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Abstract

Ncw developments in the non-thermal application of laser radiation in medicine
are discussed. Tumour-seeking agents in combination with laser light are used
for carly tumour detection through fluorescence and for photodynamic therapy.
Laser-induced fluorcscence as well as Raman spectroscopy has potential for
rcal-lime monitoring of atherosclerolic plaques. Enhanced demarcation can be
obtained by working in the lime domain, which also opens up the new field of
photon propagation studies in tissue, Work towards optical mammography is in
progress in many laboralories, Finally, inense laser pulses can be used for
eencrating X-ray radiation with interesting propertics for cohanced medical
imaging.

1.-Introduction

Laser technology provides many applications in medicine, both
with regard to diagnostics and to therapy [1-3). Originalty,
thermal interactions strongly dominated the scene providing new
possibilities in surgery and haemostasis. Thermal applications
are still the most important and have become more and more
sophisticated, partly because of improved modelling of light
interaction with tissue (See, e.g. [4]). However, during recent
years several new, more spectroscopically oriented modalities
have emerged, and an overview of this field, using examples
from work at the Lund University Medical Laser Centre [5],
will be given.

Photodynamic therapy is a photochemical treatment modality,
where turmour-seeking agents are used in conjunction with red
laser light with non-hyperthermic intensities {6-8]. While this
type_of therapy has been pursued for quile some time, this
modality has become much more realistic during recent years,
partly because of the introduction of new sensitizers, such as
S-amino levulinic acid (ALA).

Laser spectroscopic techniques are providing new possibilities
for tissue diagnostics {9, 10]. Laser-induced fluorescence spectra
for biological molecules have comparatively little structure, but
sometimes have sufficient specificity to allow demarcation be-
tween diseased and surrounding normal tissue. This is particu-
larly true if wmour marking has been performed with
tumour-seeking agents. Atherosclerctically transformed vessel
wall can also be identified providing means for spectroscopic
guidance of angioplasty. Apart from time-integrated monitoring
of the full fluorescence spectra, time-resclved data can be ob-
tained to enhance demarcation capability. Raman spectra are
much weaker but have a higher specificity, giving future hope
for very selective optical biopsy sampling. Fluorescence instru-
mentation for point monitoring and imaging have been developed
and examples from different clinical specialities are given.

Elastically scattered light can also be used for tissue analysis.
Thus, tissue blood perfusion can be assessed by laser Doppler

flowmetry [11], which now is also able to generate blood-flow
images. Photon migration studies in tissue constitute a strongly
developing field [12). By time-resolved spectroscopy it is pos-
sible to follow the transport of photons through tissue. In par-
ticular, time-resolved transillumination with detection of only
the first emerging photons allows enhanced viewing through
tissue by reducing the image blurring due to multiple light
scattering. Much research work is focussed on the development
of mammography without employing ionizing radiation. Other
aspects of photon migration in tissue are optical dosimetry for
successful photodynamic treatment of malignant tumours, and
studies of brain oxygenation.

Using focussed high-power laser pulses impinging on high
nuclear-charge targets, ultra-short intense bursts of hard X-ray
radiation are generated. Such sources of X-rays may provide
new possibilities in medical diagnostics, where the ultra-fine
source size and short pulse duration may be utilized for sharper
imaging with potentially lower does [13]. p

We will in the following sections discuss certain new aspects
of lasers in medicine as indicated above. Finally, the future
prospects of the techniques are discussed.

2.-Tumour photodynamic therapy and diagnostics

Tissue molecules, irradiated by laser light, can release their
excess energy either through radiationless transitions (heat),
through photochemical processes, or emission of flucrescence
radiation. Optical treatment of psoriasis patients, or new-born
infants with an excess of bilirubin, are well-known examples of
medical photochemistry. Photodynamic tumour therapy (PDT)
using tumour-seeking agents is a further example of special
interest in our context. By optical excitation of a sensitizing
molecule, energy can be transferred to oxygen molecules in the
tissue, which are excited into their aggressive singlet state.
Selective singlet oxygen release gives rise to the death of ma-
lignant cells, where the drug accumulated. A large number of
sensitizing agents, such as haematoporphyrin derivatives, phta-
locyanines, chlorines and purpurins have been developed and
are now in different states of clinical evaluation. Of special
interest is the natural biological transformation of &-amino
levulinic acid (ALA) to protoporphyrin IX, which is photo-dy-
namically very active and also strongly fluorescing [14,15]. ALA
is a natural molecule in the body and the normal haem cycle
for haem production is utilized (See Fig. 1).

ALA can be given topically, i.e. it can be provided in a cream
that is applied superficially over skin tumours, such as basal

cell carcinoma. The protoporphyrin build-up can be
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Fig. 1.
protoporphyrin IX {rom ALA. The transfer of the caergy from excited AlLA
molecules W oxypen molecules is alse indicaed. (From Ref [15]).

detected as in Fig. 2, where a strong, dual-peaked signal in the
red spectral region is observed in the malignant tissue when
excited by UV light from a nitrogen laser. In normal tissue,
blue-green fluorescence due to native molecules such as NADH,
elastin and collagen is instead dominant. An attractive scheme
for tumour detection is to monitor the increase in the red intensity
and divide that signal with the blue-green decreasing intensity.
In that way an enhanced tumour demarcation is achieved at the
same time as the recording of a dimensionless quantity, such
as a fatio, gives immunity to influences due to variations in
tissue topography, intensity fluctuations etc. We have developed
a clinical multi-colour imaging system [16,17], where a false-
coloured ratio image is superimposed on the normal colour
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Fig. 2. Fluorescence spectra recorded at differemt positions along a line through
2 human basal-cell carcinoma, The skin arca had beea subjected (o an AlLA-con-
fdining cream 6 hours before the investigation. (From Ref [i15)).
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Schematic diagram of the hacm cycle. illustrating the production of

Fig. 3. Fluorescence image of o human basal cell carcinoma (left} and vocal
chords ¢right). represenied in fulse-colour coding. superimposed on the normal
colour images. Noie the benign nacvus 1o the right of the basat cell carcinoma, No
cancer indication is obtaenied for that lesion. (From Ref [17]).

image of the tissue under investigation. Examples of clinical
tumour imaging are shown in Fig. 3.

Photodynamic therapy is achieved by irradiating the tissue
by red light; at 635 nm for the case of ALA-PDT. A photograph
illustrating  clinical treatment of basal cell carcinoma at the
Medical Laser Centre, Lund University, is shown in Fig. 4.
Photographs showing superficial and nodular basal-cell carci-
noma before and after treatment are presented in Fig. 5. PDT
can alsoe be applied to a variety of other locations, such as the
lung, bladder and ENT region.

3.-Vascular monitoring and treatment

Cardiovascular disease is, besides cancer, the major cause of
death in Western countries, The surgical treatment of severe
atherosclerosis includes aggressive procedures, such as open-

Fig. 4. Thotograph of clinical PDT at the Eund University Medical Laser Centre.
{From Ref [ 18]y,
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heart surgery with coronary by-pass operation. Several new
modalities are now being investigated as possible replacements
for such extensive procedures. A new modality is laser based
transluminal angioplasty. in which fiber based catheters through
a peripheral artery. e.g. the femoral artery. are used as an entrance
for intra vasal treatment. A schematic dingram of such a pro-
cedure is shown in Fig. 6 [18]. It is possible to distinguish
atherosclerotic lesions from non-diseased vessel wall using la-
ser-induced fluorescence. The spectral shape of the tissue Thuo-
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Fig. 6. Schematic dingram of fluorescence diagnostics and imteractive laser
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rescence reflects a change in molecular contents. In the inscert
in the figure it is shown how the spectrum is influenced when
elastin is partly replaced by collagen in plaque. In both spectra,
a minimum in the fluorescence signal can be secn at 420 nm.
representing the strong absarption of haemoglobin in blood.
Weaker absorption peaks occur at 540 and 580 nm. Clearly. the
infuence of the blood reabsorption must be handled propetly
by a reliable fluorescence diagnostic system. This can be done
by forming a ratio of intensitics for a wavelength pair corre-
sponding to equal blood absorptions. Fluorescence provides a
completely non- intrusive way of probing prior to firing a high-
power pulse if plaque is indicated. At the present time the rate
of re-stenosis of the vessels is the same for laser angioplasty as
for an established modality of transluminal vessel treatment.
balloon dilatation (PTCA). Thus catheters and techniques for
faser angioplasty need to be impreved.

Similar techniques can be used for studying myocardial tissue
for assessing the status of the heart muscle, From a large number
of biopsy samples it was found that normal myocardial tissue
can be distinguished from scar or fatty tissue as shown in Fig.
7. where two fluorescence intensity ratios have been used for
the demarcation [19].

Raman spectroscopy has long been a powerful tool used hy
chemists in the analysis of complex organic molecules. The
techniques of Raman spectroscopy are now being adopted-for
tissue spectroscopy. The main difficulty with this technique is
the weakness of the signals and the competing precess of flun-
rescence. which normally lends to completely overwhelm the
Raman signals which otherwise are aitraclive because of their
sharpness. An efficient way to reduce the influence of fTuores-
cence is to use a laser with a near-IR wavelength, which does
not excite fluorescence very efficiently. A CW Nd:YAG laser
(A = 1064 nm) in combination with a Fourier transform spec-
trometer provides an efficient way of recording Raman spectra.
A clinically more practical way is to use a near-IR diode laser
in combination with a cooled near-IR CCD array. Raman spec-
woscopy for plaque diagnostics scems promising [20.21].
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4.-Time-resolved tissue fluorescence maniloring

In all the tissue diagnostic measurements discussed so far the
total light intensity following pulsed laser excitation has been
used. However. the temporal decay characteristics of Jaser-in-
duced fluorescence may also be utilised for tissue charac-
terisation. e.g. for distinguishing athersclerotically diseased
vessel wall from normal vessel wall. As shown in Fig. 8 the
luorescence from the diseased region has a longer decay time
compared (o the normal vessel wall tissue [22]. The reason for
this is basically that collagen. being more abundant in plague.
has a longer litetime than elastin. These recordings were taken
with an advanced set-up incorporating a mode-focked picosecond
laser souree in conjunction with time correlating photon-counting
electronics. By a detailed analysis it is possible to unfold the
decay inte three components with different decay times, How-
ever, since the lifetimes involved are of the order of ns it is
also possible for a clinically practical device (o use a normal
nitrogen tuser with a pulse duration of about 3 ns and use gated
inteerators to caplure “late™ fluorescence (5-15 ns) and divide
it by “early” fluorescence (0-5 ns). A recording obtained in this
wuy when moving the fibre tip alternatingly between plague
and normal wall is included in Fig. 6.

Pecay curves detected al 630 nm for an experimental wimour
and surrounding normal issue are also included in Fig. 8. The
animal had previousky been injected with HPD (Photofrin). It
can be seen that the tmoeur curve has mostly a slow decay
component, while normal tissue also exhibits a fast decay. The
fast component corespends 1o the tissue autofluorescence,
whereas the more long-lived component is due to the HPD drug.
Enhanced tumour detection can be obtained in fuorescence
imaging where fast temporal gating of an image intensifier is
used. restricting (he detection 1o late times on cach transient.

Fluorescence can be suppressed when Raman spectroscopy
is being performed. by using a picosecond laser source and
limiting the detection to the duration of these short pulses. Then
tfluorescence, which typically has a lifetime of a few ns, iy
reduced while alt the Raman photons are recorded, since the
latter process is basically instantancous.
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5.-Tissue transillumination — Optical mammography

It is well known that red light penetrates tissue, a fact that is
utilized in pholo-dynamic therapy. 1t would then be attractive
to use the light wransmitted through tissue to perform imaging
of e.g. deep-lying tumours without using ionizing radiation.
However, light scattering in tissue complicates normal light
propagation. since straight beam lines cannot be obtained. Thus.
in transillumination no sharp images can normally be obtained
because of the strong scattering. Using time-resolved speciros-
copy it is possible v follow the photon paths through the tissue
after injection of an ulira-short pulse as shown in Fig. 9 [23].
Because of the multiple scattering. most of the photons pene-
wating the tissue have spent a long time in the tissue, while
only very few photons arive to the detector at the nominal
propagalion time without disruptions. However, by selecting a
very small detection time window and recording the very first
photons. it is possible 1o look at just the “fastest” photons coming
out of the tissue. If an obstacle. such as a bone or a tumour
blocks the passage, a shadow will be created for the selected
subgroup of very earty photons.

By scanning the tissue under investigation. a transillumination
image can be created. Iinages of a ductal breast carcinoma in
4 newly resected breast are given in Fig. 10. A diode laser.
operating at 815 mmn and producing 30 ps long pulses at a
repetition rate of 10 Mllz was used. An individual time-disper-
gion curve, corresponding to a particular location is included.
The transmitting and receiving fibers are scanned together under
computer contrel over the tissue, that is compressed between
glass plates. In the time-integrated light the tmour cannot be
seen. 1t was also difficult to detect using conventional X-ray
mammography. In the time-gated image the tumour can be
clearly seen. In order to eliminate possible artefacts it is advan-
tageous 1o divide the early light by the total light as also shown
in the figure [24]).

The physics of enhanced imaging through gated viewing is
ilfuminated i Fig. 11, where experimental time histograms
from time-resolved tansillumination of a 30 mm  thick
Intralipid phantom are shown [25]. In the top panel the
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Fig. 9. Principles of time-resolved optival - transillumination of tissue. {From

Rel [23]).
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Fig. 10. Transillumination images of breast tissue in vitro showing the
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curve. A pulsed diode faser was used as a transmitter. (From Ref [24]).
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scattering has been increased while keeping the absorption
constant, while corresponding curves for fixed scattering but
varying absorption are given in the lower panel. We note
that the number of early arriving photons is mainly deter-
mined by the scattering and not by the absorption. Thus,
scattering differences between different types of tissues are
important for sharp image formation. Further, the temporal
behaviour at late times is mainly governed by the absorptive
properties. Thus, time-resolved monitoring is also useful for
assessing the concentration of tumour sensitizers in tissue
and for monitoring tissuc oxygenisation, since the detailed
features of the blood absorption depend on the amount of
oxy-hemoglobine.
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Fig. 1. Time dispersion curves for photons transmitted through a phantom
consisting of a 30 mm thick solution of Intralipid and ink. (From Ref [25];.
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Many groups are now working in the field of imaging in
turbid media, developing a variety of techniques for
suppressing excessive scattering, including the use of streak-
camera, Raman-amplifier and frequency-doubling gating.
Fast modulation of the source followed by detection of phase-
shifts and loss of modulation depth can give similar infor-
mation, The coherence properties of non-scattered light are
used in heterodyne and light-in-flight holography. Imaging
in scattering media can also be performed with spatial domain
reflectometry [12].

6. Imaging with laser-produced X-rays

As we have seen in the previous section there is presently
much research aimed at replacing ionizing radiation by optical
laser light in certain types of medical imaging. However,
intense laser beams can also be utilized for a new generation
scheme for X-rays, which can have potential advantages in
medicine. The generation of hard X-rays by focussing pulses
from a terawatt laser on a high-Z metallic target is illustrated
in Fig. 12 [26]. The resulting X-ray source has a minute
extension allowing strong magnification radiography to be
performed. Normal imaging plates used for digital medical
radiography can be employed. A recording of a human Incus
(ear bone) and a mesh is shown in Fig. 13, which was obtained
using a single laser pulse for X-ray production [27]. Thus,
the exposure time is about 107 s. Also using X-rays through
thick media, e.g. the whole body, scattered radiation domi-
nates the radiation arriving at the image plate. X-ray gated
viewing should thus be advantageous in X-ray imaging by
reducing the noise from the unwanted background. Lower
X-ray doses for the same image quality thus seem possible,
but only if time-gated X-ray detectors of high efficiency can
be developed. Laser-based medical X-rays would also.
through change of target material, allow differential imaging
of contrast-agent containing objects by making recordings
Just below and just above the K-absorption edge of the
contrast agent in a similar way as presently performed using
synchrotron radiation. A first attempt is shown in Fig. 14
for the case of rat stomachs, filled with gadolinium and
cerium solutions [13]. The upper image was recorded using
a tantalum irradiation target. The lower image was obtained
by dividing the first image with a similar image, recorded
with a gadolinium target. Because of differential absorption

Parabolic g Femtosecond
mirror =" terawatt
. laser pulses
B ~ . | HighZ target
" Image i
plate 5. I
. e—_. Aperture \
e ; W,
Tt t "'n“'k"a’u‘.l,‘r,-w.
X-ray {" .
detector y-..-

Multichannel analvser
Fig. 12, Set-up for the production of laser-induced X-rays. (From Ref [13]),
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Fig. 13. Single-shot X-ray recording of a human Incus bone and a metal mesh
with a mesh site of 0.25 mm (from Ref. [27]).

Fig. 14 Differential X-ray imaging of rats, for which solutions of gadolinium
and cernium have been administered to the stomachs. {From Ref[13]).

Physica Scripta T72

the rat stomach to the right, containing gadolimum, appears
brighter.

7. Discussion

The rapid development of more and more practical and
cost-effective laser sources, detectors and computers facili-
tates the clinical implementation of laser technology. The
non-invasive nature of the techniques and the real-time
data acquisition are attractive features of the optical meth-
ods. Optical spectroscopy in principle allows molecular
analysis, providing information not normally accessible
with other modalities. For the future an increased use of
combined diagnostic and therapeutic equipment can be
anticipated. The field of lasers in medicine 15 very cross-
disciplinary in nature, and fast progress will rely on an
efficient collaboration between researcher of the medical,
physical and chemical profession.
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Abstract

Laser spectroscopic techniques are providing new possibilities for tissue diagnostics.
Laser-induced fluorescence spectra for biological molecules have comparatively little
structure, but sometimes have sufficient specificity to allow demarcation between
diseased and surrounding normal tissue. This is particularly true if tumor marking has
been performed with tumor-seeking agents, such as hematoporphyrin derivative (HPD) or
&-amino levulinic acid (ALA). Also atherosclerotically transformed vessel wall can be
identified providing a means for spectroscopic guidance for angioplasty. Apart from time-
integrated monitoring of the full fluorescence spectra, time-resolved data can be obtained
for chosen fluorescence wavelengths to enhance demarcation capability. Raman spectra
are much weaker but have a higher specificity, giving hope for future very selective
optical biopsy sampling. Fluorescence instrumentation for point monitoring and imaging
are described and examples from different clinical specialitites are given. Elastically
scattered light can also be used for tissue analysis. Thus, tissue blood perfusion can be
assessed by laser Doppler flowmetry, which now is also able to generate blood flow
images. Photon migration studies in tissue constitute a strongly developing field. By time-
resolved spectroscopy it is possible to follow the transport of photons through tissue. In
particular, time-resolved transillumination with detection of only the first emerging
photons allows enhanced viewing through tissue by reducing the image blurring due to
light multiple scattering. Much research work is focussed on the development of
mammography without employing ionizing radiation. Other aspects of photon migration
in tissue are optical dosimetry for successful photodynamic treatment of malignant tumors
and studies of brain oxygenation.



1. INTRODUCTION

While therapeutical aspects of lasers in medicine have been very dominant, tissue
diagnostics techniques employing spectroscopy are now strongly emerging. Applications
include endoscopic cancer detection using fluorescence, plague monitoring in the
circulatory system including: coronary arteries, and tissue transillumination for optical
mammography. Several factors contribute to the increasing interest for laser tissue
diagnostics:

+ Optical monitoring is non-intrusive in nature

+ Non-ionizing radiation is employed .

+ Real-time data representation is possible

+ Spectroscopy allows molecular specificity in analysis

+ Point monitoring or imaging capability can be employed
+ Integration of laser diagnostics and therapy is possible

Sometimes the term "optical biopsy" is used, which also gives the flavor of the attractive
features of the new emerging methods. In comparison with well established diagnostic
modalities such as X-ray radiography, NMR imaging, ultrasound imaging and positron
emission tomography(!), the optical spectroscopic techniques are in an early stage of
development. However, through extensive work at several research centers the optical
techniques are swiftly developing, and clinically useful equipment is now becoming
available.

The organization of the present chapter is as follows: Light interaction with tissue,
forming the basis for optical tissue diagnosis, is reviewed in Sect. 2. In a following
section, malignant-tumor diagnostics based on laser-induced fluorescence is treated,
where point monitoring, muiti-spectral imaging as well as time-resolved aspects are
included. Monitoring of the interior of vessel walls and of the heart muscle is treated in
Section 4, with a discussion of the possibilities of integration of diagnostics with a
treatmment modality. Finally, light scattering in tissue transillumination is treated in
Section 5, which includes Doppler perfusion monitoring, optical dosimetry for
photodynamic therapy and the detection of deep-lying malignant breast tumors using
time-gated viewing. An outlook for the future concludes the chapter.

2. LIGHT INTERACTION WITH TISSUE

Optical diagnostics for medical purposes is based on the interaction of light with tissue,
The interactions can be resonant or non-resonant in nature:

Resonant

Molecular absorption of laser light
‘Laser-induced tissue heating

Laser-induced photochemistry

Laser-induced fluorescence



Non-resonant

Elastic scattering
Raman scattering

Light/matter interaction mechanisms, spectroscopic instrumentation and measurement
techniques are treated in text books on atomic and molecular spectroscopy, e.g. in Ref. 2.
Here we will now discuss the different modes of interaction between light and tissue.

2,1 Molecular Absorption of Laser Light

When tissue is irradiated by laser light, a small fraction of the light is reflected but most
of it penetrates into the tissue where it is either absorbed of scattered by the molecules. In
certain wavelength regions absorption strongly dominates over scattering, The stronger
the absorption, the smaller the penetration depth into the tissue will be. A schematic
diagram of the absorption of some important biological constituents and chromophores,
such as water, proteins, nucleic acids, haemoglobin and melanin is shown in Fig. 103,
Here also the emission wavelengths of some important medical lasers are included. As
can be seen, water has two regions of strong absorption, one in the deep ultraviolet (UV)
region and one in the infrared (IR) region. The absorption maximum in the case of the
aromatic rings of proteins and the nucleic acids is in the UV region between 260 and 280
nm. Thus, in the UV region the laser light is highly absorbed by the water and the
proteins in the tissue, resulting in a poor light penetration into the tissue. The same is true
in the IR region starting at the second water absorption region for water at about 1.4 pm.
Haemoglobin in the blood absorbs light in a broad wavelength region up to red light
{ubout 600 nm) with a pronounced absorption maximum at about 400 nm and additional
weaker peaks in the green/yellow region. Above 600 nm the absorption of blood is weak.
Melanin, the most important chromophore in the epidermis, absorbs light in a region from
UV to near IR. Between 600 nm and 1.3 pm the attenuation coefficients of the tissue
molecules are comparatively small, resulting in a wavelength region with favourable
light penetration properties, with increasing penetration towards the IR region.
Considering the total tissue absorption, it can be noted that the human body is as
transparent as can be in the region 1.0 - 1.3 pm.

The absorptive properties of a surface can also be monitored indirectly in reflectance.
This is a well-known phenomenon forming the basis for the human perception of colors.
E.g., the red color of blood can be understood from the absorption curve given in Fig. 1,
where all colors below 600 nm in the impinging white light are strongly absorbed by the
haemoglobin molecules. Red light, however, is not absorbed but can be scattered,
reaching the eye of the observer. In the practice, reflectance spectroscopy performed by
the doctor’s eye and coupled to the processing of an experienced brain is a most
important means in assessing human tissue status. The technique can be refined by using
a spectrometer also giving access to the IR region, where characteristic absorption bands
due to molecular vibrational transitions modify the impinging radiation. This technique
can basically yield the same type of information as Raman spectroscopy, discussed below.
Analysis of reflected light forms the basis for global earth-resource monitoring using
passive satellite sensors(@),
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2.2, Laser-Induced Tissue Heating

Laser-induced tissue heating occurs through the conversion of electromagnetic energy
into thermal energy. This photothermal process occurs when biomolecules have absorbed
light quanta to arrive in an excited state and return non-radiatively to lower excited
levels, transferring their energy to the tissue. In the thermal mode of tissue interaction the
choice of wavelength, as well as the tissue type, determine the light penetration depth.
Heating leads to protein coagulation (60°C), body ftuid boiling (100 °C) and tissue
carbonisation (200 ©C) that can be used for haemostasis and tissue surgery. This is a
major application of lasers in medicine, having much impact in ophthalmology,
dermatology and general surgery. The carbon dioxide laser (10.6 im) has a very low
tissue penetration due to water absorption, as has the argon-ion laser (488, 515 nm), due
to haemoglobin. If a dye laser is tuned to 580 nm it can be made to quite selectively be
absorbed by the haemoglobin in small vessels (see Fig. 1). Thus, haemangioma, such as
portwine stains, can be efficiently treated while sparing surrounding, normal tissue.
Maximum penetration occurs for the Nd:YAG laser (1.06 pm), which induces wide
coagulation zones around surgical cuts. The various clinical applications of lasers
operating in the thermal mode are discussed in many chapters of this book. For the
purpose of tissue diagnostics using laser techniques thermal effects should be avoided by
keeping the laser fluence sufficiently low. We only include this brief discussion of laser
thermal interaction in order to clarify the limitations of optical tissue diagnostics.

For UV wavelengths the penetration depth of laser light is only of the order of 1-100 pum.
Such radiation can be used to induce fluorescence in the biomolecules, which provides an
important means of tissue diagnostics. However, high incident fluences of such radiation
in short pulses leads to explosive tissue ablation, and must thus be avoided in all
diagnostic work. Laser tissue ablation, on the other hand, has important medical
applications for myopia correction by corneal reshaping and as a modality for clearing
occluded vessels using transluminal optical fibres, as discussed in Chapters 1005 and
1 1{6)



2.3 Laser-Induced Photochemistry

Optically excited molecules can, instead of releasing their excess energy as heat, transfer
their energy to other molecules inducing chemical reactions of therapeutic interest.
Optical treatment of psoriasis patients, or new-born infants with an excess of bilirubin,
are well-known examples of medical photochemistry. Photodynamic tumor therapy
(PDT) using tumor-seeking agents is a further example of special interest in our context,
The most commonly used tumor sensitizer is haematoporphyrin derivative (HPD), which
is commercially available under the trade name of Photofrin.

The absorption curve of HPD is included in Fig. 1. When injected intravenously such
molecules are selectively retained to a higher degree in malignant tumor tissue compared
to other surrounding tissue. It can be noted in the figure that the absorption maximum of
HPD is around 400 nm like for haemoglobin in the blood, but also that HPD exhibits four
more absorbing peaks with the last one at 630 nm, where blood absorption is strongly
reduced. Therefore, laser light of 630 nm instead of 400 nm is used, in order to penetrate
deeper into the tumor tissue.

A schematic diagram showing the energy levels of the HPD molecule with absorption
and fluorescence emission wavelengths is shown in Fig. 2(7. Following light irradiation,
HPD molecules become excited. The molecules can then be deexcited following two
main pathways. In the first one, the molecules non-radiatively are transferred to the
bottom of the first excited band, from where a radiative decay follows with the emission
of a dual-peaked fluorescence light distribution in the red spectral region. This emission
can be used for the diagnostics of malignant tumors, since the characteristic red
fluorescence only follows from irradiated tissue that has retained the HPD molecules.
This diagnostic aspect will be discussed extensively in the next sub-section. In a second
deexcitation pathway the molecules are transferred into the triplet state. From here the
excitation energy can be transferred to ground-state tissue oxygen molecules that are
excited into their singlet state. Singlet state oxygen is known to be an extremely toxic
agent for living cells. As the HPD in the cells mediates this energy transfer, which results
in singlet-oxygen formation, the cells are transformed from viable malignant cells to non-
viable necrotic cells. This is the essence of photodynamic therapy, that is now being
pursued on an experimental basis at many centers throughout the world. The therapeutic
aspect as well as the diagnostic one are schematically illustrated in Fig. 3(7), Reviews of
clinical PDT have been given in Refs 8,9. The field is further treated in Chapter 15 of this
volume(10),

2.4 Laser-Induced Fluorescence

Laser-excited molecules have a probability to return to the ground-state by emitting
fluorescence light. Fluorescence spectroscopy is treated in detail, e.g. in Refs 11,12, The
fluorescence always occurs for longer wavelengths (Stokes shift). For large biomolecules
the fluorescence normally exhibits a rather structure-less intensity distribution as a
function of wavelength, reflecting the distribution of substates in the ground electronic
level. However, by choosing the excitation wavelength properly und accurately analysing
the fluorescence light distribution, it is frequently possible to obtain diagnostic
information for the tissue molecules. Using short-pulse excitation, it is also possible to
measure the decay time for the fluorescence light yielding additional information. Many
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different chromophores may contribute to the tissue signal: endogenous molecules such as
NADH, NAD*, collagen and elastin giving rise to so called auto-fluorescence, and added,
tumor-seeking agents such as haematoporphyrin derivative, phtalocyanines and chlorins,
all featuring sharp and characteristic signals in the red and near-IR region. Examples of
fluorescence spectra for different pure tissue substances and of tumor-seeking agents,
injected in the same type of tumor-bearing rats, are shown in Fig, 4(13.14),

2.5 Elastic Scattering

Light scattering in tissue is important for red and near-IR light, which is not strongly
absorbed by the tissue constituents. The scattering is normally elastic, 1.e. no change in
wavelength occurs. If absorption is low, many scattering processes may occur in a more
or less random way before the photon is ultimately absorbed or escapes out from the
tissue. The fate of an individual photon is determined in a complex interplay between
scattering and absorption. The process can for certain geometries be described by solving
the diffusion equation, specifying values for the absorption and scattering coefficients W,
and g, respectively. Of special interest is to study the case of transillumination through a
thick tissue sample (few cm). Many of the photons have been scattered a multitude of
times resuiting in effective pathlengths of tens of centimeters. If large computer capacity
is available, the photon propagation can be simulated using Monte Carlo techniques,
where photon trajectories are followed for a large number of events to build up an
intensity distribution. In such calculations the mean cosine value between the incoming
and scattered photon directions of propagation is also included (Refs 15-19).

The presence of scattering makes tissue absorption measurements much more involved as
discussed above. The path-length in tissue that has been truversed cannot be assessed in
steady-state measurements, making a direct use of the Beer-Lambert absorption relation
impossible. Time-resolved monitoring of picosecond pulses, on the other hand, allow
well-defined such measurements, that are of particular interest for measuring tissue
oxygenation, using absorptive spectral features in the red/near-IR region as shown for
oxygenated haemoglobin in Fig. |. De-oxygenated haemoglobin has a different spectral
structure.

If light is scattered against a moving particle a very small frequency shift, proportional to
the in-line velocity occurs due to the Doppler effect. The only important moving particles
in the body are the red blood cells. In the superficial capillary vascular bed accessible for
non-intrusive light scattering measurements, the flow velocities are low, typically 1 mny/s.
For the helium-neon laser wavelength (633 nim) this corresponds to a frequency shift of
only about 3 kHz out of about 5 x 1014 Hz. Measurements of such small shifts can be
accomplished by a heterodyne technique, where the beat frequency between the
frequency-shifted light and the unshifted light, scattered from the fixed cell structures is
observed. Since the scattering geometry is undefined, an average of different flow
velocities and flow directions is obtained yielding an effective signal, which is related to
the superficial blood perfusion of the investigated tissue. Laser Doppler techniques for
tissue perfusion measurements are treated in Refs 20,21.



2.6. Raman Scattering

Raman scattering is inelastic, leading to scatiered photons of strongly changed
wavelength. It may be seen as an excitation to a virtual (non-resonant) state and an
immediate transfer from this state to a lower-state of different energy than that of the
initial state. In cases of medical interest the lower state splittings are due to vibrational
energy. The resulting shifts are characteristic for vibrations in specific molecular groups.
Although Raman scattering provides a much higher molecular specificity than laser-
induced fluorescence, there is a sensitivity problem, since Raman scattering 1s many
orders of magnitude weaker than laser-induced fluorescence. Thus, unless proper
precautions are taken the signals tend to be swamped by the fluorescence signals.

3. SPECTROSCOPIC DIAGNOSTICS OF MALIGNANT TUMORS

3.1 Basic Considerations

In this section we will focus on tumor diagnostics using laser-induced fluorescence and
will only briefly comment on Raman spectroscopy, which is presently less developed. At
first glance it might seem as a formidable task to derive any information from tissue
fluorescence considering the many types of complex organic molecules that form up
living tissue. We will first present typical tissue spectra in Fig. 5(22.23) and discuss the
type of information it is containing. The sample chosen is a rat tumor in a muscle
environment@4) und we show spectra for tumor as well as for surrounding normal tissue
and for two excitation wavelengths, 337 and 405 nm. The rat had been injected by a dose
of haematoporphyrin derivative (Photofrin) 2 days earlier. For both excitation
wavelengths a broad intensity distribution extending from the blue to the near IR region is
abtained. In the measurements the strong elastically scattered light from the primary laser
excitation light is suppressed by a suitable filter, blocking completely towards shorter
wavelengths but letting all longer wavelengths through, basically unattenuated.

In the tumor spectra we can see the characteristic dual-peaked fluorescence signal from
HPD in the red wavelength region (cf. Figs 2 and 4). This signal is less prominent in the
normal tissue due to the selective retention of the drug in tumor tissue. The signal in the
blue-green region is called the autofluorescence, since it is due to the natural
chromophores in the tissue. This signal is peaking at about 470 nm. The blue-green
fluorescence is much stronger and the red HPD signal much weaker when 337 nm is
chosen as the excitation wavelength. This can be understood from the absorption curves
in Fig. 1. 405 nm corresponds to the absorption maximum (the Soret band) of the HPD
molecules, and excitation here is more efficient than at 337 nm. Many chromophores
contribute to the signal in the blue-green wavelength region (Exammples are given in Fig.
4a). The absorption for most of these molecules increases for shorter wavelengths. An
interesting observation relating to Fig. 5 is that the intensity of the blue-green signal is
reduced in tumor tissue as compared to normal one. This was noted already in 1984(23)
and seems to primarily be due to a transformation of strongly fluorescing NADH i
normal tissue to NAD* with a much weaker fluorescence(26-28). These observations form
the basis for efficient tumor detection and demarcation using laser-induced fluorescence
after injection of a tumor-seeking drug: the red fluorescence increases and the blue-green
fluorescence decreases in a tumor. Both effects can be utilised in a convenient way by
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dividing the red signal intensity by the blue intensity(23:29), This is illustrated in Fig. 6G30)
for the case of a scan through a tumor, inoculated in a rat brain. The rat had been injected
with Photefrin (1 mg/kg bodyweight) 24 hours before the animal was sacrificed and the
fluorescence investigation was performed. Typical spectra for normal and tumor regions
are included in the figure, with the red intensity at 630 nim denoted by A" and the blue
intensity at 470 denoted by B. The background-free HPD signal at 630 nm is denoted by
A. In the scan the red increase and the blue decrease in the tumor are very evident.
Contrast enhancement is obtained by forming the ratio A/B. The use of such a
dimensionless ratio also has other important advantages, particularly in practical clinical
work, since dimenstonless quantities are immune to

* distance changes between tissue and measurement equipment
* variations in angle of incidence of radiation on tissue
* fluctuations in illumination source and detection system efficiency.

The ratio signal is basically only sensitive to the intrinsic properties of the tissue. If the
drug-related signal is weak and sitting on a substantial slope of autofluorescence intensity,
it is important to use the background-free signal intensity, not to loose contrast.

3.2 Instrumentation for Point Monitoring of Laser-Induced Fluorescence

In this section we will present equipment suitable for fluorescence studies of
tissue. A sealed-off nitrogen laser, emitting at 337 nm, is a very convenient excitation
source. This laser typically generates 3 ns long pulses at 10 Hz, and can also be employed
to pump a compact dye laser, converting the pump radiation to a longer, selectable
wavelength. This is the excitation source used in the recording of the data in Figs 5 and 6.
Fluorescence is best analysed with an optical multichannel analyser system consisting of a
spectrometer equipped with an intensified diode-array detector in the focal plane. For
each exciting laser pulse the whole fluorescence spectrum is captured and can be directly
displayed on a monitor and stored in a computer. The image intensifier, providing
amplification of the weak light signals, is gated synchronously with the laser pulses. In
this way background radiation due to day-light of operation lamps can be suppressed in
the recordings.

In laboratory investigations the excitation light can be directed to the sample by
means of mirrors and the resulting fluorescence light can be collected by an optical set-up
of mirrors and lenses. The fluorescence light thus captured can be directed onto the
entrance slit of the spectrometer. However, for clinical measurements a more flexible
fluorosensor is needed. Such an instrumentation is shown in Fig. 783D, The excitation
laser light from the laser is focused into an optical fiber which can be sterilised when
used in surgical procedures or used through the biopsy channel of an endoscope. The
fluorescence light is captured through the same fiber separated from the excitation light
by a dichroic mirror. The fluorescence light is focused onto the slit of a multichannel
analyser system. The fluorosensor is constructed as a mobile system and can easily be
transported between different clinics. Two systems of this construction are used for
fluorescence studies at various clinics at the Lund University Medical Laser Center. A
photograph of such a system is shown in Fig. 8. Most of the examples of fluorescence
spectra shown in this chapter have been recorded with this type of equipment.
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Interference filters can also be used to select the interesting wavelengths for
fluorescence signal detection. The fluorescence light can then be divided by dichroic
beamsplitters and directed towards individual photomultipliers. One detection channel can
be centered at the 630 nm peak while another one is set at 470 nm. An additional channel
can be centered at 600 nm to provide a signal for background subtraction. Gated
integrators are used to capture the signal during a brief time interval, followed by signal
processing to provide the desired ratio signal.

It is also possible to use a mercury lamp as an excitation source instead of a laser. Such a
system is described in Ref. 32, and was further developed and tested as described in Ref.
33. A chopper wheel equipped with interference filters analyses the fluorescence light
beam and filters out two excitation wavelengths, i.e. 365 and 405 nm. The filtered light is
reflected by a dichroic beam splitter and is focused into the tnvestigation fiber. The
fluorescence light comes back through the fiber. Here interference filters sequentially
select the useful wavelengths, i.e. 470, 600 and 630 nm for both excitation wavelengths in
cases of tumor diagnostics utilising HPD sensitisation. The light is recorded by a
photomultiplier tube and the signal is electronically integrated during the passage of every
filter. The result is digitised and fed to a computer. In this way three fluorescence
wavelengths can be investigated at two excitation wavelengths for every tissue spot under
study.

3.3 Point Monitoring of Cancer using Laser-Induced Fluorescence

In this section we will give some examples of point monitoring of fluorescence related to

malignant tumor detection. Data for human superficial tumors are shown in Fig. 9(34.35),
In the left part of the figure fluorescence spectra and evaluated data from a scan are
shown for a basal cell cancer in a patient, that was injected by 2 mg/kg body weight of
Photofrin 3 days before the fluorescence measurements. In the right part of the figure data
for a breast carcinoma metastasis are shown in a similar way. This patient was studied 1
day after the same dose of Photofrin. A good demarcation of the tumor is obtained for
both tumors, particularly in the A/B signal.

Extensive measurements on low-dose injected bladder cancer patients were made at the
Department of Urology, University of Leuven3. The patients were injected by 0.35 or
0.50 mg/kg bodyweight, which is a low enough dose do avoid sun sensitisation, which at
therapeutic dose injection (=2 mg/kg bodyweight) requires that patients be kept at
reduced light level for about 4-6 weeks. Spectra for a papillary bladder tumor are shown
in Fig. 10 for 337 and 405 nm excitation. It can be seen, that there is a very strong
reduction in the blue-green fluorescence for tumor tissue, and also a prominent change in
the spectral shape when 337 nm is employed. This change allows malignant tumor
detection without using the HPD signal, which only appears clearly for 405 nm
excitation, optimising the conditions for HPD detection, while at the same time reducing
the autofluorescence intensity. Clinically, the most important task is to be able to wdentify
dysplasia and carcinoma in site, and it was shown, that such tissue has sufficiently
different spectral characteristics to be distinguished from normal tissue. Spectral curves
for mild and severe dysplasia are included in Fig. 10. Data for tissues from 21 patients are
shown in Fig. 11. Fluorescence monitoring on tumors of the prostatic gland have also
been performed after low-dose Photofrin injection and surgical resection, As can be seen
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in Fig. 12, tumors are characterised by an increase in the red fluorescence and a decreuse
in the blue-green fluorescence(36.37),

The lung is, like the bladder, an important location where early tumor detection can have
a major influence on the course of the disease. This is particularly true for patients with a
positive sputum test but negative biopsy sampling. We have studied the spectral
characteristics of lung tissue during bronchoscopy with regard to autofluorescence? ! and

after Photofrin injection(36-38), Spectra for a low-dose injected patient are shown in Fig.
13(38),

Tissue diagnostics based on fluorescence can sometimes be performed without any
injection of a drug, utilising the properties of endogenous chromophores only. Early such
work was performed by Chinese researchers (see, e.g. 39,40), particularly regarding the
gastro-intestinal tract, in which endogenous porphyrins frequently localise in tumors.
However, endogenous fluorescence can also be utilised to detect lung and colon tumors,
and also malignancies at many other locations(1-43),

Unwanted side-effects of skin sensitisation can be avoided by using topical application
in the case of superficial tumors instead of systemic injection of a sensitising drug.
Topically applied 8-amino levulinic acid (ALA) can be used for PDT of superficial skin
tumors(0). ALA penetrates the damaged keratin in the dermis but not the undamaged
parts. ALA is a precursor in the biosynthetic pathway of the blood pigment haemoglobin.
ALA is a non-photoactive substance, but within the haem cycle it is transformed into
protoporphyrin, which is a photodynamically very potent agent. This process is illustrated
in Fig. 1487, The steps from ALA to protoporphyrin appear comparatively fast, while
the last step to haemoglobin is relatively slow. Thus, an accumulation of protoporphyrin
can be induced in the tumor cells. Subsequent exposure to photoactivating light leads to a
selective destruction of the lesions. In a first publication a 90% response rate for basal
cell carcinoma following a single treatment was found(®. We have reported the same
response rate for different kinds of superficial skin tumors, including basal cell- and
squamous cell carcinoma(@?). The conversion of ALA into protoporphyrin in tumors can
be readily followed using laser-induced fluorescence(#748).  The superior tumor
demarcation properties of ALA are illustrated in Fig. 15¢7-49 for the case of a human
basalioma. In the lower part of the figure the corresponding fluorescence signals after
PDT (60 J/cm? are shown. A strong photo-bleaching of the drug occurs, which can be
used for dosimetry to ascertain that the correct light dose has been delivered to all parts of
the tumor{®®). The bleaching of the drug in the upper, strongly exposed tissue layer also
allows a more efficient treatment of deeper laying layers by continued light irradiation,
since the upper layer cannot be overtreated (),

As already mentioned there is an ongoing search for even better sensitizers, frequently
concentrating on the behaviour in PDT procedures. Most sensitizers simultaneously have
fluorescence properties that are useful for tumor demarcation. A list of new sensitizers
with wavelengths for PDT excitation and fluorescence detection is given in Table 1.
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3.4 Equipment for Imaging

It is of great diagnostic interest to extend fluorescence monitoring with
incorporation of the contrast-enhancement techniques illustrated in Figs 6 and !1 into
imaging measurements. This has been accomplished in our group, which has developed a
multi-color fluorescence imaging system, starting with a one-dimensional proof-of-
principle demonstration(3!) later extended into full two-dimensional imaging(32-56), In
order to simultaneously obtain spatial and spectral resolution, the fluorescence light is
divided using a multi-mirror arrangement as illustrated in Fig. 16, By using a spherical
mirrer which is divided into four individually adjustable sectors, four identical images
van be sent to an intensified matrix detector, a CCD camera. By placing optical filters in
front off the different muror sectors, fluorescence umages in selected colors are obtained
simultaneously. In the four different images computerised calculations of dimensioniess
function values can be performed for each spatial location of the tissue investigated and a
generalised image in an optimised contrast function can be produced. This function would
normally be the ratio between the background-free 630 nm peak intensity A and the blue-
green intensity B at about 470 nm. A properly weighted recording at 600 nm (kD)
provides the background intensity. The weighting factor k also takes differences in optical
efficiency into account and is adjusted to result in a zero intensity value for A= (A"-kD)
when no tumor is present. A photograph of a fully clinically adapted fluorescence
imaging system based on the principles given here is shown in Fig. 17. This system can
be used together with endoscopes of different types allowing, e.g. lung and bladder
investigations.

3.5 Mult-Color Fluorescence Imaging of Tumors

Fluorescence images at 630, 600 and 470 nm are shown in Fig. 1805} for a human
T-cell lymphoma tumor. Also included is the resulting image using the contrast function
(A"-kD)/B, showing the tumor with a very clear demarcation towards surrounding normal
tissue. An nitrogen-laser-pumped dye laser was employed for fluorescence excitation.
The data were obtained with a [laboratory instrumentation requiring substantial
processing time to produce the final image. In an industrial prototype, a considerably
higher processing rate was achieved using a vector processor for image processing. Up to
eight images/s could be obtained allowing basically "live" recording of tumors. An
example of a processed image from that system is shown in Fig. 19G5), This is a direct
photograph of the monitor screen, showing a rat tumor, in an animal that had been
injected with Photofrin at a concentration of 15 mg/kg bodyweight. Registrations of a
basal cell cancer and a benign naevus in a patient subjected to topically applied ALA,
using the system shown in Fig. 17, are given in the left part of Fig. 20(50), The upper
image is a normal color registration of the investigated area. In the lower image the
processed, thresholded and color-coded cancer contrast functional image has been added
to the normal color image using a video mixer. It can clearly be seen how the basal cell
carcinoma 1s identified as a malignant lesion while the naevus is left unmarked. To the
right in the same figure corresponding images for a squamous cell carcinoma of the vocal
cord are shown. Further fluorescence imaging systems are described in Refs 57-60.
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4. SPECTROSCOPIC DIAGNOSTICS OF ATHEROSCLEROTIC PLAQUE
4.1 Basic Considerations

Cardiovascular disease is, besides cancer, the major cause of death in Western countries.
Several risk factors in the development of atherosclerosis, such as hypertension and
smoking, have been identified. When the process of atherosclerosis starts in the artery, the
innermost part of the vessel wall, the intima with the endothelium cell lining is thickened,
and new constituents are deposited in the tissue. During the initial stage, a fibrotic plaque
develops with increasing amount of collagen and elastin. Later in the process of the
disease, cholesterol crystals and lipid droplets are deposited. In the final stage calcium is
incorporated and the former elastic vessel tube is transformed into a rigid, unflexible,
partly obstructed and brittle vessel. Sometimes the surface of the plaque turns into a
wound, which easily can be an area for growth of dangerous blood cloths. An
atherosclerotically affected vessel is schematically shown in Fig. 21(61). The peripheral as
well as the coronary arteries can be affected by the atherosclerotic disease. The change in
chemical composition in the atherosclerotic vessel wall forms the basis for fluorescence
diagnostics of this disease.

The surgical treatment of severe atherosclerosis includes aggressive procedures, such as
open-heart surgery with coronary by-pass operation. Several new modalities are now
being investigated as possible replacements for such extensive procedures. A new
modality is laser based transluminal angioplasty, in which fiber based catheters through a
peripheral artery, e.p. the femoral artery, are used as an entrance for intra vasal treatment.
A schematic diagram of such a procedure is shown in Fig. 22(62), The field is treated in
detail in Chapter 1109 of this volume. Different kinds of lasers have been used. Non-
thermal excimer laser ablation is of special interest for the treatment of coronary arteries,
as the thermal lasers induce artery spasm that might be avoided with UV ablation, Laser
angroplasty is discussed in Refs 63-66.

Although promising, the laser based percutaneous angioplasty has some problems which
must be overcome. In addition to arterial spasm, vessel wall perforation and dissection are
complications that must be avoided. Another problem which follows all procedures
performed in the vessel wall is re-stenosis, which is due to an over-reaction from the
treated tissue. This might be minimised if the treatment is as radical as possible. Because
the procedure is performed inside the vessel walls, a guiding system for the laser firing
would improve the possibility of monitoring the procedure and inhibiting the laser power
when the ablation has to be interrupted to avoid complications. A crude diagnostic signal
is provided from the plasima emission signal as shown included in Fig. 22. A calcified
plaque features strong lines of Ca and Ca* which disappear when the calcification has
been ablated away(67.08),

4.2 Plaque Discrimination using Laser-Induced Fluorescence
[t has been shown by several groups(6%-73) and ourselves(74-68.28), that the fluorescence

from the tissue itself, the autofluorescence, can be used in demarcating atherosclerotic
lesions from non-diseased vessel wall, depending on the various chroimophore content in
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the tissue types. The spectral shape of the tissue fluorescence can be used in demarcating
the lesions, as the shape reflects the different molecular contents. Fluorescence provides a
completely non-intrusive way of probing prior to firing a high-power pulse. When excited
with the light from a UV laser, the normal vessel wall emits strong fluorescence in the
region 390-500 nm, while atherosclerotic plaque has a prominent peak at 390 nm with a
fall-off towards longer wavelengths. This is illustrated by the spectra included in Fig. 22.
The signals are mainly built up from contributions of elastin and collagen (see Fig. 4a),
with a relative increase in collagen in atherosclerotic plaque being the origin of the
spectral difference. In both spectra, a minimum in the fluorescence signal can be seen at
420 nm, representing the strong absorption of haemoglobin in blood. Weaker absorption
peaks occur at 540 and 580 nm. The identification of these features becomes very clear in
a comparison with blood absorption spectra as shown in Fig. 23(28), Clearly, the influence
of the blood reabsorption must be handled properly by a reliable fluorescence diagnostic
system.

We have in our investigations observed that the signature in vitro from a plaque
region differs depending on the stage of the atherosclerotic process. The early fibrotic
lesions can be separated from the plaque regions with higher fat content and also from
calcified regions. We have been able to spectroscopically separate four different classes
of atherosclerotic lesions depending on the severity of the disease. This is illustrated in
Fig. 24(28). The intensity ratios at selected wavelengths have been formed for a large
number of samples. Group O is the normal non-diseased vessel wall tissue. Group |
includes the least damaged tissue with only small amounts of fibrotic constituents. In
group H more fibrotic constituents are present. Group III includes lesions with calcium
content in the plague, while in group IV calcium occurs at the surface. In this group (IV)
the lesions with endothelial damage with or without thrombotic material on the damaged
surface are included. In the figure all functions except F3 show a substantial demarcation
between the tissue types. Functions FS and F6 are particularly interesting, since they are
immune to the presence of blood. This is because the wavelength pairs chosen
corresponds to points of equal blood absorption, as indicated in Fig. 23. Thus, in the ratio
the influence of the absorption is largely eliminated(08.75.28),

Sumilar technigues can be used for studying myocardial tissue for assessing the
status of the heart muscle. From a large number of biopsy samples it was found that
normal myocardial ussue can be distinguished from scar or fatty tissue as shown in Fig.
25, where two fluorescence intensity ratios have been used for the demarcation(76),

Some in vive investigations  were performed in connection with coronary by-pass
procedures using a clinically adapted fluorosensor system as shown in Fig. 26. The
system displays the ratio of the signal intensities for the blood-independent wavelength:
pair 380 and 440 nm. The fiber probe of the system was placed at the location where the
coronary asteries were opened in order to be attached to the new vessels. [nvestigations
were also performed inside the coronary arteries in the peripheral direction with the probe
inserted into the lumen towards known occlusions. Fluorescence was also measured from

normal aortic wall close to the heart. A recording using this system is shown in Fig.
27(77)
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4.3 Time-Resolved Monitoring

In all the fluorescence measurements discussed so far the total fluorescence intensity
following pulsed laser excitation has been used. However, the temporal decay
characteristics of the fluorescence light may also be utilised for tissue characterisation,
e.g. for distinguishing atherosclerotically diseased vessel wall from normal vessel
wall(75.7828.13) " The fluorescence from the diseased region has a longer decay time
compared to the normal vessel wall tissue as shown in Fig. 28. The reason for this is
basically that collagen, more abundant in plaque, has a longer lifetime than elastin. These
recordings were taken with an advanced set-up incorporating a mocdle-locked picosecond
laser source in conjunction with time correlating photon-counting electronics. By a
detailed analysis it is possible to unfold the decay into three components with different
decay times(’®). However, since the lifetimes involved are of the order of ns it is for a
clinically practical device also possible to use a normal nitrogen laser with a pulse
duration of about 3 ns and use gated integrators to capture "late" fluorescence (5-15 ns)
and divide it by "early" fluorescence (0-5 ns). A recording obtained in this way when
moving the fibre tip alternatingly between plaque and normal wall is included in Fig. 22.
Since a single detection wavelength is used and since blood is non-fluorescing the data
obtained are immune to the presence of blood, if the blood layer is not so thick that the
whole signal is blocked out. A system based on the spectroscopic characterisation of
diseased tissue for guiding purposes in percutaneous laser angioplasty could of course
include time-integrated as well as time-resolved aspects in order to improve the
classification ability. As a matter of fact, an instrumentation of the type shown in Fig. 26
allows both these aspects to be utilised.

Decay curves detected at 630 nm for an experimental tumor and surrounding normal
issue are also included in Fig. 28. The animal had earlier been injected by Photofrin. 1t
can be seen that the tumor curve has a fast and a slow decay component, while normal
tissue only has a fast decay. The fast component corresponds to the tissue
autoflucrescence whereas the more long-lived component is due to the HPD drug. As was
noted in Ref. 28, gating on late fluorescence yields suppression of the autofluorescence
and contrast enhancement using a single detection wavelength.

4.4, Raman Spectroscopy for Tissue Diagnostics

Raman spectroscopy has long been a powerful tool used by chemists in the analysis of
complex organic molecules. The techniques of Raman spectroscopy areé now being
adopted for tissue spectroscopy(79-8D. As mentioned above, the main difficulty with this
technique is the weakness of the signals and the competing process of fluorescence, which
normally tends to completely swamp the Raman signals. An efficient way to reduce the
influence of fluorescence is to use a laser with a near-IR wavelength, which does not
excite fluorescence very efficiently. A CW Nd:YAG laser (A=1064 nm) in combination
with a Fourier transform spectrometer provides an efficient way of recording Raman
spectral®?). A clinically more practical way is to use a near-IR diode laser in combination
with a cooled near-IR CCD array®9). A different way to suppress fluorescence is to use a
picosecond laser source and limit the detection to the duration of these short pulses. Then
fluorescence, which typically has a lifetime of few ns, is reduced while all the Raman
photons are recorded, since the latter process is basically instantaneous. This procedure
can, however, hardly replace the use of a near-IR laser.
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depth. Still, using experience, valuable information can be obtained, in particular for
assessing reperfusion in connection with transplant surgery. The techniques and clinical
application of laser Doppler blood flowmetry can be found in Refs 20,21.

By performing sequential measurements with a system, where the laser beam is scanned
in a matrix pattern over the tissue it is possible to generate images of the superficial blood
flow(88). A schematic diagram of such a system is shown in Fig. 3186}, An example of
the application of such a system is shown in Fig. 32(87), where the blood flow in a tumor
region is shown in connection with PDT. Matching normal photos are also shown. A
squamous cell carcinoma in situ (Bowen's disease) was treated after topical application of
ALA. The perfusion image is shown on four occasions. First an image before the
treatment was taken, exhibiting an increased blood flow localized to the tumor region.
Directly after PDT (60 }/cm?), given at such a low laser light fluence rate so that tissue
heating is avoided, an increased blood flow is seen in the tumor and surrounding area,
indicating an immediate inflammatory tissue response. One week after the treatment a
renewed imaging of the area shows a high blood flow restricted to the tumor and its close
surrounding. Finally, 8.5 months after PDT the tumor in visibly absent and the blood flow
is strongly reduced.

5.2 Time-Resolved Scattering Spectroscopy

As mentioned above, time-resolved transillumination allows enhanced viewing through
tissue. X-ray diagnostic techniques are the conventional means for such imaging that has
been brought to a very high level of sophistication. However, lonizing radiation is
accompanied with a certain risk of mutagenicity ®®, It would be very desirable to use
optical raciation for transillumination of tissue to avoid this risk and also to allow
spectroscopic recordings of molecular-specific absorption. Red light penetrates tissue
guite well as can be evidenced when shining light from a flash light through a hand of a
child. The reason is the quickly decreasing absorption of haemoglobin beyond 600 nm as
is illustrated by the corresponding curve in Fig. 1. The low intensity of the transmitted
light through thick tissue is not a problem, since very sensitive light detectors exist, but
rather the strong multiple scattering from the cell structures, washing out all the spatial
information. Scattering prevents the observation of the bones in the hand as shadows. The
scattering has limited the application of optical transillumination (diaphanography) for
mammographic investigations®®-91) Only superficial tumors close to the skin in the
breast parenchyma can be made visible. Recently, a lot of research has been initiated to
overcome these problems (9285), e g. by using time-resolved photon-counting techniques
employing picosecond red laser pulses(¥3-9), Because of the multiple scattering, most of
the photons penetrating the tissue have spent a long time in the tissue, while only very
few photons arrive to the detector at the nominal propagation time without disruptions.
However, by selecting a very small detection time window and recording the very first
photons, it is possible to look at just the "fastest” photons coming out of the tissue. If an
obstacle, such as & bone or a tumor blocks the passage, a shadow will be created for the
selected subgroup of very early photons. For thicker samples there are no unscattered
photons. Still, the first photons have been minimally scattered producing a more clear
tmage, as schematically shown in Fig. 30b. An example of a scan through a human hand
is shown in Fig. 334} A cavity dumped dye laser, synchronously pumped by an argon-
ton laser, was used in these measurements. Time-gated single-photon counting was used
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to record "early” photons in a time window 80 ps wide. Clear shadows of the bones can
be seen in the time-gated scan, while the contrast disappears in the time-integrated
recording.

5.3 Transiilumination Imaging

By scanning the tissue under investigation, a transillumination image can be created.
Recently we have shown, that such measurement can also be performed using a pulsed
diode-laser source making the technique very realistic(®. Images of a ductal breast
carcinomna in a newly resected breast are given in Fig. 34. A diode laser, operating at 815
nm and producing 30 ps long pulses at a repetition rate of 10 MHz was used in these
recordings, performed with the set-up shown in Fig. 35. The transmitting and receiving
fibers are scanned together under computer control over the tissue, that is compressed
between glass plates. In the time-integrated light the tumor cannot be seen. It was also
difficult to detect using conventional X-ray mammography. In the time-gated tmage the
tumor can be clearly seen. In order to eliminate possible artefacts it is advantageous to
divide the early light by the total light as also shown in the figure.

Many groups are now working in this new field of research developing a variety of
techniques for suppressing excessive scattering using  streak-camera®?), Raman-
amplifier®®) and frequency-doubling gating®®. Fast modulation of the source followed
by detection of phase-shifts and loss of modulation depth can give similar
information{!00-102) " The c¢oherence properties of non-scattered light are used in
heterodyne(103) and light-in-flight holography(104.105) Imaging in scattering media can
also be performed with spatial domain reflectometry(106,107),

5.4. Interpretation of Time-Resolved Tissue Recordings

In this section we will focus on the interpretation of time-resolved recordings of tissue in
order to understand. e.g. how tumors can be detected in the early light. This is best
performed by examining the results of a model experiment(93) performed with
picosecond pulses traversing a 30 mm thick cuvette, containing a mixture of Intralipid
(Kabi Vitrum} and ink in water. Intralipid is a strongly scattering, non-absorbing liguid,
while ink has a strong absorption but negligible scattering. By mixing these two
substances the values of the scattering and absorption coefficients, i and W, can be
varied freely. In the upper part of Fig. 36, time-resolved recordings can be seen, where no
ink but increasing amounts of Intralipid have been added. It can be seen, that at early
times the time dispersion curves are strongly influenced, while the "decay constant” at
late times is little affected. If, on the other hand, increasing amounts of ink is added for a
constant amount of Intralipid, it can be seen, in the lower part of Fig. 36, that the early
light is basically unaffected, while the "decay constant" for the late light is quickly
shortened for increasing absorption. In the figure an early, fixed detection window is
indicated. Using these curves the increasing signal for tumor in Fig. 34 (brighter areas)
can be interpreted as a reduction in the scattering in a tumor rather than a change in the
absorption. This means, that the early light is not useful for absorption spectroscopy
changing the wavelength. On the other hand, wavelength dependent scattering changes
might prove useful for tissue identification. The decay constant for the late light is related
in a simple way to the absorption coefficient(198), However, for this "late” light little
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image information is retained. By using the whole temporal dispersion curve, maximal
tissue information can be extracted, using wavelength dependent properties of different
chromophores and tissue structures.

Focusing on the properties on the late light, spectroscopic analysis has been
performed(!3 for assessing the concentration of photosensitizers in tumors for PDT light
dosimetry. Then light with a wavelength on the sensitizer absorption peak as well as light
off that peak is analysed. The first time-resolved measurements on human tissue
concerned brain oxygenation assessment, e.g. in premature infants, by using differences
in oxy- and deoxyhaemoglobin absorption(108-110) (See Figs 1 and 23).

At the end of this section we should note, that tissue information can be obtained also
when time-integrating instrumentation is used, e.g. when a CW light source is employed.
As we have noted, the path length is not well defined due to multiple scattering in the
tissue. Still, equipment used in a standardised way can yield reliable data. An example of
this 1s the blood oxygenation measurements performed with a pulse oximeter, where light
1s sent through a finger tip of the patient, probing the differential absorption of oxy- and
deoxyhemoglobin{! 1), Normally, light at three different wavelengths are used, generated
by hght-emutting diodes or diode lasers. 805 nm provides a reference point, where oxy-
and deoxyhemoglobin absorb equally much (the isobestic point). At 660 and 940 nm the
two types of haemoglobin have very different absorptions. The oxygenation value
(oxygen tension) obtained with a pulse oximeter has been shown to be influenced by the
hematocrite value (density of red blood cells) and by complex formation in the blood of
smokers. Even if the absolute value is subject to various influences, the instrument has an
important application in monitoring of patient status from the time before anaesthesia
through an operation, or during bronchoscopy. A further example of a CW method is a
technique for cancer diagnostics where the elastically scattered light from a broad-band
source is analysed at some distance from the point of light injection into the tissue(!12),
Since the scattering properties vary for different types of tissue, the signal recorded can
be compared with catalogue spectra obtained for well characterised tissues. Thus a tissue
diagnosis can be obtained in this empirical way.

6. OUTLOOK

As illustrated in this chapter, many new possibilities of tissue diagnostics using lasers are
emerging, addressing important fields such as cancer detection, cardiovascular monitoring
and tissue transillumination imaging without using ionizing radiation. The rapid
development of more and more practical and cost-effective laser sources, detectors and
computers facilitates the clinical implementation of the new techniques. The non-invasive
nature of the techniques and the real-time data acquisition are attractive features of the
optical methods. Optical spectroscopy in principle allows molecular analysis, providing
information not normally accessible with other modalities. For the future an increased use
of combined diagnostic and therapeutic equipment can be anticipated. Ideally, each single
cell should be optically diagnosed followed by an immediate decision if that cell should
be eliminated using promptly following laser ablation, heating or photochemistry.
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FIGURE CAPTIONS

Fig. 1. Absorption properties of biological molecules: water, haemoglobin, melanin,
haematoporphyrin derivative (HPD) and adenine (From Ref. 3).

Fig. 2. Energy level diagram for the HPD molecule and illustration of HPD fluorescence
emission and energy transfer to oxygen molecules (From Ref. 7).

Fig. 3. Schematic diagram of tumor marking by sensitising molecules and the subsequent
use for fluorescence diagnosis and photodynamic therapy (From Ref. 7).

Fig. 4. Fluorescence spectra for a) pure tissue constituent molecules and b) a number of
tumer sensitising agents, accumulated in the same type of experimental rat tumor. (From
Refs 13,14). Trp: tryptophan, HP: haematoporphyrin, DHE: dihaematoportphyrin ether
(or Photofrin), PHE: polyhaematoporphyrin ester, BPD-MA: bensoporphyrin derivative -
mono acid, TSPc: tetra sulphonated phtalocyanine.

Fig. 5. Laser-induced fluorescence spectra for an experimental tumor (2 human colon
adenocarcinoma inoculated in rat muscle), and normal surrounding tissue. The rat had
been injected with a dose of haematoporphyrin derivative about 2 days before the
investigation. Two excitation wavelengths, 337 and 405 nm, are chosen to illustrate the
influence of the wavelength choice (From Ref, 23},

Fig. 6. Fluorescence data obtained in a scan across an experimental glioma (TCVC) in u
rat injected with 1 mg/kg b.w. Photofrin 24 hours earlier. Laser-induced fluorescence
spectra of tumor tissue and surrounding normal brain parenchyma are also shown. The
buckground-free HPD-reluted signal is denoted A, while the total signal at 630 nm is
denoted A" and the autofluorescence B. The dimensionless ratio A/B shows a strong
contrast enhancement (From Ref, 30),

Fig. 7. Lay-out of a clinical fluorescence diagnostic system (From Ref, 31).
Fig. 8. Photograph of a clinical fluorosensor (From Ref. 31)..

Fig. 9. Fluorescence spectra and evaluated data from two different human malignant
tumors and normal surrounding skin. To the left two fluorescence spectra and evaluated
data from a scan across a basalioma 3 days after Photofrin incjection (2 mg/kg body
weight). To the right two corresponding spectra and data from a scan across a breast
carcinoma metastasis 1 day after Photofrin injection at the same dose (From Ref. 34,35).

Fig. 10. Fluorescence spectra for a papillary bladder tumor and normal surrounding
mucosa for a patient, injected with a dose of (.35 mg/kg bodyweight of Photofrin 48
hours prior to the investigation (top). Spectra are shown for 337 and 405 nm excitation.
Spectra for mild and severe dysplasia are also included. (From Ref. 33).

Fig. 11. Plot of the value of the ratio 1{63(} nm)/I(500 nm) for a large number of locations
tn 21 patients studied using 405 nm excitation. The lower diagram is a magnification of
low fluorescence values in the upper diagram, It can be specially noted, that dysplasia



consistently shows a larger value than normal tissue in each individual patient (From Ref.
33).

Fig. 12. Fluorescence spectra through different sections of a prostatic gland with a
malignant tumor (From 36,37).

Fig. 13. Fluorescence spectra for a bronchial carcinoma and adjacent normal mucosa in a
patient that had received a dose of Photofrin at a concentration of 1 mg/kg bodyweight 48
hours before the fluorescence investigation (From Ref. 36,38).

Fig. 14. Schematic diagram of PDT using ALA. By exchanging the laser wavelength to
about 400 nm and recording the fluorescence from the tumor its extent can be clearly
determined (From Ref. 47).

Fig. 15. Fluorescence data from scans through a basal cell carcinoma before (top) and
after (bottom) PDT (60 Jem2). An ALA cream had been topically applied over the tumor
6 hours prior to the fluorescence investigation (From Ref. 47,49).

Fig. 16. Diagram showing the basic construction of a multi-color fluorescence imaging
system (From Ref. 53).

Fig. 17. Photograph of a clinical multi-color fluorescence system adapted for
bronchoscope applications (Courtesy: Spectraphos AB, Lund).

Fig. 18. Imaging fluorescence recordings of a human T-cell lymphoma tumor in a patient
that had been subject to topical ALA application 6 hours before the investigation.
Individua! images at 630, 600 and 470 nm are shown together with a processed image
using the data in the three individual images (From Ref. 55).

Fig. 19. Photograph of the computer monitor screen showing a processed tmage of an
experimental rat tumor of the same kind as was itlustrated in Fig. 5. The excitation source
was a nitrogen laser, operating at 337 nm (Ref. 55).

Fig. 20. Left: Imaging of a human basal cell carcinoma and a near-by benign naevus in a
patient treated with topical ALA during 6 hours. The instrument shown in Fig. 17 was
utilised. The processed tumor image is superimposed in the lower image on the normal
color CCD output using a video mixer. Right: Corresponding images for a squamous cell
carcinoma of the vocal cord. The images were taken through a straight endoscope. The
patient had orally been given 7.5 mg/kg bodyweight 2 hours earlier. (Ref. 56).

Fig. 21. Schematic diagram of an atherosclerotically transformed vessel (From Ref. 61).

Fig. 22. Schematic diagram showing transluminal laser ablation of atherosclerotic plaque
with three varieties of spectroscopic guidance: time-integrated fluorescence spectroscopy,
time-resolved fluorescence monitoring and laser plasma emission spectroscopy (From
Ref. 62).

Fig. 23. Absorption spectra for arterial and venous blood. Wavelength pairs with equal
blood absorption are indicated (From Ref. 28).



Fig. 24. Demarcation of 5 different types of vesset wall using fluorescence Spectroscopy.
Data for 6 different demarcation criteria are shown. Criteria F5 and F6 are not affected by
the presence of blood (From Ref. 28).

Fig. 25. Diagram showing differentiation of different kinds of myocardial tissue using
fluorescence (From Ref. 76).

Fig. 26. Photograph of a fluorosensor for plaque monitoring employing photomultipliers
observing fluorescence light, that has been selected for wavelength by interference filters
(Courtesy: Spectraphos AB).

Fig. 27. Recording from the instrument shown in Fig. 26 for normal tissue and plaque in
human aorta (From Ref. 77).

Fig. 28. Time-resolved fluorescence decay curves for a) atherosclerotic plaque and
normal vessel wall, and b) an experimental tumor in an Photofrin-injected animal, and
normal surrounding tissue (From Refs 75,78).

Fig. 29. Raman spectrum of a) fibrous plaque, b) atheromatous plaque and ¢) cholesterol
monohydrate powder, excited with a 1064 nim CW Nd:YAG laser (From Ref. 81).

Fig. 30. a) Nlustration of time-resolved signals received in elastic photon scattering
measurements on tissue using two different geometries. b) Enhanced viewing through a
scattering medium using detection of the first arriving photons in transillumination (From
Ref. 84).

Fig. 31. Arrangement for scanning laser Doppler flowmetry for tissue (From Ref. 86).

Fig. 32. Normal photographs and imaging measurements of superficial blood perfusion in
connection with ALA PDT. Recordings are shown for the following situations: a) before
PDT, b) immediately after PDT. The arrow points to the marked area irradiated by the
faser, c) one week after PDT, and d} 8.5 months after treatment (From Ref. &7).

Fig. 33, Transillumination scan through a human hand with data for the total time-
integrated light and the early light (From Ref. 94).

Fig. 34. Two-dimensional transillumination scans through a resected breast sample
containing a ductal carcinoma. The tumor clearly emerges in the early light, while it
remains hidden in time-integrated monitoring (From Ref. 96).

Fig. 35. Set up for two-dimensional time-gated transilfumination tmaging through tissue,
using a pulsed diode laser and time-correlated photon counting electronics (From Ref.
94).

Fig. 36. Experimental time-dispersion curves for light propagation through a 30 mm thick
cuvette filled with a scattering and absorbing liquid. From the curves it is evident that the
amount of early light is mainly influenced by the scattering and not by the absorption
(From Ref. 95).



Table I. Photosensitising drugs presently under different stages of clinical evaluation.
The abbreviations frequently used and the approximate wavelength for PDT irradiation
and fluorescence detection are given.

NAME ABBREV.A nm

Photofrin DHE 630

Bensoporphyrin BPD 690

&-amino levulinic acid ALA 635
Mono aspartyl Chlorin e6 MACE 670
Tetra hydr.phenylchlorinTHPC 650
Zinc phtalocyanine ZnPC 675

Tin ethyl etiopurpurin SnET2 660



