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Autofluorescence detection of human cancer has made rapid progress with several groups
reporting very promising data for the detection of premalignant and malignant lesions in several
locations. The coming years will most probably see a transfer of the autofluorescence methods to
clinical practice, especially if the research and development of new instruments will be supported
by fundamental studies on the origin of the autofluorescence. Controlled multicentre trials and
outcome analysis studies are still necessary to prove the benefits but the results obtained up to now
have been very optimistic

1. Introduction

Cancer can be considered a price paid by multicellular organisms for their extreme
complexity. Cancer is not a civilisation disease, although an increase in the incidence
has been brought by a progress of our civilisation. Bone tumours were found in
fossils, for instance on a skeleton of a dinosaur, in a 1,500,000 year old human jaw or
on a skeleton of a Neolithic man [1]. Tumours were mentioned in several historical
sources. Different tumours and methods for treatment were described in a papyrus
document as old as 1,500 B.C. [1]. On the other hand, the increase in the incidence
of cancer is no doubt related to the increase in the average age of a population. In
most cases cancer develops slowly and most commonly arise in older people because
of time needed for multiple required mutations to accumulate in a single cell. For
instance, in man it may take over 20 years for tumours to develop after exposure to
industrial carcinogen [2]. The average age at the time of a diagnosis is for all the
tumours approximately 67 years [3]. Therefore, it is thought that in the future the
average risk of developing cancer will rise due to the increase of a life expectancy of
human population.

Last century was a period of an unprecedented effort in cancer research.
However, with all the information and knowledge gathered up to now the main
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questions still remain unanswered and no or little success has been achieved in
reducing mortality caused by most cancers. Nowadays cancer is seen as a group of
diseases characterised by uncontrolled cellular proliferation. With a progress in
molecular cell biology it has become clear that a network of mechanisms driving and
controlling cellular proliferation, functioning and death is extremely complex and
sophisticated. All those mechanisms are crucial for a normal development and
functioning of any multicellular organism and it is them that are perturbed in cancer
cells.

Thus, despite all the progress in cancer research, the lines of defence against
cancer have not changed and are the same as many years ago. The best form of
reducing cancer related mortality remains a prevention and the next best is early
detection. Unfortunately, because of the complexity of processes of carcinogenesis
even those two approaches have a limited efficacy. It is now clear that carcinogenesis
is a multistep process, can be initiated by many different factors and is to a large
extent of a stochastic nature. Therefore, on a mass scale the prevention means in
practice initiatives like smoking control, recommendations on dietary habits or on
avoiding excessive exposure to solar ultraviolet light.

Also, a screening and early detection of cancer are still very limited. Biological
and chemical methods used for the screening have a limited specificity due to a fact
that typically the tumour cells do not express genes specific to the disease. The
altered cells are usually characterised by shifted levels of the expression of some
factors and receptors involved in a control of cellular growth. Such changes are
extremely difficult to detect. On the other hand, physical methods based on
absorption, scattering or emission of all kinds of radiation have a sensitivity too low
to allow for a sufficiently early detection of tumour cells. Clinically detectable
tumour of a diameter of 5 mm already consists of about 108—109 cells. Tumours of
a diameter 2—3 mm can already be able to stimulate angiogenesis. At the stage of
the clinical detection some of the cells may already be able to invade the surrounding
tissue and to metastasise to other organs of a body. Thus, all around the world there
has been a strong, continuous multidisciplinary effort to develop new approaches
and methods allowing for efficient detecting of human cancers at possibly early
stages of their development.

In this paper, we present a relatively new group of techniques of detecting
premalignant and malignant lesions using endogenous fluorescence —autofluor-
escence of cells and tissues. The first two papers presenting a feasibility of such
an approach were published in 1987 [4], [5]. In 1990’ there has been an increas-
ing interest in developing autofluorescence techniques for detecting neoplastic
tissues in all organs of human body accessible to such examinations. We should
like to stress here that it is not our intention to review all the work done in the field
during last fifteen years but rather to present the different approaches and to
illustrate them with selected examples reflecting the development and current status
of the field.
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2. Rationale

Carcinogenesis is a multistep process driven by the accumulation of mutations
resulting in errors in key regulatory mechanisms. Due to those errors the altered
cells, initially premalignant, then malignant acquire new characteristics that give
them advantage over the neighbours and allow for uncontrolled proliferation.
Therefore, it is obvious that both a metabolism and a structure of such cells are
different than of the cells of a tissue of their origin. All the molecules constituting
a cell can interact with light and their optical properties are determined by both their
nature and by properties of their microenvironment. One can thus reasonably expect
that the alterations due to the neoplastic transformation will result in changes of
some optical characteristis of the transformed cell. Hence, scattering, absorption or
emission of light can yield information about a presence of transformed cells. In fact,
this is just such phenomena that enable clinical diagnosis based on direct or
endoscopic visual examinations.

Fluorescence techniques are well known for their sensitivity. Two main factors
contribute most to the senstivity: firstly, fluorescence can be detected at conditions of
a very low background and secondly, the detection can be optimised by a proper
selection of the excitation and detection wavelengths. Using ultraviolet or visible
light it is possible to excite the fluorescence of many biomolecules. At the same time,
it can be expected that the neoplastic transformation results in either a production of
a new fluorophore or in a change of relative concentration of fluorophores existing
in normal cells. The main idea of the fluorescence methods of tumor detection
consists in a determination of such characteristics of the autofluorescence of the
transformed cells that might allow for a differentiation between such cells and the
host cells from their neighbourhood. The reason why it is so difficult to implement
that simple idea in practice is the extreme complexity and the variability of living
systems at every level of their organisation. Moreover, the natural variability is
additionally entangled with changes due to age, history of diseases and treatments of
each individual. For such reasons the real progress in the field of fluorescence
detection of cancerous tissues is relatively slow in spite of very promising results
reported at the early stages of the research.

3. Methods

3.1. Optical biopsy

Optical biopsy was a method of choice at early stages of the research on the
fluorescence detection of tumours. The method, deeply rooted in a traditional
molecular spectroscopy, consists in recording a spectrum of the autofluorescence of
a small area of a tissue of interest excited with a narrow beam of exciting light
(Figs. 1and 2a—¢). It was hoped that it should be possible to select such conditions
of the excitation that the normal and the neoplastic cells would emit the
autofluorescence of different spectra. First results seemed to confirm the expec-
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Fig. 1 Schematic representation of a typical set-up used for ex vivo optical biopsy experiments.
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Fig. 2. Examples of the averaged spectra of the autofluorescence excited with 325 nm line of He-Cd laser
obtained for normal mucosa and cancerous lesions in human colon in two separate studies A and B
(n — number of cases): a — normal mucosa (A: n =48, B: n = 36), b —adenocarcinoma (A: n —55,
B: n = 46), c — adenoma (A: n= 12, B: n —38).

tations. Alfano et al. [4] reported clearly distinct patterns of maxima and
minima in the autofluorescence spectra of normal and cancerous tissues of human
breast and lung examined ex vivo. Similarly promising results were obtained by
YAKSHE et al. [6]. However, with a growing number of data on the autofluorescen-
ce spectra obtained from different patients it became clear that the differences were
of a more subtle character. The spectra showed also a dependence on experimental
factors such as intensity of the exciting radiation (effective depth of the excitation)
and geometry of the excitation and detection of the autofluorescence (for instance,
single or separated excitation/detection fibres etc.). Several approaches were used
to correct for such factors and to ensure a sensitive and right differentiation
between normal and diseased tissues. KAPADIA et al. [7] elaborated a diagnostic
algorithm resulting in the so-called LIF score (quantitative laser-induced
fluorescence score) calculated as a weighted sum of contributions of six selected
emission bands to the total emission intensity. The six spectral bands were selected
on a basis of a statistical analysis of the spectra obtained in a study of the training
set of specimens of colonic tissues of well-known histological characteristics.
A similar approach was adopted by Schomacker et al. [8], [9]. Those authors,
however, fitted the autofluorescence spectra with the in vitro emission spectra of
three potential fluorophores (crystalline collagen, crystalline nicotinamide adenine
dinucleotide (NADH), oxidised flavin adenine dinucleotide (FAD)) and with the
absorption spectrum of hemoglobin and calculated the LIF score from cont-
ributions of the four components. At the same year Alfano’s group [10]
demonstrated that it is possible to differentiate between the normal and tumour
tissues using a much simpler algorithm based on ratios of the intensity of the
autofluorescence in adequately selected spectral bands. All the diagnostic al-
gorithms discussed above were used in different forms by different research groups
but it seems that the fluorescence ratioing is best suited for practical applications
and ensures a highest reproducibility of the results.
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It should also be noted that in the case of the optical biopsy techniques,
similarly to classical biopsies, it is the examiner who decides on a selection of
suspicious areas subject to the fluorescence examination. Hence, the optical biopsy
may assist in assessing the character of the lesions of interest facilitating the correct
decision on a treatment.

3.2. Autofluorescence imaging

There is a fundamental difference between the autofluorescence imaging (Figs. 3
and 4 ab) and the optical biopsy. The examined areas have typically diameters
on the order of centimetres rather than millimetres as in the case of the optical
biopsy approach. The main goal of the imaging approach is rather to label the
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Fig. 3. Schematic representation of a typical set-up used for ex vivo autofluorescence imaging
experiments.

places of a supposedly neoplastic nature within the examined area and to guide to
them the examiner. That does not exclude of course a high positive predictive value
of the autofluorescence imaging algorithms but it is a high sensitivity towards
neoplastic lesions that is of primary importance. The autofluorescence imaging
approach is therefore better suited for screening applications and gives a better
chance of enhancing a sensitivity of the detection of the premalignant and
malignant lesions. The optical biopsy methods can help in optimising the
diagnostic algorithms based on the autofluorescence imaging by providing the
information useful for a determination of the best excitation and imaging
conditions (spectral bands, intensity of the exciting radiation). It is also possible to
image several times the autofluorescence of the same region using different
excitation and imaging bands. If only one excitation wavelength is used but images
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Fig. 4. Examples of the images of the autofluorescence of human colonic tissues excited with 325 nm line
of He-Cd laser: a — tubular adenoma with dysplasia of 110 (A — white light illumination,
B — autofluorescence imaged in 440 nm band), b —tubular adenoma (A — white light illumination,
B — autofluorescence imaged in 475 nm band).

are recorded photometrically in different spectral bands then it is possible to
calculate the intensity ratios similarly as in the optical biopsy approach. The
application of fluorescence imaging to lung cancer detection was described as
early as in 1989 by HIRANO et al. [11]. Those authors, however, studied
the fluorescence of an exogenously administered photosensitiser. Two years
later Parcic et al. [12] used a diagnostic approach based on a ratio of two
spectrally resolved images of the autofluorescence excited with the 442 nm line
of He-Cd laser and were able to detect the premalignant and malignant lesions
in a bronchial tree with both a sensitivity and a specificity better than in the
case of a classical white-light bronchoscopy or of a photosensitised fluorescence
bronchoscopy. Other algorithms used for a detection of neoplastic regions in
the autofluorescence images involve the analysis of a spatial distribution of
the intensity of a total- [13] and of a spectrally resolved autofluorescence
[14] —17] or the analysis of the intensity ratios for images obtained with
and without using a photosensitiser [18]. Images of the autofluorescence are



632 B. W. Chwirot, S. Chwirot

typically recorded with CCD cameras but other systems are also used like, for
instance, the flying-spot scanner described in paper [19].

3.3. Time-resolved autofluorescence spectroscopy

There are only a few reports (see, for instance, [20]) on studies attempting to use
a temporal decay analysis to differentiate between the normal and neoplastic
tissues. Differences in a decay kinetics may result from differences in a composition
of fluorophores present in the two classes of the tissues or from a change of
a molecular microenvironment influencing, for instance, kinetics of quenching
processes. One can also expect different kinetics of the fluorescence decay if the
neoplastic tissues are labelled with photosensitiser molecules of a decay constant
different from that of the natural autofluorescence. WAGNIERES et al. [21]
described recently a very interesting experimental system for the time-resolved
studies of the autofluorescence.

4. Autofluorescence detection of tumour tissues
at specific locations in the body

Practically all organs of a human body accessible to the fluorescence examinations
have been studied up to now from a point of view of detecting the premalignant
and malignant lesions.

4.1. Gastrointestinal tract

Tumours of the gastrointestinal tract are a major health problem worldwide.
Mortality attributed to those cancers is second only to a lung cancer. Early studies
on a fluorescence detection of malignant lesions in the human stomach, colon and
rectum were carried out using the optical biopsy approach.

4.1.1. Stomach

First studies on a differentiating between the neoplastic and normal stomach
tissues were carried out by YUANLONG et al. [5] who suggested that the malignant
transformation in the human stomach results in the occurrence of new emission
maxima associated with increased concentration of porphyrin compounds in the
neoplastic cells. Other studies did not confirm the hypothesis and now it is believed
that the porphyrin emission is most probably due to the presence of some bacteria.
In 1997 chwirot et al. [15] suggested that tumour tissues can be detected in the
human stomach by imaging in the three spectral bands (395, 440 and 590 nm)
the autofluorescence excited with 325 nm line of He-Cd laser. The sensitivity of
such an approach applied ex vivo to macroscopic specimens removed during
surgical operations was 96%. The method has still to be tested in vivo in
gastroscopic fluorescence examinations of patients suspected of stomach cancer.
KOBAYASHI et al. [16] achieved similar sensitivity in vivo using imaging and
diagnostic algorithm based on the analysis of color patterns of the autofluor-
escence.
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4.1.2 Colon and rectum

Several groups have tried to develop the fluorescence methods for detecting the
neoplastic lesions in the human colon and rectum since early 1990’s. All the
early attempts applied different variants of the optical biopsy approach with
continuous and pulsed, ultraviolet and violet light used for the excitation of the
autofluorescence [7], [8], [22] —{25]. First preliminary results obtained by the
digital imaging of a total autofluorescence of adenomatous polyps in tissue
samples obtained from three patients were published in [13]. Chwirot et al.
[17], [25] carried out systematic ex vivo investigations of a diagnostic potential
of the autofluorescence imaging for a detection of the neoplastic lesions. The
authors recorded the autofluorescence images in 6 spectral bands and were able
to correctly classify 23 of 26 polyps selecting the suspected areas as emitting
with the intensity lower than normal mucosa. Similar sensitivity was achieved
in vivo by Brand et al. [26] who recorded the images of the autofluorescence
with the lung imaging fluorescence endoscope (LIFE) system, originally
developed for the autofluorescence detection of cancerous tissues in a bronchial
tree [12]. wANG et al. [27] reported that using the digital imaging of the total
visible autofluorescence and a simple diagnostic algorithm also based on the
fluorescence threshold, they were able to identify colonic dysplasia in vivo with
a sensitivity of 83%.

4.2. Lung and upper aerodigestive tract

Lung cancer is the most common cause of cancer related deaths and cancers of the
upper aerodigestive tract are also a serious health problem. For many years there
has been no significant progress in therapeutic treatment of those cancers and thus
there has been increasing interest in the early detection. Promising results were
obtained in 1980’s by groups working on the early detection of the bronchial
neoplastic lesions by the digital imaging of the malignant lesions labelled with
exogeneously applied photosensitiser (see, for instance, [28]). However, the photo-
sensitising drugs render the skin of patients sensitive to light. Studies on a deter-
mination of a minimum dose required for the succesful imaging and detection of
the cancerous lesions yielded a surprising result. It was shown that the neoplastic
areas could be detected with high efficacy without administering the photo-
sensitising drugs using a ratio fluorometer and a diagnostic algorithm involving
a determination of the ratio of the intensities of a “green” and “red” fluorescence
[29]. A new method to image early lung cancer was then developed and the
LIFE system [12] became the first commercially available instrument for the
autofluorescence detection of human cancer. The autofluorescence was excited
with 442 nm line of a He-Cd laser. The images were recorded in two spectral bands
analysed in real time. The diagnostic algorithm incorporated ratioing both to
enhance differences in the autofluorescence emission in the selected bands and to
correct for effects of the excitation and detection geometry and for reflective
properties of the tissues.
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Clinical tests of the LIFE system confirmed that the sensitivity of the autofluorescen-
ce tumour detection was higher than of the classical white-light bronchoscopy
[30]-[34].

BETZ et al. [35] reported that mucosal neoplasias of the oral cavity could be
detected with a high sensitivity by imaging of a green autofluorescence excited with
a violet light. Qu et al. [36] described a more sophisticated system for detecting
nasopharyngeal malignancies. The authors used both the imaging and the analysis of
the spectra obtaining a sensitivity of 98% and a specificity of 95%. Other authors
using different excitation and detection schemes [37] —[40] also reported similarly
high sensitivities of the autofluorescence detection of cancers in the head and neck.

4.3. Bladder

Cancers of the bladder are the fifth cause of cancer related deaths of men in Poland
[41]. In the United States it is the fourth most common cancer in men and the eighth
in women [42]. Both the precancerous lesions and the early cancers are often
invisible or very difficult to detect visually. To overcome those problems several
groups have been working on elaborating new methods enhancing the sensitivity of
the detection of dysplasias, carcinomas in situ and small papillary tumours of the
bladder in vivo. In 1994 D'Har1evin et al. [43] demonstrated a potential of the
optical biopsy approach for detecting the neoplastic lesions in the human bladder
without using exogenous fluorophores. Two years later, Anidjar et al. [44]
suggested a detection scheme involving the excitation with ultraviolet 308 line of an
excimer XeCl laser and the ratioing of the autofluorescence emitted in 385 nm and
440 nm bands, while KOENIG et al. [42] described a similar approach but used 337
nm line of a nitrogen laser for the excitation and the ratio of the autofluorescence
emitted in 385 nm and 455 nm bands for the detection. Using that diagnostic
algorithm in examinations of 75 patients in whom the bladder cancer was suspected,
the authors demonstrated that the method detects the malignant lesions with
a sensitivity of 95% and substantially decreases the number of biopsies obtained
from a nonmalignant tissue [45].

4.4. Cervix

In many countries cytology screening programmes resulted in spectacular decrease
in both incidence and mortality rates from cervical cancer. In the United States
the mortality declined by 70% over a period of 40 years. Similar trend was seen in
Scandinavian countries [46]. Two methods commonly used in the screening for the
cervical neoplasia are Papanicolau (Pap) smear and colposcopy. False — negative
results from both methods can be as high as 20—40% [47], [48]. The errors are
associated with sampling and reading errors. Thus, the improvement in the scre-
ening and in the detection is clearly needed. Already in 1992 GLASSMAN et al.
[6] investigated in vitro the autofluorescence spectra of tissues of the gynecological
tract and suggested that the neoplastic lesions could be differentiated on the basis of
the spectroscopic characteristics. Most of the work in that field has been done
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by Richards-Kortum and her coworkers [49] —[53] who demonstrated both in vitro
and in vivo that the autofluorescence could be used to diagnose the cervical
neoplasia with high sensitivity and specificity. Other attempts to diagnose such
lesions using the optical biopsy approach were described in [54], [55].

4.5. Skin

Among the skin cancers melanoma is a cause for most serious concern because it is
potentially fatal and the early detection is crucial for a survival of a patient. The
incidence of melanoma has been growing worldwide with a doubling time of 10—15
years. Clinical diagnosis of melanoma is often difficult. Initial assessment relies on
the visual examination of the suspected lesions. Statistical data indicate that up to
50% of melanomas can be missed in routine clinical examinations, while the experts
achieve 80—90% of correct results [56]. Since the percentage of correct diagnoses
depends to a large extent on the experience of the examiners only 35—50% of
melanomas identified in mass screening programmes is confirmed in later histopat-
hological examinations [57]. In 1988 Lohman and Paur [58] carried out
a feasibility study on a possibility of in situ detecting melanomas by spectroscopic
analysis of the autofluorescence. The authors suggested that melanomas generate
a characteristic spatial distribution of the autofluorescence intensity characterised by
a strong increase of the intensity in a transition zone between the melanoma and the
normal skin. Later the same authors tested their hypothesis in a study of larger
number of cases and reported that a presence of the characteristic maximum of the
emission was sufficient to differentiate between melanomas and pigmented naevi
with high sensitivity and specificity [59]. Other authors, [14], [60], were not able
to confirm the existence of the characteristic spatial distribution of the autofluores-
cence observed by Lohmann al. [58], [59]. cHWIROT et al. [14] reported in 1998
that human cutaneous melanoma could be detected in situ with a sensitivity of 85%
using the digital imaging of a spectrally resolved autofluorescence excited by a low
intensity UVA radiation. Multicentre validation study confirmed the sensitivity of
the method [61]. The UV excited autofluorescence of the skin was recently applied
by BRANCALEON et al. [62] for in situ detection of nonmelanoma skin cancers. The
authors found that both basal cell carcinomas and squamous cell carcinomas were
characterised by a higher level of the autofluorescence associated with tryptophan
residues and by a lower emission due to dermal collagen crosslinks.

5. Summary and concluding remarks

The autofluorescence detection of the premalignant and malignant lesions in human
tissues has been attracting increasing interest for more than a decade. Several
groups reported very promising results and at least three techniques were subject to
multiple clinical tests (lung cancer —[12], [30], [31], cancers of human gastrointes-
tinal tract [63], and melanoma —[61]). One can reasonably expect that in the near
future similar tests will be carried out for the autofluorescence methods developed
for the detection of the neoplastic lesions in bladder and cervix.
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The autofluorescence examinations are practically non-invasive and the side
-effects are negligible or at least comparable to other endoscopic techniques. The
methods does not require taking tissue biopsies and the information on a physio-
logical state and on a histological status of the tissues of interest is obtained from
the light emitted by optically excited endogenous fluorophores. Since the excited
molecules are natural components of the cells and the tissues the autofluorescence
methods avoid photosensitizing the patients. Such side-effects turned out to be
a main obstacle in developing fluorescence diagnostic techniques based on using
photosensitisers accumulating preferentially in the neoplastic cells.

The rapid development of the field of the autofluorescence diagnostics has been
to a large extent facilitated by a technological progress. Digital imaging equipment
has become readily available and relatively cheap in the recent decade, while modern
computing systems allow fast processing of large bodies of data and the efficient real
time analysis of multiple images and spectra. Up to now the methods of the
autofluorescence detection and diagnostics of human cancer have been developed
mostly empirically. Such an approach seems to have exhausted the resources for
further development. At the same time, however, the relation between the auto-
fluorescence and the cell and tissue metabolism, biochemistry and structure is poorly
understood. Therefore, it seems that a necessary condition for a qualitative progress
in the field is to achieve a better understanding of biological background of the
different properties of the autofluorescence of the normal and neoplastic cells and
tissues, especially of a nature and of a localisation of endogenous fluorophores.
Other important questions concern a degree of a natural variability of the
autofluorescence both in individuals and in populations, as well as variations related
to a progress of the disease and a role of biological processes accompanying the
cancer, like immunologic response, inflammation, necrosis etc.

Systematic research on all those problems has been relatively scarce. Proper
model systems and methodologies have not been fully developed yet. The nature of
potential endogenous flurophores was discussed in most of the publications and
there seems to be a general agreement that the potential candidates are NAD(P)H,
NADH, flavins, collagen and elastin with other candidates like specific cellular lipid
elements and éosinophiles also considered by some authors (see, for instance, [8],
[63] —{71]). There were also attempts to model the excitation and emission
processes for the autofluorescence (for instance, [8], [73]—{75]), but the main
problems of the origin and of the role of tissue architecture remain unresolved.

Autofluorescence detection has proven able to differentiate with a high sensitivity
between the normal and the neoplastic tissue in many organs. The coming years will
most probably see a transfer of the autofluorescence methods to clinical practice,
especially if the research and development of new instruments will be supported by
fundamental studies on the origin of the autofluorescence, especially on a nature and
a localisation of endogenous fluorophores and on factors influencing the spectra and
the intensity of their fluorescence. The future techniques will widely use the imaging
approach. The suitably processed images can guide the examiner to suspicious areas,
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improving not only the diagnosis of cancer but also the efficiency of the procedures.
Practically all the algorithms elaborated for the optical biopsy approach can now be
transferred to procedures involving multispectral imaging. It should not be expected
that the autofluorescence methods will replace current histopathological and clinical
examinations. They may however and probably will become an important auxiliary
tool assisting and facilitating the correct diagnosis. The primary field of wide
application of the autofluorescence methods of cancer detection may become
a screening of large populations and a selection of patients who should seek advise of
a specialist. Controlled multicentre trials and outcome analysis studies are still
necessary to prove the benefits but the results obtained up to now have been very
optimistic.
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