amount of ALA. The broad tissue
autofluorescence around 500 nm is lower in the tumour area than
in the surrounding skin. The wavelengths used in the imaging
system are indicated. The excitation wavelength was 405 nm.
(b) A fluorescence scan from normal skin, across a tumour and
out on normal skin on the other side of the tumour, as obtained
by evaluating the fluorescence intensities at indicated
wavelengths from the fluorescence spectra recorded with the
point monitoring system.

from the tumour marker by the tissue autofluorescence,
as this is known to often be lower in the tumour than
in the surrounding normal tissue, further enhancing the
tumour detection capabilities. In this way the full
spectroscopic information from the tissue autofluorescence
can be included in the diagnostic criterion. At the same
time, by forming a ratio of fluorescence intensities, the
influences of variations in excitation energy and detection
geometry can be reduced. Diagnostic instrumentation
developed for the detection of small early tumours or the
extent of a known tumour should produce images of the
tissue. Recently, several fluorescence imaging systems for

tissue diagnostics have been described (some of them by
Anderssonet al 1987, Hiranoet al 1989, Uns̈old et al
1990, Palcicet al 1991). To investigate the potential of
such a system for medical diagnostics, an experimental
system was constructed in our laboratory (Andersson-
Engels et al 1994). In that paper an investigation of
the system performance, with the aim of being able to
optimise the design of possible future clinically adapted
multi-colour fluorescence imaging systems, is presented.
These considerations were taken into account in assembling
the imaging system used in this study. In the present
paper the first clinically obtained images from the system
developed in our group are presented. Examples from basal
cell carcinoma lesions, anin situ squamous cell carcinoma
lesion and a cutaneous T-cell lymphoma, topically given
ALA in a cream for 4–6 hours, are presented. These lesions
were chosen because they are easily accessible to us within
a running program for PDT. Furthermore, although they
usually are easy to diagnose and have marked borders for a
naked eye examination, the lesions seldom do not exhibit a
wider spread than these visible borders. This spread could
be detected with a fluorescence examination.

2. Material and methods

2.1. Instrumentation

Tissue fluorescence spectra were obtained using a
fluorosensor developed for clinical use. The system is
described in detail by Andersson-Engelset al (1991),
and is schematically illustrated in figure 1(a). Briefly,
the system is based on optical fibre light guiding. This
enables fluorescence recordings from the most advanced
examinations or surgical procedures, as the contact with
the patient is limited to a sterilised clear cut optical fibre
tip. As an excitation source a small sealed-off nitrogen
laser pumping a dye laser emitting at the protoporphyrin
excitation peak at 405 nm was used. The laser system
gave 3 ns long pulses. The pulses were passed through a
small beam expander, reflected by a dichroic mirror and
focused into an almost fluorescence free, 600µm core
diameter quartz fibre. The distal end of the fibre was
placed in contact with the tissue to be examined. The
energy of the laser pulses exiting the optical fibre was
measured to be 10µJ. The light was partly absorbed by
molecules within the tissue and a fraction of the absorbed
light gave rise to fluorescence. By using the same optical
fibre for guiding the fluorescence back to the detector a
reproducible measurement geometry was established. This
detection geometry also allowed an efficient collection of
the fluorescence as the excitation light only penetrates about
0.5 mm in tissue. The fluorescence was transmitted through
the dichroic mirror and focused onto the entrance slit of
a 27 cm polychromator. A polychromator with a 150
lines/mm grating and a focal ratio of F/3.8, matching the
focused light from the optical fibre, was used. A cut-off
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filter was placed in front of the entrance slit to suppress any
stray light from the laser. The wavelength-dispersed light at
the exit of the polychromator was detected using an image
intensified diode array and stored and analysed in a multi-
channel analyser. The tissue fluorescence spectra presented
here are results of accumulations from 100 sequential laser
pulses at a repetition rate of 15 Hz. The wavelength scale
was calibrated using the mercury lines in a fluorescent tube
light source. Variations in sensitivity with the wavelength
for the entire detection system were corrected for by
recording the output from a calibrated blackbody radiator
and using this spectrum to produce a correction curve. All
fluorescence spectra were multiplied with this correction
curve.

The principles for our multi-colour fluorescence
imaging system are given by Anderssonet al (1987) and
Andersson-Engelset al (1994). The optical arrangement of
the presently used system is shown in figure 1(b). As an
excitation source a sealed-off nitrogen laser (Laser Science
Model 337ND) pumping a dye laser was used. Pulsed light
at 405 nm at 20 Hz and with a pulse length of 3 ns resulted.
This light was focused into a quartz optical fibre. The
light was guided to uniformly irradiate a masked tissue
area of about 25 mm× 35 mm. The tissue was placed
in the object plane of a specially designed Cassegrainian
telescope. The first mirror in the telescope was split
into four segments, allowing four identical images to be
produced of the object. By tilting each segment separately
to produce the images just off the optical axis, one image
in each of the four quadrants of an image intensified
CCD camera (Spectroscopy Instruments ICCD) could be
obtained. The image intensified detector allowed gated
detection (a 100 ns gate width was used), and thus CW
background-light could be efficiently suppressed. Separate
optical filtration of the light for the four images yielded
images of the tissue in four fluorescence passbands. The
filters were centred on 470 nm (tissue autofluorescence
peak), 600 nm (tissue autofluorescence close to the 635 nm
porphyrin peak), 635 nm (porphyrin peak) and 670 nm
(photobleaching signal), respectively. The filter bandwidths
were 10–15 nm full width half maximum (FWHM). The
images presented here are results of 5–30 seconds of light
integration on the CCD chip. The camera was cooled to
−30 degrees Celsius to decrease dark current build-up in
the detector and a dark image was subtracted from each
recording before further data processing. The data were
digitised in a computer for processing and storage. Both
the raw data and the processed images could be printed out
using a colour laser printer.

2.2. Patients

Seven patients, five with basal cell carcinoma lesions,
one with an in situ squamous cell carcinoma lesion and
one with a cutaneous T-cell lymphoma, were investigated
with the fluorescence imaging system in connection with

photodynamic therapy. The tumour data are listed in
table 1. All tumours were biopsy proven and photographic
documentation was taken. The lesion size varied in the
range of 8–60 mm in diameter. Powder ofδ-amino
levulinic acid (ALA) was dissolved in sterile water. An
oil-in-water based cream with 20% by weight ALA was
then prepared immediately before the topical application.
The cream was applied on the tumours with a margin of
about 15 mm and covered with an occlusion pad for 4–6
hours.

2.3. Animal

A Wistar/Furth rat was used to assess the possibilities
of using the multi-colour imaging system for bleaching
dosimetry. The liver was chosen for this bleaching
experiment due to its homogenous structure and the even
distribution of the photosensitiser. An ALA dose of
60 mg/kg body weight was injected into the femoral vein
1 hour prior to the photodynamic procedure. Following
general anaesthesia using chloral hydrate, the abdomen was
cut open and the right liver lobe was exposed. A mask
of black paper was placed on the liver surface and an
unmasked region was irradiated with 635 nm laser light.
A total energy density of 15 J/cm2 was delivered to the
tissue at a light fluence rate of 70 mW/cm2. Immediately
following the irradiation both the masked and unmasked
regions were imaged using the multi-colour fluorescence
imaging system.

3. Results and discussion

The concept of the system is to measure four fluorescence
intensities at different wavelengths for each spatial location
of an image and to form an arithmetical function of these
intensities giving optimal tumour contrast. The exact
procedure is best understood by studying the shape of
the fluorescence spectra from an ALA treated tumour and
surrounding skin. Two main differences can be seen in
figure 2(a). Firstly, the strongly dominating porphyrin
peaks at 635 and 700 nm in the tumour spectrum are
almost absent in the skin spectrum. Secondly, the tissue
autofluorescence peaking at 470 nm is weaker in the
tumour spectrum as compared with the normal skin. The
evaluated fluorescence intensities at 635 nm (at the strong
porphyrin peak), at 470 nm (corresponding to the tissue
autofluorescence peak) and at 600 nm (the wavelength used
to subtract the superimposed tissue autofluorescence from
the porphyrin fluorescence at 635 nm) are indicated in
figure 2(a). In figure 2(b) these fluorescence intensities
are shown in a scan starting in normal skin, passing over
a nodular basal cell carcinoma lesion and continuing in
the normal skin at the opposite side. By forming the
dimensionless function

F = {I (635 nm) − k × I (600 nm)}/I (470 nm) (1)
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Figure 3. Fluorescence spectra of a nodular basal cell carcinoma lesion and surrounding normal skin on the skull,
(photograph in the upper right corner), are presented at the upper left corner (Patient 1). Raw data fluorescence images from
the central part of the photo at the three emission wavelengths utilised are shown below, together with the processed image
using the functionF = {I (635 nm) − k × I (600 nm)}/I (470 nm). False-colour coding was used in the presentation of the
fluorescence images. Intensity data along a line between indicated locations through the images are also given. The
excitation wavelength was 405 nm.
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Figure 4. Fluorescence spectra and images as in figure 3 for a cutaneous T-cell lymphoma on the upper arm (Patient 7).
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a good demarcation of the lesion is reached. The constant
k is used to scale the tissue autofluorescence signal at
600 nm to have the same intensity as the autofluorescence
superimposing the porphyrin signal at 635 nm. With the
correct choice of thek-factor the true porphyrin signal at
635 nm is thus given by the numerator in (1). The value of
k is typically 0.85. This means that the expression in (1)
gives the pure porphyrin signal at 635 nm divided with the
autofluorescence signal at 470 nm. This is exactly what the
multi-colour imaging system achieves, but now in parallel
in two dimensions.

The various steps in the formation of such a processed
multi-colour fluorescence image are presented in figure 3
for a nodular basalioma lesion on the skull (Patient 1).
Fluorescence spectra of the central region of the lesion
as well as from the normal skin surrounding the lesion
are shown in the figure. The three fluorescence images
at 635 nm, 600 nm and 470 nm are presented together
with intensity data along a line across the lesion between
the indicated locations. Finally, the function imageF =
{I (635 nm)−k × I (600 nm)}/I (470 nm) is given with the
F value displayed along the chosen line. Thek value was
set in such a way that the numerator was equal to zero for
a normal skin region where no ALA had been applied.
As can be seen, the function image yields the sharpest
contrast of the lesion. The drastic decrease of the tissue
autofluorescence in the tumour region strongly contributes
to the demarcation of the tumour in the function image.
The porphyrin signal extends outside the lesion border as
judged by visual inspection, and gives only a minor tumour
delineation in this case. No biopsy was taken from the
seemingly normal skin surrounding the lesion, and thus it is
impossible to judge whether this area was infiltrated by the
tumour or not. A tumour and surrounding skin were treated
with PDT immediately following the multi-colour imaging
examination and a complete response at a following-up time
of 10 months was achieved. The necrotic region one week
after PDT was limited to the area delineated by the multi-
colour fluorescence imaging system, suggesting that the
tumour did not to a large extent infiltrate the surrounding
tissue.

A similar arrangement of fluorescence information for
a cutaneous T-cell lymphoma, using the three sub-images
at 635 nm, 600 nm and 470 nm together with the processed
function image, is presented in figure 4 (Patient 7). These
images indicate a high porphyrin signal in the tumour and
a less marked contrast in the tissue autofluorescence. Also
in this case, with three raw-data images looking quite
differently from those in figure 3 (it is another tumour
type), the processed image gives a sharp demarcation of
the lesion. In this case good delineation of the tumour
is due to a contrast in both the porphyrin and the tissue
autofluorescence signals.

Diagnostic data about all the patients included in this
study are indicated in table 1. It further presents the
ratio of the averageF -function value of a central tumour

area and an area between 3 and 5 mm outside the gross
tumour border. Far outside the tumour area no porphyrin
could be detected and thus the function value goes to zero.
Close to the border the multi-colour fluorescence imaging
system marked the various tumours differently. Except for
patients 2, 3 and 4, the ratio of the function values for the
tumour centre and a region 3–5 mm outside the grossly seen
tumour border, was high, indicating a sharp demarcation of
the tumours. We also calculated the tumour identification
quality Q for the system as the ratio between the difference
between the mean values for the tumour and skin areas, and
the square root of the sum of their variances

Q = F̄T − F̄S

(σ 2
T + σ 2

S)1/2
(2)

where F̄T and F̄S are the average function value for the
tumour and skin regions, respectively, andσT and σS

are the corresponding standard deviations. This quality
function showed a good demarcation for all tumours,
except for patients 3 and 4. A tumour spread outside
the obviously visible tumour borders could be suspected
for these tumours. No biopsies were, however, taken
from the measured regions, and thus the tumour border
is not fully known. In other studies the potential of
fluorescence techniques to identify early malignant lesions
and to delineate the tumour borders of identified tumours
have been investigated in more detail and compared with
extensive biopsy sampling. In a pure spectroscopic study
using the point-measuring system, shown in figure 1(a), it
was shown that tumours spread outside the visible borders
could be detected using fluorescence. Other studies indicate
that benign naevi have a fluorescence signal different
from those of malignant lesions (Lohmann and Paul 1989,
Svanberget al 1995).

Figure 5 shows the shape of the fluorescence spectra
of a basal cell carcinoma lesionpre and post PDT. As
can be seen, the porphyrin signals have effectively been
bleached due to the laser treatment, while the blue–green
tissue autofluorescence remains unaltered. A dose of about
20 J/cm2 caused the 635 nm peak to bleach to 1/e of its
original value. Also, the spectral shape in the red spectral
region had changed after the laser irradiation. After PDT a
shoulder at about 670 nm had developed in the fluorescence
spectrum. This shoulder originates from photodegradation
products of the sensitiser caused by the light (Moanet
al 1988, K̈onig et al 1990). By relating the intensity of
this shoulder to the sensitiser signal at 635 nm, a number
dependent on the absorbed light dose can be extracted
(Anderssonet al 1992). Anderssonet al showed that the
dimensionlessI (670 nm)/I (635 nm) ratio was 0.15 for an
untreated basalioma and 0.30 after a light dose of 40 J/cm2.
In figure 6 an image of a rat liver surface, including both
an irradiated and a non-irradiated area, is presented in this
function, F = I (670 nm)/I (635 nm). As can be seen in
this processed image, the region irradiated by 15 J/cm2 was
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Figure 5. Fluorescence spectra of a nodular basal cell carcinoma on the
nose recorded before and after photodynamic treatment using 60 J/cm2 of
red light at 635 nm. The porphyrin peaks are bleached after light
delivery and a shoulder is developed at 670 nm.

clearly marked. This instrument thus has the potential to
measure the treatment dose delivered to the tissue, as a
real-time dosimeter.

The system is a potential candidate as a tool in two
main application areas:

• It might prove to offer unique information for
the early detection of malignant tumours otherwise not
easily observable or to delineate the tumour extent into
surrounding tissue. This is mainly of interest for tumours
in the bronchial tree, the gastro-intestinal tract, the urinary
bladder, the ear, nose and throat region and in the brain.
Since the present system is not yet equipped with an
endoscopical adapter, the examples here are limited to
malignant skin lesions. However, we have obtained images
with good demarcation using this system on excised tissue
from some organs in low-dose Photofrin injected patients.
For most diagnostic applications, one would like to have
a false-colour coded contrast function image as an overlay
on a normal reflected light image on a TV monitor. For
such applications short integration times and fast image
processing are required. That could be achieved by using
a more powerful light source and specially developed
computer software. An endoscopically adapted system with
these features is now under development in our laboratory
and preliminary studies with that system indicate that this
technique can be used to identify malignant lesions in the
above mentioned tracts not found with a visual examination
(Svanberget al 1995).

• The system might also be useful during photodynamic
therapy to monitor the treatment dose delivered. The drug is
known to bleach and thereby alter its fluorescence emission
spectrum during the treatment. The degree of bleaching is
related to the light dose absorbed by the photosensitiser.
By monitoring the shape of the photosensitiser fluorescence

emission spectrum, a direct measure of treatment dose
delivered is thus obtained.
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