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Abstract

Laser-induced fluorescence as a tool for tissue diagnostics is dis-
cussed. Both spectrally and time-resolved fluorescence signals are
studied to optimize the demarcation of diseased lesions from normal
tissue. The presentation is focused on two fields of application: the
identification of malignant tumours and atherosclerotic plaques. Tissue
autofluorescence as well as fluorescence from administered drugs have
been utilized in diseased tissue diagnosis. The fluorescence criterion
for tissue diagnosis is, as far as possible, chosen to be independent of
unknown fluorescence parameters, which are not correlated to the type of
tissue investigated. Both a dependence on biological parameters, such as
light absorption in blood, and instrumental characteristics, such as
excitation pulse fluctuations and detection geometry, can be minimized.
Several chemical compounds have been studied in animal experiments after
intraveneous injection to verify their capacity as malignant tumour
marking drugs under laser excitation and fluorescence detection.

Another objective of these studies was to improve our understanding of
the mechanism and chemistry behind the retention of the various drugs in
tissue. The properties of a chemical which maximize its selective reten-
tion in tumours are discussed. In order to utilize this diagnostic moda-
lity, three different clinically adapted sets of instrumentation have
been developed and are presented. Two of the systems are nitrogen-laser-
based fluorosensors; one is a point-monitoring system with full spectral
resolution and the other one is an imaging system with up to four simul-
taneously recorded images in different spectral bands. The third system
is a low-cost point-monitoring mercury-lamp-based fluorosensors with the
potential of recording fluorescence excitation, fluorescence emission as
well as reflection characteristics of tissue.
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I. Introduction

To meet medical demands for alternative and improved methods of diagno-
sis as well as therapy, medical laser techniques are developing rapidly.
The interaction of ionizing radiation with tissue has iong been used
clinically to diagnose and treat various disorders. It has also been
known for some time that non-ionizing electromagnetic radiation hus u
potential for these purposes. A wide field of applications has been
developed for ultraviolet radiation, visible light and infrared light,
mainly following the availability of new laser sources and fibre-optical
delivery systems. The most commonly used interaction mechanism between
light and tissue has so far been the heating of tissue following the
absorption of light, in, for example, laser surgery. Ophthalmology is
often the clinical specialty to first use new laser techniques. Two
factors make the eye well suited to laser therapy: the eye is a good
optical system, making it easy to deliver the light to the lesiorT of
interest; the relatively small tissue volume involved requiring only
relatively small light energies and powers. Much more powerful systems
are necessary for larger organs, which has delayed the development of
these fields somewhat.

The interaction between non-ionizing radiation with tissue is very
different from that of X-rays or r-radiation. In tissue non-ionizing
radiation interacts mainly with the outer electrons in the molecules.
Upon absorption of a photon, a molecule is excited to a higher electro-
nic state. This means that the molecule gains internal energy, but it is
still intact with all electrons bound to the molecule. Tissue is there-
fore not destroyed by photon absorption. The excess energy absorbed in
the molecule can, however, be transformed into heat or may cause chemi-
cal reactions which can damage the tissue. Another possibility is de-
excitation through the emission of a photon - fluorescence.

Different forms of laser therapy started to develop immediately after
the invention of the laser in 1960. The field of diagnostics using
lasers started later but has also gained interest during the last de-
cade. Diffusely reflected or fluorescence light from tissue has been
employed to measure blood perfusion and blood oxygenation as well as to
demarcate diseased lesions. Fluorescence diagnostics of tissue has been
applied by utilizing intrinsic tissue autofluorescence, or the fluore-
scence from an administered chromophore.

This thesis is divided into two parts, the first presenting certain
aspects of the interaction between light and tissue, mainly focusing on
laser-induced fluorescence, and the second containing the papers on
which this thesis is based. The first part is subdivided into three main
sections treating three different fields of interest for fluorescence
diagnostics of tissue. The first section deals with the transport of
light in tissue. Various theoretical models for light distribution are
presented, as are the tissue parameters necessary for each model. The
different mechanisms for tissue response during and after light irradia-
tion are also discussed. Most medical applications of these responses
are outlined. The next section discusses research into new chemicals
which can be used in photochemotherapy and as tumour marking drugs for
fluorescence diagnostics. This is presently a field of intense research.

- 7 -



The discussion is focused on the spectroscopical and photophysical
characteristics of a number of the proposed drugs. The last section
includes an overview of the field of tissue diagnostics using laser-
induced fluorescence. Spectroscopical criteria to optimize the contrast
between diseased and surrounding normal tissue with respect of being as
independent as possible to other unknown parameters are discussed. Such
uncertainties may be instrumental (measurement geometry, excitation
pulse fluctuation and detection efficiency variation) or biological
(effects of chromophores in the tissue that are of no interest in the
diagnostics). Time-integrated, as well as time-resolved spectral charac-
teristics are discussed. As a consequence of these studies three diffe-
rent fluorosensors adapted for tissue diagnostics have been developed.
Presentations of these systems are included in this thesis.
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II. The interaction of light with tissue

In this thesis the term light is used to denote electromagnetic
radiation in the UV, visible and near- and mid-infrared spectral regions
from 190 nm (the limit for light transmission in the atmosphere) to 10
urn. The interaction between tissue and light used for medical
diagnostics and therapies will be discussed.

Introduction

We are all surrounded by light, most of it emanating from the sun which
is propelled by nuclear fusion reactions. Light is utilized in several
ways in our bodies - most obvious are the reactions in the photochemical
receptors in the eye enabling us to see. In the skin, light triggers
important photochemical and photobiological reactions. However, most of
the body tissue will never see any light. The properties of tissue do
not permit visible light to penetrate very deeply. The pigmentation in
the skin shields the rest of the body from light. The optical properties
and the way light is transported in tissue are not only of relevance for
photo-induced reactions in the body, but they also determine the
appearance of a person as seen by an observer. The colour and intensity
of the light reflected or diffusely scattered from the tissue depend on
the optical properties of the tissue.

Light was found to be useful for medical purposes quite long ago. A few
examples from modern time can be mentioned: diaphanography or light
scanning, i.e. diagnostics using tissue transillumination with light.
has been used for breast cancer tumour detection since 1929 [lj;
pathological changes in the skin, such as psoriasis, were first treated
with UV light at the beginning of this century [2,3]; and fluorescent
drugs in combination with light irradiation were tested for tumour
therapy starting around 1900 [4]. An interesting historical review of
cutaneous photobiology is given in Ref. [5]. Other forms of photo-
therapy have been suggested, among them wound healing, pain relief and
light illumination as a step in psycho therapy.

Medical examination and treatment methods involving light were developed
and gained popularity after the invention of the first laser in 1960.
Only the photothermal effects on the tissue during laser radiation have
been explored in any depth - in laser surgery [6,7]. The increase in the
tissue temperature is due to a single photon absorption process in the
tissue chromophores. The absorbed energy is transformed into heat. Due
to the ideal optical properties of the eye, ophthalmological lasers were
among the first to be utilized [8]. Dermatological applications of
lasers came naturally also early and proved to be straightforward. In
order to optimize the cutting capability and healing and to be able to
predict the tissue response of the laser irradiation, light dosimetry
models for tissue have been developed and are being constantly improved.
Also, the various mechanisms involved in the interaction between light
and tissue are being studied, giving a deeper understanding of the
processes involved.
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Figure I. Molecular extinction coefficient for a number of tissue
constituents and haematoporphyrin derivative as a function of
wavelength. The wavelengths of the most frequently used medical lasers
are indicated. (From Ref. (9)).

The immediate response to light exposure can be divided into three
categories according to the light dose rate and wavelength:

* photothermal response
* photochemical response
* photophysical response

The first two are most frequently utilized for therapy, while the last
can be used both therapeutically and for diagnostic purposes. In all
forms of laser therapy, the incident light causes an immediate
photo-induced tissue reaction. Following the treatment there will be an
additional photo-biological tissue response to the radiation, extending
over a long period of time. Both these reactions must be considered when
optimizing the tissue response to various types of laser therapy. The
following discussion will mainly treat the immediate response. Fields of
application of the interaction of light with tissue will be briefly
discussed below.

The various ways in which a photon can interact with tissue are; through
reflection at any tissue surface, scattering due to local variations in
refractive index within the tissue and absorption of photons by tissue
molecules. Lack of interaction means that the photon is transmitted
through the tissue. The main molecules absorbing light above 300 nm in
tissue have been determined to be water, haemoglobin and melanin. Their
absorption spectra are presented in Fig. I [9,10]. Flavins and carotene
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also absorb to some degree in this region. Below 300 nm most molecules
absorb. The spectral region between 620 nm and 1.3 jim is the most
transparent region for tissue with attenuation coefficients of 2.5
5 cm" [9,11-13], see Fig. 2. In the blue region the attenuation coef-
ficient may be 20 cm" or more, while in the UV and the IR region above
2.5 Mm the attenuation coefficient is of the order of 100-300 "cm" . The
transparent window in the red and near-infrared region is thus the re-
gion useful for deeper transmission of light in tissue, as in, for in-
stance, laser-induced hyperthermia, photodynamic therapy and tissue
transillumination (see below). In this region scattering is the main
process determining the penetration depth. Any incident photon will.
after a short distance, have lost its original direction due to multiple
scattering and the photon transport can be described as light diffusion.
This means that the contrast in tissue transillumination will be poor.

Different forms of laser therapy utilize a varity of laser intensities
(1 mW - 1 GW) and exposure times (1 ps - 1000 s). Despite the wide spans
of intensities and times, the optimal therapeutic energy fluences (see
below for defiqition) have empirically been found to vary much less
(1 - 1000 J/cnT) [9,14]. This can be related to the Bunsen-Roscoe
reciprocity law in photochemistry, stating that for a single photon
absorption process a photochemical effect will depend neither on the
irradiation time nor the intensity, but only on the energy fluence.
Since the absorption cross sections and concentrations of the main
tissue chromophores are of comparable sizes, the therapeutical energy
fluence range is relatively narrow, even for different light wave-
lengths. However, repair mechanisms in the tissue will effect the bio-
logical response and for long treatment times no reciprocity can be
seen.

300

500 IO0O 1500

WAVELENGTH (nr-l WAVELENGTH (nm)

Figure 2. Average values of a) tissue absorption coefficient, and
b) tissue scattering coefficient, of a rat liver in vitro as a function
of wavelength. Vertical bars represent one standard deviation from
recordings of 11 samples. (From Ref. (13)).
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Different regions can be distinguished in the thermal effect on tissue,
according to the temperature applied. Up to about 43 °C there is no
permanent damage to the tissue. In the temperature interval between 43
and 60 °C local oedemas occur. Proteins leaking from the cell forms
fibrils and these interlock with those from other cells. Denaturation of
some proteins may occur. This domain is called tissue welding. Tissue
temperatures exceeding 60 °C for a significant period of time causes
coagulation of the proteins and tissue necrosis will result. DNA
denatures in the region over 80 °C. Thermal denaturation of tissue is
determined by the complete tempernture-time history of the tissue.
Beyond 100 C the tissue will dehydrate due to vaporization of water,
leading to severe necrosis. Due to the large amount of energy necessary
to vaporize water (2260 kJ/kg) excess energy added to the tissue will
first generate steam without further increase in the temperature. If
this large and rapid expansion occurs within tissue, it is disrupted and
cutting results. For tissue heated beyond the vaporization of free
water, other processes will also occur, e.g. carbonization. Clinical
effects in all these regions can be seen for different forms of laser
therapy. Carbonization and vaporization will occur for cutting lasers,
and the diffusely spread light causes haemostasis, due to blood
coagulation. For the purpose of optimizing the efficiency of cutting
lasers, advantage should be taken of the change in optical properties of
the tissue in the different steps of tissue denaturation mentioned.
Denaturation of tissue proteins will increase the scattering, while
carbonization increases the absorption. In both cases, the attenuation
coefficient will increase, resulting in a shorter penetration depth of
the light. Optical fibres and fibre tips have been developed for various
forms of laser therapy increasing the efficiency and convenience of
surgical lasers [15-17]. Extensive research is underway in several
areas, among them the field of optical fibres for CO2 lasers [18] and of
sapphire fibre tips used in laser treatment [19-21].

By irradiating the tissue with a light intensity below the threshold for
cutting, cell necrosis can be obtained as a photothermal response.
Heating the tissue to about 70° C will result in immediate necrosis due
to coagulation of the proteins. This can be applied to interstitial
treatment of cancer tumours in inner organs [22]. More selective
hyperthermal treatment can be achieved by heating the tissue to 43-47 °C
of a period of about half an hour [23,24]. Neither of the latter forms
of hyperthermal treatment must necessarily utilize a laser as a heat
source, but it may sometimes be convenient. This is especially true in
combination with other therapeutical or diagnostical procedures,
including light distribution to the tumour region.

When using pulsed lasers w:<h high peak power, photo-ablation of the
tissue takes place. Parts of t tissue absorb enough light energy to be
transformed into another pnase by various processes: vaporization
resulting from photothermal interaction, molecular disruption due to
molecular bond-breaking or formation of a plasma due to multi-photon
ionization. The volume of the new phase is much larger than that of the
original tissue. The resulting fast expansion will cause fragmentation
of the tissue and any excess energy will be removed from the interaction
volume with the ablated tissue. Due to the small penetration depth of UV
and IR laser light, precise cuts can be made. Cell layer by cell layer
is removed with minimal thermal effect on the surrounding tissue.
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A diagnostic method utilizing a photophysical interaction is the
measurement of blood flow utilizing Laser Doppler Velocimetry (LDV). By
recording the Doppler shift of light scattered in tissue, flow
velocities can be measured [25]. Theoretically, both the amount of blood
in the probe volume and the velocity distribution can be calculated,
provided that the spectral distribution of the backscattered light as
well as the intensity are recorded. Development of LDV instrumentations
for blood flow measurements has been carried out by several groups
[26,27].

Another photophysical light - tissue interaction is fluorescence.
Fluorescence may be used for diagnostic purposes, either by the detec-
tion of autofluorescence from the tissue chromophores or of enhanced
fluorescence resulting from a previously administered fluorophore that
either concentrates in the lesion under study or indicates the status of
the tissue in some respect [Paper VI.28-30]. The interaction of light
with tissue is a potentially more selective tissue diagnostic tool than
most other non-destructive methods used in medicine. This is due to the
interaction between light and several different molecules within the
tissue, each molecule with its own spectrum. Three principles may be
applied for the measurement of light interaction with tissue: absorp-
tion, fluorescence and Raman scattering. Diagnosis utilizing light
absorption is not very sensitive but has a certain selectivity. Fluore-
scence, on the other hand, is very sensitive, and also surpasses absorp-
tion measurements in the selectivity of the chromophores detected. Raman
scattering, lastly, is very selective but has a very poor sensitivity.
The intensity of the irradiation light intensity required to obtain
enough signal to identify a molecule present in tissue by means of Raman
scattering, may destroy the tissue. Fluorescence is thus a useful
diagnostic tool due to its high sensitivity and its relatively high
selectivity of the chromophoies detected. To understand the fluorescence
spectrum from a certain kind of tissue, the mechanisms of interaction of
both the excitation and fluorescence light with tissue are crucial, as
is the fluorescence yields of the various chromophores.

Photochemical interactions between light and tissue can also be induced
using lasers. This can be exemplified by the excitation of a chemical
drug (e.g. haematoporphyrin derivative), which generates singlet oxygen
in the presence of normal oxygen in the tissue, photodynamic therapy
(PDT) [31,32J. Singlet oxygen is very cytotoxic and reacts quickly with
the surrounding tissue causing necrosis. For this type of therapy the
light distribution is of primary interest. The light dose, together with
the drug and oxygen concentrations determine the therapeutic effect.

Interest in medical laser therapy using low-intensity lasers for
"bio-stimulation" has increased during recent years. Wound healing and
pain relief are two effects that have been reported. However, there is a
certain amount of skepticism among researchers since therapeutic effects
have not been scientifically verified and the mechanism for such an
effect has not been identified. No real double-blind tests have shown
therapeutic effects [33,34], although many patients have been treated.
Both basic research [35] to determine possible interaction mechanisms as
well as applied studies under well controlled conditions are necessary.
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As has been exemplified above, there is a need for research on the
reaction mechanisms between light and tissue, as well as for light
transport in tissue. Through a better understanding of these mechanisms
the various therapeutical and diagnostical methods could be improved and
new applications found. Various theoretical models for light
distribution in tissue will be discussed briefly below, while the
various interaction mechanisms between light and tissue will be further
discussed under the subsection Applications.

Theoretical models for light propagation in tissue

Exact modelling of light distribution in tissue during light irradiation
is not possible since the tissue is not homogeneous, but has local
variations. The inhomogeneity is also the reason for the strong scatte-
ring properties of tissue, since local variations in the refractive
index of the tissue prevent destructive interference from cancelling out
scattered light. The angular distribution of the scattered light is not
necessarily isotropic, and the intensity can be higher in certain direc-
tions than in others. Furthermore, the inhomogeneity of tissue with
boundaries between different tissue types, will prohibit microscopically
accurate solutions. Assumptions of the optical properties of the tissue
have to be made and a macroscopical light distribution within the tissue
can then be modelled. The models can be based on either fundamental
microscopic or macroscopic optical coefficients. The light distribution
in tissue can be modelled in one of two ways [36]

1) with an analytical theory, starting with Maxwell's equations. This
approach is often based on Twersky's work [37,38]. The statistical
nature of the tissue has to be considered, which makes the
calculations very complex. The usefulness of this approach is
limited,

2) with transport theory, dealing directly with the transport of
power. Correlation c Teets between the different electromagnetic
fields are neglected (diffraction and interference effects).
Transport theory has been used extensively, and experimental data
show that the transport theory is applicable in a large number of
situations. Using transport theory the light fluence can be
calculated with two quite different methods, by solving the
transport equation or by Monte Carlo simulations of the light
distribution.

The transport equation and Monte Carlo simulations will be discussed
briefly below. Solution of the transport equation is probably the method
most frequently used for modelling light distribution in tissue. Light
that is wavelength shifted after interaction with the tissue is usually
neglected (i.e. Raman scattering and fluorescence emission). Further,
three different regimes can be separated for light propagation in a
scattering medium: first-order scattering, multiple scattering and
diffusion [36,39]. First-order scattering neglects multiple scattering
and is relatively simple to solve. However, since multiple scattering
will dominate in the red and near-infrared wavelength regions,
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first-order scattering has a limited application in modelling light
distribution in tissue. Multiple scattering is theoretically more
complex to model, since both incident, unscattered light and diffused
scattered light must be considered. Diffusion theory can be a good model
for highly scattering tissue at a distance from the light source,
especially if the scattering is relatively isotropic. The radiance
should be almost isotropic in these regions.

To be able to further discuss light transport in tissue, a few
definitions must be made. The fundamental quantity in transport theory
is the radiance I(r,s,t), also called brightness in radiometry. This is
the power flux density at time t in a point r, in a direction & within
a unit solid angle and frequency band. The unit is W m""sr" Hz" . Since
a laser with a narrow frequency band is usually the source of excita-
tion, this quantity can be redefined after integration over the frequen-
cy. The radiance will then be the power flux density within a unit solid
angle at a point r directed along s.

Three fundamental optical parameters of tissue determine the light
distribution within the tissue: the absorption and scattering cross
sections and the phase function for the scattering. The absorption and
scattering coefficients are the probabilities per unit path length
within the tissue that a photon will be absorbed or scattered from a
single centre, respectively. The total attenuation coefficient is
defined as

"t =

where n-s is the scattering coefficient and Ma is the absorption
coefficient. The unit of these quantities is m" .

The phase function, i.e. the angular distribution of the scattered light
from a single scattering event, can in the general case be denoted
p(s,s') for light scattered in the direction s with incident direction
s'. Since the scattering is symmetric about the direction along the
incident wave, the phase function can be expressed as a function of the
angle between the incoming photon and the scattered photon, denoted o
below. The phase function can then be represented by a series expansion
as a sum of Legrende polynomials

+00

p(e) = Y.un Pn(cos e)

The phase function can often be approximated by the Henyey-Greenstein
formula, which only involves the ratio between the scattering and total
attenuation coefficients and the mean cosine of the phase function
[40-42]
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p(e) =
« (I • g2)

o
(i + g2 - 2g cose)

3/2 (3)

where uo is the albedo and g is the mean cosine of the scattering
function defined as:

J p(e) cose da

8 =
4n

4n J
4n

(4)

The albedo can also be expressed as the ratio between the scattering and
total attenuation coefficients, uo = US/ML It ranges from zero for a
completely absorbing medium to one for a non absorbing medium, for which
the attenuation of light is totally determined by scattering. The mean
cosine ranges from minus one for a perfect backward scatterer, over zero
for an isotropic scatterer to plus one for a completely forward
scatterer. In the case of an isotropic scatterer p(e) is constant,
independent of the angle e, p(e) = wo.

However, for strongly anisotropic scattering the Henyey-Greenstein
function has been shown to be inaccurate [43], and other expressions for
the phase function should be chosen. For g>0.8 the Rayleigh-Gans phase
function is suggested [44].

The fundamental transport equation for the radiance l(r,s,\), which is
identical to the Bolzmann equation in gas dynamics, can be written as

^ J
4n

(5)

where da' is the elementary solid angle about the direction s'. The
equation shows that the change in the radiance at a point r in the
direction s is due to the attenuation of this light by scattering or
absorption, and to scattering of the light in the direction s for
incoming light in a direction s'. An integration over all directions s'
gives the total contribution from the scattering. A distributed light
source can be included as a source term in the equation.

The quantity to be obtained is often the amount of light passing the
surface of an infinitesimally small sphere of tissue per unit time
interval, i.e. t h e . radiant energy fluence rate, *fr,/j, which

'-2
IS

measured in W m". The radiant energy fluence rate is calculated by
integrating the radiance over all solid angles at the point r
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*(r,t) = J I(r,s,t) dQ (6)
4n

The amount of light absorbed per unit time in a small tissue volume is
thus Ma*(r,t), with the unit W m" .

When irradiating a turbid medium such as a tissue sample, with a laser,
the radiance inside the tissue can be divided into a coherent part, /c,
and a diffuse part /d; / = /c + Id. The coherent part is the direct
light from the source that has not yet interacted with the tissue. This
will simply be attenuated in the tissue according to the Beer-Lambert
law. A photon from the coherent light that interacts with matter will
either be absorbed and disappear or will be scattered and change status
to be included in diffuse scattered light.

IJs) = IJO) eT (7)

where the dimensionless quantity T is the optical depth defined by

s

T = J M, ds (8)
0

Thus, the transport equation for the diffusely scattered light can be
written as

Id(r,s,t) = -ntld(r,s,t) + ^ J p(9) Id(r,s\t)dn' + c(r,s,t), (9)

4n

where c(r,s,t) is the source term originating from the scattered
coherent light.

c(r,s,t) = ^ \p(e) Ic(r,s'A)dn' (10)

4n
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The exact solution of the transport equation is not known, but there are
a number of models which give good approximations of the solution under
certain assumptions. If the diffuse intensity is less than the coherent
intensity /d < < h , either the scattered light can be neglected totally
and the radiance can be described with Eq. (7), or the radiance in the
last term in Eq. (5) can be substituted by the coherent intensity. This
is the first-order scattering solution. This solution applies only to
situations where the diffuse intensity is much smaller than the coherent
intensity, i.e. for T < 1 and for absorbing media, wo < 0.5.

For the multiple-scattering model, a simple geometry has to be assumed
in order to solve the transport equation. If the geometry is such that a
plane-parallel medium is irradiated with a plane wave, the transport
equation can be converted into a matrix differential equation by
considering the radiance at many discrete angles; the "discrete
ordinates" method [45-48]. The matrix equation can be solved exactly. An
advantage with this method is its ability to account easily for various
boundary conditions as well as optical heterogeneity. Implementation of
multilayer calculations is straightforward [48]. The limitations are
that only certain geometries can be considered, the phase function
should not be peaked in the forward direction or the solution does not
yield good results and also the calculations are time consuming, even
with large computers.

A more approximate solution can be found by using the Kubelka-Munk
theory [49,50]. This makes use of two diffuse fluxes and a forward and a
backward coherent intensity. This is equivalent to representing many
fluxes in the discrete ordinates method by only two fluxes [51,52], and
only gives very approximate solutions to the transport equation.

A simpler solution, limited to the case where scattering dominates over
attenuation, i.e. wo * 1, is the diffusion approximation [53-56]. In
this case, the coherent radiance is neglected and the scattered light is
considered to be almost isotropic due to the multiple scattering [57].
The diffusion equation can, under these approximations, be derived from
Eq. (9). After first introducing the flux density vector 3d(r,t)

3d(r,() = | Id(r,s,t)s tin , (11)

4n

and the average diffuse radiance I.'fct)

ld'(r,t) = — | Id(r,%0 dn (12)
4u 4n
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one can expand the diffuse radiance in a Taylor series expansion of
s • s'. In the diffusion approximation the diffuse radiance is almost
isotropic, and the main approximation in this model is to truncate the
expansion after the first two terms

Id(r,s,t) = Id'(r,t) + — Jd(r,t) • s (13)

The resulting time-independent diffusion equation can be written as

V2I'(r,t) - — I'(T,0 = - — - I'(r,t) (14)
d D d 4D c

where D is the diffusion coefficient measured in metres:

D = 3M,;1 = [3(Ms(l-g) + Ma)]"'

and n' is the reduced scattering coefficient:
s

/ = vfl-g)f

The transport attenuation coefficient n is defined as

With the reduced scattering coefficient also a reduced albedo can be
defined:

u = 11 'Ai
o
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The other approach to the problem, which will be briefly discussed, can
also yield the light distribution in tissue, i.e. a Monte Carlo
simulation [58,59]. This method is not based on the transport equation,
but a computer simulation of, for instance, the light distribution in
highly scattering media, such as tissue. In this simulation, one photon,
or a small fraaion of the incident beam is considered at a time, and is
followed until it is absorbed. Absorption, scattering and different
directions of scattering are simulated by different probability
functions. By considering a large number of photons an approximation of
the light distribution can be obtained. This method seems to be the most
promising for detailed and accurate studies, since it is very flexible.
The light distribution a certain time after a short light pulse can be
predicted. It is therefore possible to calculate not only the energy
dose delivered but also the power density in the tissue at any time
[60-63]. It is important to know this in order to be able to evaluate
possible non-linear optical effects in the tissue. Furthermore, the
geometry is more flexible than in the solution of the radiant transfer
equation and certain boundaries can be .set in the Monte Carlo
simulation. The complexity and the time-consuming computer calculations
are the main drawbacks. One is often interested in the radiance at a
certain location and sometimes also at a certain time after an
excitation pulse. Much computer time can then be saved by optimizing the
algorithm in a Monte Carlo simulation, such that it does not waste time
on "tracks" that are not of relevance for the results.

Various comparisons between the different models have been performed.
Wilson and Patterson [64] compared the solutions for the discrete
ordinates method, the Kubelka-Munk theory, diffusion theory and Monte
Carlo simulations of the radiant energy fluence rate. The comparison was
made for a fictitious medium with isotropic scattering and a high albedo
(0.90-0.99). The results showed that the agreement between the discrete
ordinates method, diffusion theory and Monte Carlo simulations was
acceptable, while the Kubelka-Munk theory differed significantly.

Welch et al. [65,66] compared the discrete ordinates method with
diffusion theory near the surface for a semi-infinite slab for different
anisotropy factors, g, of the phase function. Diffusion theory is
supposed to be valid at a certain depth in the tissue, where the
scattered light is almost isotropic. But since most of the light is
absorbed near the surface, it is also interesting to study the validity
of the diffusion theory in this region. The results showed that for
moderate degrees of anisotropy (g = 0.5) the difference in the solutions
was insignificant. However, for a highly anisotropic phase function (g =
0.8) there was a significant difference between the solutions from the
surface and these at about four optical depths. This can be understood
considering that the diffusion approximation only takes the two first
terms of the Taylor expansion of the radiance into account. The first
term describes the isotropic part while the second accounts for the
anisotropic part. With only two terms to estimate the phase function,
the diffusion model overestimates the isotropic diffuse radiance.
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A theoretical model for thermal propagation in tissue

The thermal properties of living tissue can be described by essentially
three mechanisms: the storage of heat in the tissue, expressed by the
specific heat of the tissue; the conduction of heat through the tissue,
which is determined by the tissue's thermal conductivity; and the
transport of the heat by blood flow. The temperature of the tissue after
heating is, however, a function of the ratio of the specific heat
coefficient, C, and the thermal conductivity, K. The thermal diffusion
in tissue is thus only determined by two tissue parameter, the thermal
diffusively, x, (defined as the ratio between the thermal conductivity
and the specific heat, measured in m /s) and the heat sink caused by the
blood flow. This makes the modelling of the temperature distribution
less complex than that for the distribution of light. A mathematical
description of heat exchange in biological tissue is basically the
general heat-conduction equation with a source term [67-71].

27 - I f l - Q (T - T) = - % (19)
X dt X & K v '

where T is the tissue temperature, t is the time, Q is the blood flow
(blood mass per unit time and unit tissue mass) measured in s" , To is
the normal temperature of tissue and q is the source term arising from
the absorption of light, q = n *.

The time dependence of the thermal conduction under transient thermal
excitation is of interest, since the thermal waves of different
frequencies propagating through a medium will be highly dispersive.

Experimental investigations to measure optical coefficients in tissue

To be able to calculate the propagation of light in tissue with any of
the models mentioned above, some optical coefficients for tissue must be
known. The fundamental microscopic coefficients are the scattering
coefficient, the absorption coefficient and the phase function at the
laser wavelength. Coefficients which can be directly calculated from
these are the totat attenuation coefficient (Eq. 1), the albedo wo
(Eq 4), the mean cosine of the scattering g (Eq 4), the reduced
scattering coefficient tis (Eq. 16), the reduced albedo uo' (Eq. 18) and
the transport attenuation coefficient, Mtr (Eq. 17). Macroscopic opti-
cal coefficients are the optically useful constants for bulk tissue.
Their relation to the fundamental microscopic coefficient depends on the
tissue and irradiation geometry. Two such optical coefficients are the
effective attenuation coefficient (Eq. 20) and the diffusion coefficient
(Eq. 15). The effective attenuation coefficient is defined as the expo-
nential attenuation coefficient of the radiance for a normal incident
irradiation of a plane collimated light beam on a semi-infinite slab of
homogeneous tissue. It is a useful parameter for comparing the general
light transmission properties of different tissues and at different
wavelengths, although it is a complex function of the fundamental micro-
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scopic optical coefficients. Measurements of the effective attenuation
coefficient are very sensitive to irradiation and tissue geometries. In
the diffusion approximation the effective attenuation coefficient can be
written

Meff = (3njna + (1-gbJ)1'2 (20)

Furthermore, to be able to take reflexions in the boundary layer into
account, the refractive index also has to be known.

In order to measure optical coefficients or other optical properties of
tissue, the experimental method should consider the following points
[72].

* If th^ results are to be compared with a theoretical model or the
measured values are be used as constants in such a model, the
experimental methods should satisfy, as far as is possible, the
assumptions made in the theoretical model.

* The experimental methods must use a valid model for the light
distribution, such that the measured value coincides with the
parameter to be measured.

* The refractive index must be known for the sample and surrounding
medium, to allow corrections for reflected light.

* Measurements should preferably be performed on tissue in vivo. If
this not is possible, special care must be taken so that the
conditions of the in vitro sample are as similar as possible to the
in vivo conditions.

* For in vitro measurements the preservation techniques and
measurement conditions for the tissue sample studied should be such
that the optical parameter to be measured is not changed.
Conditions requiring special attenuation for samples in vitro are,
e.g. temperature, tissue water content, osmotic or hypertonic
effects on the sample, and sample thickness changes.

* If frozen samples are studied, the methods of freezing and thawing
are important. Optical parameters may not be changed upon rapid
snap freezing and thawing.

Studies on the changes of optical parameters of tissue due to snap
freezing are presented in Refs. [73,74]

Measurements of optical constants of tissue can be divided into direct
and indirect measurements [75,76]. In direct measurements the photon
interaction in an optically thin sample is obtained. The probability of
single scattering is much higher than for multiple scattering. Indirect
measurements are based on measurements on bulk tissue where multiple
interaction processes are more probable. From these measurements the
fundamental optical coefficients can be deduced by using a theoretical
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model. The direct measurements are complex, but one does not need to
rely on an appropriate model to calculate the coefficients, as is the
case for the indirect methods.

The sum of the scattering and the absorption coefficients is the total
attenuation coefficient. This can be measured relatively simply for a
given laser wavelength in an optically thin tissue sample in vitro, by
using a collimated light beam and collimated, low acceptance solid-angle
detection and applying the Beer-Lambert law [42,47,77]

t = -d/d) (21)

ignoring the boundary reflection losses, due to lack of index matching.
The tissue thickness (d) has to be small enough, so that multiple
scattering is neglible. Furthermore, tissue scattering is often highly
anisotropic, causing the detection acceptance angle to be narrow, within
a degree or so. It may be difficult to measure the total attenuation
coefficient accurately with this method if m is larger than a few
hundred per centimetre, since it is difficult to obtain thin enough
samples. An experimental arrangement for such measurements is shown in
Fig. 3.

Lens

Sample
Aperture

OMA
detection

Figure 3. Experimental arrangement for a direct measurement of the total
attenuation coefficient, ML The illustration is not to scale. Sample
thickness should be less than 100 nm to avoid influences of multiple
scattering, while the distance between the sample and the collection
fibre should be 0.5 m or more.
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The phase function can be obtained if the detector is moved on a semi-
circle 180 around the thin sample [42,47,77]. Such measurements have
revealed that the phase function in tissue is highly forward peaked.
Typical values for the mean cosine of the phase function, #, are 0.6-
0.97. This highly forward peaked scattering must be considered in
theoretical models. In diffusion theory the diffusion coefficient is
modified by substituting the scattering coefficient ps. by a reduced
scattering coefficient fj^(l-g) (Eq. 15).

Measurements of the absorption coefficient can be made in an integrating
sphere by measuring the change in light intensity for the tissue sample
and comparing it with a standard [77,78,47]. In the red and infrared
spectral regions the scattering coefficient is often large in comparison
with the absorption coefficient. This makes it easier to measure the
scattering coefficient than the absorption coefficient. Often an
accurate value of the scattering coefficient can be obtained by
subtracting a measured value of the absorption coefficient from a mea-
sured value of the total attenuation coefficient, according to Eq. (1).

An indirect technique, based on the measurement of the change in Ml in
bulk tissue resulting when known amounts of an absorber are added, has
been developed [79,80]. If the diffusion approximation can be assumed,
the absorption and reduced scattering coefficients for the tissue can be
calculated. An interesting use of the method is in the investigation of
the wavelength dependence of these two microscopic coefficients in
tissue. The method can also be used in the opposite direction. For known
absorption and reduced scattering coefficients of the tissue itself, the
concentration of an added absorber can be measured [80-83]. This
technique is suggested for monitoring the photosensitizer concentration
in a tumour during photodynamic therapy. By measuring the optical
coefficients before the administration of the drug and monitoring the
diffusely reflected light during the treatment session, enough
information can be obtained to calculate the drug concentration anil
photo degradation. Systematic errors may arise if the blood content in
the tumour changes between various recordings, e.g. due to shut down of
blood perfusion in the tumour during treatment. The optical coefficients
of the tissue are then altered. Such errors can partly be circumvented
by measuring the entire diffusely scattered reflectance spectrum.

An alternative way of measuring optical coefficients, which can be
applied to tissue in vivo is to expose the tissue to picosecond light
pulses and to study the diffusely backscattered light. Due to the high
scattering in the tissue the pulses will be broadened and diffusely
backscattered pulse widths of nanoseconds will often result. This corre-
sponds to a path length in the tissue of several decimetres. By mea-
suring the backscattered intensity as a function of delay time after the
short laser flash, a histogram of the probability for the light leaving
the tissue at a certain delay in the solid angle of detection is ob-
tained. The shape of this histogram contains information about the ab-
sorption and reduced scattering coefficients. These coefficients can be
derived from the curves if a simple diffusion approximation of the light
distribution is assumed [84,85]. The asymptotic slope in a logarithmic
presentation of the pulse tail for long times after the laser pulse will
give the tissue absorption coefficient. With the diffusion approximation
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it is also possible to calculate the reduced scattering coefficient from
the time delay of maximum backscattered light.

The diffusion coefficient, which is a function of the absorption coeffi-
cient and the reduced scattering coefficient, according to Eq. (15), can
also be evaluated directly from measurements. In analogy with the
"poisoned moderator" technique in neutron physics, the diffusion coeffi-
cient can be derived by plotting the square of the measured attenuation
versus a known increased absorption coefficient, resulting from the
stepwise addition of an absorber [46,79,86]. The inverse of the diffu-
sion coefficient can then be obtained as the slope of the linear part of
the plot.

In order to compare theoretical models and the actual distribution of
light within tissue, the radiance /, or the radiant energy fluence rate
*, must be experimentally measured. This can be done by inserting opti-
cal fibres into the tissue or performing a directed measurement [12,54.
87] or a measurement integrated over the 4n solid angle [46]. It may
even be better to measure the radiant energy fluence rate directly using
an isotropic detector [88-89]. The drawback of the isotropic detector is
its size, about 1 mm in diameter. In regions where the radiance is
almost isotropic, a smaller, not fully isotropic detector is preferred.
The calibration of an isotropic detector is straightforward, it needs
only to be placed in a laser beam with a known intensity per square
centimetre.

A non-invasive method of measuring the light distribution near the
tissue surface is pulsed photothermal radiometry. In this method, the
heating of the tissue surface due to the absorption of light is measured
with a fast IR detector. The temperature of the tissue surface is depen-
dent on the light energy absorbed and the rate of transport of heat.
However, since the transport of heat is time dependent, and has a rather
long time constant a technique based on a pulsed laser and a fast IR
detector for recording the black-body radiation from the tissue has been
developed [90-94].

Several studies have focused on models for light distribution at 630 nm.
since this wavelength is of interest for photodynamic therapy. There-
fore, optical coefficients have also been measured at this wavelength by
several groups. Values are given in Table 1. Values for the Ar-ion laser
wavelengths and for the Nd:YAG laser wavelength are also given. That
these parameters are difficult to measure is shown in a large spread in
values between different studies. Therefore, the values in Table I are
chosen from more recent studies.

Boulnois has given spectral curves for the extinction coefficients of
the main absorbing chromophores in tissue [9,95], see Fig. 1. From these
curves it can be seen that ultraviolet light is strongly absorbed in se-
veral molecules present in tissue. Below 300 nm also macro-molecules al-
so absorb efficiently [96-98] (not shown). In the blue region, between
380 and 500 nm, haemoglobin and melanin are the main absorbers. Above
600 nm and up to 1300 nm tissue has its best transparency for light.
This can also be seen from the values in Table 1. For 488 nm the pene-
tration depth is only about 0.5 mm, for 630 nm it varies between 0.6 and
5.0 mm depending on the tissue type, and for 1064 nm it is even larger.
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Tissue type

Wavelength

Breast 635 nm

Liver 635 nm

Liver 633 nm

Neonatal
brain 660 nm

Adult brain
660 nm

Liver 488 nm

Adult brain
488 nm

Liver 514 nm

Adult brain
514 run

Liver 1064 nm

Adult brain
1064 nm

Liver 1320 nm

Liver 2100 nm

[mm ]

0.0

0.23

0.65

1.22

1.9

0.59

0.66

2.7

[mm"1]

39.5

31.3

14.4

17.3

28.5

6.1

4.4

2.4

[mm ]

39.5

31.5

15.0

18.5

30.4

6.7

5.1

5. 1

g

0.68

0.95

0.93

0.92

0.91

0.80

5

[fxm]

610

5000

2000

335

700

800

724

4000

690

195

Ref.

77

77

13

12

12

13

12

77

12

13

12

13

13

Table 1. Optical coefficient for a number of tissue types and
wavelengths. Coefficients on all samples are measured in vitro on human
and rat tissues.

Applications

The main applications of the interaction of laser light with tissue will
be briefly discussed, with emphasis on the interaction mechanisms and
the applicability of the various methods with respect to the optical
characteristics of tissue. Recent reviews of applications of lasers in
medicine are presented in Refs [7,99-101], The use of externally admini-
stered photosensitizers as well as the field of tissue fluorescence
investigations are given separate sections.
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Photothermal interactions

The photothermal effects of laser irradiation of tissue are utilized in
laser surgery. Up until now, the three most used lasers are the Ar-ion
laser, the Nd:YAG laser and the CO2 laser.

Lasers have several advantages in surgery compared with other tissue
cutting procedures, such as the use of a scalpel or cautery. The
haemostatic effect, due to heating of a tissue layer surrounding the
incision, the low pressure applied to the tissue and the lack of
contamination of the tissue by the surgical tool are all attractive
features. As is the case in cautery the treated area should be
ventilated to remove potentially harmful waste products that might be
produced during the cutting procedure. Precise cuts are obtained with
the CO2 laser, while CW Nd:YAG lasers are mostly used for the removal of
larger tumour masses. Ar-ion lasers are ideal for tissue denaturation
without cutting in blood-rich tissue.

The CO2 laser light, at 10.6 ytm, is mainly absorbed by the water
molecules in the tissue and has a penetration depth of about 20 nm. CW
CO2 lasers are the most efficient for tissue cutting and are frequently
used for this purpose. Clinical use in fields other than ophthalmology
has grown steadily over the last decade, even though the CO2 laser was
invented over two decades ago in 1964. At that time, this new laser gave
hope of a much more efficient form of surgery for removing malignant
tumours. The CO2 laser has not completely fulfilled these high
expectations in that respect, but its clinical use is now increasing.

The main drawback with the CO2 laser is that the high power of infrared
light cannot be transmitted through optical fibres, and a free laser
beam is necessary. Extensive research is in progress to develop optical
fibres with transmission in this spectral region [18,102,103]. In cases
where optical fibre delivery is an advantage, for instance in endoscopic
applications, Er:YAG lasers, with a wavelength of 2.9 urn, are an alter-
native [104]. Optical fibres transmitting this wavelength are already
available for low power, and development is in progress to meet the
clinical requirements of higher power. The laser wavelength is centred
precisely on the strong water absorption band in the near-infrared
region, with a resulting tissue penetration of only a few urn. The mecha-
nism for light interaction with tissue is thus the same for these lasers
as for CO2 lasers - absorption in a thin layer of water, although it is
even thinner for the ErYAG laser. The results will therefore be compar-
able. The laser light from Ho:YAG lasers (A = 2.1 urn) has a penetration
depth of about half a millimetre, but this light car. be transmitted
through commercially available silica fibres. Ho:YAG lasers may there-
fore, despite their deep penetration, be an alternative lo CW CO2 lasers
in situations where optical fibre delivery of high power is a clear
advantage.

CW Nd:YAG lasers, with a wavelength of 1.06 nm, are also used in
surgery. Tissue is relatively transparent to this wavelength, leading to
a much deeper interaction depth (several millimetres). The haemostatic
effect is much more pronounced with this laser. The interaction volume
can be substantially reduced if specially developed fibre tips are used.
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Such fibre tips either concentrate the illumination to a small volume or
transfer the optical energy to heat direct in the fibre tip - a hot tip
[105]. CW Nd:YAG lasers delivered through an optical fibre without a
contact fibre tip are useful for the removal of tumours in regions where
bleeding must be avoided, as is the case in removing obstructing
bronchial tumours [106,107].

Lastly, with a penetration depth somewhere in between the CO2 and the
Nd:YAG lasers (0.5 mm) the Ar-ion laser can be used as a non-cutting
tissue denaturation tool. Since the wavelengths from this laser (488 and
514 nm) are mostly absorbed in haemoglobin, this laser has mostly been
used to destroy haemoglobin-rich tissues, such as the choridea in the
eye and portwine stains on the skin.

Another non-cutting photothermal application of CW lasers is heating of
the tissue to denaturate tissue proteins in inner organs. Non-selective
tissue necrosis results. The method can be used with several
interstitial fibres in inner organs as an alternative to complicated
surgery. The reported direct as well as the extended biological
responses seem to be promising [22,108]. However, the main reason for
using an expensive laser as a heat source is convenience. Since the
thermal penetration depth is greater than the optical, the tissue
response should be almost identical by substituting the fibre tips with
other local sources of heat, such as a hot metal wire.

Milder hyperthermal therapy, including tissue heating to 43-47°C for a
significant period of time will give rise to selective tissue necrosis.
Malignant tumours are usually more sensitive to hyperthermia than normal
tissue [109]. Light-induced hyperthermal therapy appears to be promising
for the treatment of superficial malignant tumours of a thickness of 1.5
cm or less. This has been shown to be efficient in therapy of malignant
tumours, in combination with other forms of treatment [71]. A combina-
tion of light-induced hyperthermia and photochemotherapy has been found
to give a synergistic effect [110,111], and has been applied by our
group in a well controlled situation (Paper XI, Paper XII].

Photo-ablation

Pulsed lasers can be used for photo-ablation, i.e. the removal of thin
layers of tissue by irradiation with short intense laser pulses. This
laser treatment modality seems to have good potential in certain areas.
Reshaping of the cornea t i correct, for example, astigmatism has deve-
loped as an interesting field of application, as has the reopening of
clogged blood vessels - laser angioplasty. This is due to the very small
amount of energy deposited in the surrounding tissue, causing only mini-
mal unwanted damage. This is especially true if light with a small pene-
tration depth is used for the ablation, i.e. UV or IR light. In the UV
region macro-molecules in the tissue will absorb the light, while water
is the main absorbant in the IR region.

The mechanisms involved in laser ablation of tissue are presently not
fully understood, at least not when UV light is used to ablate the
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tissue. It has been shown that the resection of organic material, such
as polymers and animal tissue, by irradiation using pulsed UV light
produced clean cuts with no observable thermal damage to the material
closest to the incision [112-118]. Investigations of tissue ablation
also reveal a difference in ablation rates for UV and IR pulses. It was
found that the ablation rate differed for similar pulse energies and
shapes when using two different pulsed lasers, an ArF excimer laser at
193 nm and an infrared laser (2.8-2.9 nm), with about the same optical
penetration depth in tissue [119].

Since quantitative and comparative studies for different excitation
wavelengths on tissue are relatively complex, due to the lack of preci-
sion in measuring the rate of tissue removal, much research has been
performed with a synthetic polymer, PMMA, as a model for tissue. This
material was chosen because it has optical properties similar to those
of corneal tissue. These studies reveal that ablation using short wave-
lengths is more efficient than ablation with longer wavelengths [120].
Similar results concerning other wavelength pairs are presented in
[121]. It has also been shown that the pulse energy in UV pulses used to
ablate tissue is not high enough to evaporate the water in the tissue
[122]. This is in contrast to the IR ablation, where the vaporization of
water alone can provide sufficient force to ablate the tissue as solid
matter [123]. Such a dependence on the wavelength is a strong indication
that the ablation mechanisms differ for the two wavelength regions.
Molecular bond breaking has been suggested as the process responsible
for tissue ablation under UV light exposure [124]. Due to molecular
absorption of light, the weak covalent molecular bonds will break and
the surface tissue layer will physically separate and be removed. This
process is quite different from the process involved when ablating
tissue with infrared pulses from a CO2 laser. Evaporation of water and
small micro explosions can explain the results. Ultraviolet radiation of
a wavelength of 193 nm has a photon energy of 6.4 eV. The high photon
energy provides enough energy to break a molecular bond [116,99].

A dynamic theory that explains the UV photo-ablation of organic material
has been suggested [125]. It is based on the hypothesis that the light
must overcome two thresholds to ablate the material, an energy fluence
rate threshold and an energy fluence threshold. Intense excitation light
is thus necessary. Using paired pulses for the ablation of PMMA it has
also been shown that by delaying the second pulse by about 40 ns optimum
ablation efficiency is achieved. This suggests single-photon absorption,
followed by single-photon absorption, rather than a direct two-photon
absorption [126].

However, in spite of the similar optical properties of corneal tissue
and PMMA, the absorbing molecules are distributed differently in the two
materials. The homogeneous distribution of the absorbing molecules in
PMMA is rather different from the inhomogeneous distribution in tissue.
It is therefore questionable as to whether PMMA can be used as a model
for tissue to explain the tissue ablation process [14]. Evaporation of
water could be the ablating process in the case of UV light ablation of
tissue, if the inhomogeneous distribution of the absorber concentrates
the energy into small volumes. If the absorbed energy is transformed
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into heat, then evaporation of water in these regions can cause tissue
ablation. Evaporation of all the water in the ablated volume should not
then be necessary.

The ablation efficiency depends on wavelength, energy fluence and energy
fluence rate. According to Srinivasan et al. [125] and Singleton et al.
[127-128], the ablative destruction seems to feature a distinct thres-
hold-type dependence on energy fluence. This threshold could be another
measure of the ablative efficiency for various wavelengths instead of
the ablation rate, while keeping the energy fluence rate constant. In
the thermal model suggested by Furzikov [129], the tissue within one
penetration depth is heated beyond boiling point. The energy fluence is
thus *thr = cp A7/T, where c is the tissue heat capacity, p is the
tissue density and bt is 63 °C (the temperature difference between
boiling water and the body temperature). The modelled energy fluence
threshold is in relatively good agreement with measured values for abla-
tion of atherosclerotic plaque at various wavelengths.

Prince et a!. [130,131] and Oraevsky et al [132] studied selectivity in
absorption for atherosclerotic plaque and normal vessel wall. They found
a higher absorption coefficient for plaque than for normal vessel wall
in a wavelength region around 500 nm. This is assumed to be due to a
higher concentration of 3-carotene in plaque regions. They suggest that
500 nm light should be used for laser angioplasty, to minimize effects
on normal vessel wall resulting from under accidental irradiation.
However, the surrounding tissue damage will be much worse for visible
and near-infrared light than for far-infrared and UV light exposure, due
to the much shorter optical penetration depth of the latter ones
[133-134].

It has recently been shown that almost as smooth incisions can be pro-
duced with visible light as with UV light, by using pico- and femto-
second pulses just above the energy threshold for ablation [135]. The
process utilized in this experiment is not to heat the tissue in order
to bring about ablation. Instead, high-intensity laser pulses were used
to induce optical breakdown at the tissue surface. Plasma formation
resulted. The threshold for optical breakdown is intensity dependent
rather than energy dependent. The energy fluence threshold for ablation
is reported to be 50 times lower for 1 ps pulses than 8 ns pulses. This
also means that the amount of material ablated with pico-second pulses
is much less than that with nano-second pulses. The ablation depth is
thus easier to control using pico-second pulses. Furthermore, the inci-
sions are ultrastructually superior using pico-second pulses compared
with nano-second pulses. The rough incision surfaces observed when using
nano-second pulses are believed to be due to the high pressures involved
when ablating large tissue volumes in one single laser pulse.

The difference in absorption coefficients between plaque and normal
tissue can be further increased by the systematic distribution of
different drugs retained in atherosclerotic plaque, e.g. tetracycline
which absorbs in the ultraviolet region [136,137] and p-carotene which
absorbs at about 500 nm [138]. In this way the threshold for laser
ablation can be below the the laser pulse energy in the plaque regions,
while it is above still above for normal vessel wall regions. Thus, one
of the complications associated with laser angioplasty, the risk of
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vessel perforation, can be reduced. Also Haematoporphyrin (Hp) and
Haematoporphyrin derivative (HpD) are known to be selectively retained
in atherosclerotic plaque [139-142], and PDT has also been suggested for
photodynamic treatment [142]. However, due to the high concentration of
/3-carotene in atherosclerotic lesions, the singlet oxygen necessary for
the photodynamic therapy is efficiently quenched. PDT would thus not be
expected to be very efficient for the removal of atherosclerotic
plaques. Furthermore, the oedema caused by photodynamic therapy may not
be acceptable.

Another application involving the production of a plasma in an optical
breakdown is the fragmentation of urinary or gall stones - laser
lithotripsy [143-146]. Stone fragmentation using optical breakdown of
laser pulses can be an efficient tool for removing the occluding stones
in the urether or gall bladder. An optical fibre is guided with an
endoscope to the occlusion. High-power laser pulses are then delivered
through the optical fibre to the stone. In this case the laser pulse
energy should greatly exceed the threshold for optical breakdown. The
acoustic wave formed when the hot plasma expands causes the stone to
fragment into small pieces. These can then pass the urether or gall
bladder.

For this application much work has been focused on the optimal
wavelength and pulse shape for the most efficient fragmentation. Due to
the limitation on visual inspection, care must be taken to minimize the
risk of damage due to a fibre directed towards healthy tissue. One can
either guide the fibre by optical diagnostics [147,148], or with the aid
of the photo-acoustic signal from the expanding plasma [149]. Another
method of minimizing the damage to normal tissue during laser litho-
tripsy is to choose a wavelength that is selectively absorbed in the
stone, but not as efficiently in the normal tissue [150]. As much energy
as possible should be transferred to the plasma.

Photochemical interactions

Photochemical interactions can be exemplified by photodynamic therapy,
which includes a chemical (e.g. haematoporphyrin derivative, HpD),
distributed in the tissue by the blood following an intravenous
injection, and which is selectively retained in neoplastic tissue. Upon
light absorption this drug destroys the tissue through the formation of
toxic singlet oxygen from molecular oxygen present in the blood.
Prerequisites for toxicity are thus the presence of the drug and
molecular oxygen as well as irradiation with light of suitable
wavelength and energy fluence. In order to be able to treat thick
lesions, the drug should have a high absorption in the therapeutical
window for tissue, between 600 and 1300 nm (see Fig. 1). In this region
light scattering dominates. Diffusion theory can therefore be used to
estimate the energy fluence within the tissue, while more advanced
theoretical models must be applied for more precise predictions,
especially near the tissue surface.
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The most direct way of measuring the expected tissue response during
treatment is to monitor the singlet oxygen production. It should be
possible to measure this optically by studying the singlet oxygen phos-
phorescence at 1.27 urn. A certain fraction of the excited oxygen mole-
cules will be deexcited through phosphorescence to the ground state. A
competing process is chemical reaction and oxidation of the tissue. The
lifetime of the singlet state is 100 us. Very weak signals are expected,
which are difficult to separate from tissue fluorescence. To the know-
ledge of the author, only one paper has so far described the successful
monitoring of oxygen phosphorescence in vivo [151]. Pulsed light and a
phase shift technique for phosphorescence monitoring were employed. In
the presence of oxygen the tissue response can alternatively be calcu-
lated for a known light energy fluence and drug concentration, since the
singlet oxygen quantum yield is known.

To date, several thousand patients have been treated with HpD-PDT. In
most cases the patients have been given a standard dose of drug (usually
2.5 mg/kg b.w.) and the energy density on the tissue surface has
depended on the thickness of the lesion. Almost all treatment has been
performed without any monitoring of the drug concentration (the
variations can be considerable for two different lesions [86]) or the
energy fluence in the treated lesion. Furthermore, usually no monitoring
of tissue heating due to the light irradiation is peuormed. Hyper-
thermal effects may therefore contribute to the treatment. In order to
minimize the spread in tissue response and thus achieve more predictable
and well controlled treatment, the dosimetry must be more precise. The
energy fluence should be measured in the most critical tissue regions
(regions chosen by theoretical model calculations), and the drug concen-
tration and the tissue temperature should be monitored during treatment.
The energy fluence can be measured with optical fibres inserted into the
tissue as described above. The drug concentration could be measured by
one of following methods

* measurement of radioactivity in tissue after distribution of
radioactively labelled drug. This is not useful for routine
treatment, due to the difficulty in obtaining radio labelled drugs,
which, by nature, are unstable. Furthermore, the effects of the
radiation to the patient should be avoided.

* chemical extraction of the tissue combined with absorption or
fluorescence recordings. This is a destructive test, and could only
be used for biopsy specimens taken before treatment.

* absorption measurements in vivo [81-83]. It is difficult to obtain
good accuracy in absorption measurements in tissue in the
therapeutic window, due to the strong scattering, as described
above. However, with time-resolved measurements relatively accurate
values can be obtained. The absorption coefficient is directly
correlated to the drug concentration by a linear relation.
Furthermore, in the therapeutic window, the tissue itself has a
very low absorption. Thus, for a measured absorption coefficient it
is relatively easy to determine the drug concentration.
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* fluorescence measurements in vivo [Paper XI, Paper XII, Paper
XIII]. This method gives relatively accurate values of the
fluorescence intensity. It is, however, more difficult to derive
the drug concentration with this method, since the fluorescence
intensity not only depends on the excitation energy and drug
concentration, but also on the absorption by other chromophores in
the tissue both for the excitation and the fluorescence
wavelengths. Also, the different fractions of HpD fluoresce with
different efficiencies, making an absolute measurement of the
porphyrin concentration in a general case very difficult.

It is clearly advantageous to monitor the drug concentration during
treatment, since photodestruction of the diug will reduce the
concentration [152-155]. Photobleaching of the drug will be discussed in
the next chapter.

Tissue transillumination

Transillumination of tissue with light in order to reveal changes within
the tissue, such as malignancies, has been investigated since 1929 [1].
By using a torch to transilluminate a breast it was found to be possible
to observe a malignant tumour by visual inspection. The tumour produced
a shadow. This was probably due to a degree of higher vascularization of
the tumour region and thus higher absorption of the visible light. Three
main parameters have to be improved in this simple early study to make
the method useful. 1) The attenuation of visible light is strong and
only thin samples could be studied. Longer wavelengths give a better
tissue penetration 2) Spectroscopic differences between the diseased
and normal tissue must be found, so that interference effects from
chromophores (such as haemoglobin), which are not reliable indicators of
neoplastic tissue are small. 3) Light scattering within tissue decreases
the contrast between diseased and normal tissue. Methods of minimizing
the effects of scattering must be developed.

Wavelength regions are being searched, for which tissue penetration are
good and where there is a difference in the total attenuation
coefficients for diseased and normal tissue. Investigations focusing on
this question have been reported by Profio et al. [156,157] and others
[158,159]. It was found that the differences in attenuation between
normal and neoplastic tissue mainly originated in the varying
concentrations of haemoglobin within the tissue. The best wavelengths
with which to reveal neoplastic tissue were suggested to be 695 and 853
nm. However, further studies are necessary to cover more types of
malignancies and, if possible, to find a biochemical origin for a
difference in and total attenuation coefficient between normal and
neoplastic tissue. Such studies are being planned at our laboratory.

Such studies may well show that the variations within different tissue
types are much larger than the differences between them. If this proves
to be the case, then the uncertainties in tissue classification using
light attenuation by endogenous chromophores will be too high for the
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method to be useful. The use of an systematically administrated chemical
with a selective uptake or retention in diseased tissue and with a
spectrally unique signature should be considered. Some porphyrins and
phthalocyanines with a high and narrow absorption peak in the far red or
near-infrared region are candidates for such applications.

In order to minimize the negative effects of light scattering on the
contrast in tissue transillumination, the light scattered in the sample
should be suppressed and so it will not be detected. Unscattered light
which has a known pathway through the tissue (a pathway straight through
the tissue) contains the information on where the tumour is situated,
whereas scattered light with an unknown pathway blurs the image to a
degree where no structure can be seen in the tissue. Using time-resolved
techniques it is possible to distinguish between light that has been
transmitted with a straight or almost straight pathway, and light that
has been scattered extensively (this light has had a pathlength that may
be several times longer than the shortest straight pathlength) [160].
Such measurements have been carried out by our group [161-162]. Another
method of separating unscattered from scattered light may be by
interference phenomena, such as holography.

Blood and tissue oxygenation

The degree of oxygenation of the blood and tissue can be measured
noninvasively with diffuse reflectance spectrophotometry, similar to the
technique described above for concentration measurements of an
externally distributed photosensitizer. The degree of oxygenation can be
measured since there exist differences in the near-infrared absorption
spectra for oxygenated blood and tissue compared with non-oxygenated.
This wavelength region is optimal as the optical properties of tissue
enable deep penetration at these wavelengths. For this reason, there are
also few competing light absorbers present in tissue in this region,
simplifying the interpretation of such spectra. Haemoglobin and
oxy-haemoglobin have different absorption spectra. Since haemogjobin is
only present in the red blood cells, its oxygenation is a good indicator
of the blood oxygenation [163-165]. Cytochrome aa3 is the terminal
electron-accepting enzyme in the oxidative metabolic pathway, and hence
its oxidation state is an indicator of tissue oxygenation. Cytochrome
aa7> also changes the absorption spectrum according to the oxidation
state. To be able to differentiate the two effects the absorption in
three different wavelength bands must be measured. To achieve a better
certainty four wavelength bands are usually monitored. Suggested
wavelengths are 778 nm, 813 nm, 867 nm and 904 nm [166-169]. Absorption
spectra for haemoglobin and cytochrome aa An the near-infrared region
are shown in Fig. 4. The main problem with this method is that the
pathlength of the light in the tissue is not known exactly. Only the
mean pathlength can be calculated from theoretical models of tissue
optics. If pulsed light with a pulse length in the picosecond region is
used instead of the CW light discussed above, the optical pathlength in
tissue can be measured. Quantitative measurements of the absorption
coefficient and, thus, haemoglobin and cytochrome aa?> concentrations,
will then be more accurate [62,85].
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Figure 4. Absorption spectra of haemoglobin solution and of purified
cytochrome aa3 enzyme. (From Ref. [166]).
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III. Photosensitizers and photodynamic therapy (PDT)

A photosensitizer can be defined as a chromophore compound which upon
light irradiation, causei reactions in molecules, that do not themselves
absorb light in the same wavelength region. The excited photosensitizer
is deexcited through energy or electron transfer to another molecule. In
tissue, free radicals or singlet oxygen is formed, causing tissue oxida-
tion, and thus necrosis. Photosensitization of cells using a chemical
was first reported in 1900 by Oscar Raab, a student in Tappeiner's labo-
ratory in Munich [170, 171]. He used acridine to sensitize paramecium (a
type of protozoon) to sunlight. These findings initiated a long series
of experiments in Tappeiner's laboratory, and to the formulation of the
theory of photodynamic action [172]. Straub showed in 1904 [173], that
this was a catalytic effect. Eosin was the first dye used to sensitize
malignant skin cancer tumours to white light [174]. Porphyrins were
among the first naturally occurring compounds to be used to photosensi-
tize living organisms to visible light [175-178]. Since then, porphyrins
have been widely used as photosensitizers for the treatment of skin
disorders as well as malignant tumours [179-182]. In 1924 fluorescence
studies showed that endogenous porphyrins were accumulated in malignant
tumours in animals [4], In 1942 it was found that injected porphyrins
also accumulated in malignancies [183]. The accumulation was shown not
to be limited to a few types of malignant tumours, but rather to be a
general characteristic of all malignant tissue [184]. A derivative of
haematoporphyrin with a better tumour retention was produced in 1960 by
Lipson [185]. Using this chemical, called haematoporphyrin derivative
(HpD), a wide field of applications for the diagnosis and treatment of
various malignant tumours was opened up. The first clinical trials were
started in the 1970's [186-188]. Dougherty and co-workers at Roswell
Park Memorial Hospital in Buffalo, USA, have been a driving force behind
this new kind of therapy. Today a purified form of HpD is used as a
photosensitizer in malignant tumour therapy. It is essentially an
extraction of the photodynamically active components of HpD. The puri-
fied drug is known under the trade name Photofrin II. It has been sugge-
sted that the most potent substance in HpD are two porphyrin rings bound
together with an ether- or ester-linkage [189-191]. The substances are
abbreviated DHE, dihaematoporphyrin ether/ester.

Porphyrins

Porphyrins are pigments based on four pyrrole units, linked together by
methine bridges. This molecule, called porphine, is an essentially
planar molecule. Various porphyrins differ from each other in the side-
chains coupled to the porphine, Porphyrins exist both as free base and
metallo-porphyrins, the latter with a metal ion coupled to the pyrrole
nitrogens. Proto-, copro- and uroporphyrin are free base porphyrins
naturally occurring in tissue, wJiere they serve as metabolic precursors
of haemes. Haeme, that is Fe -protoporphyrin IX, constitutes the base
for a number of haemoproteins, such as haemoglobin and myoglobin. Many
of the functions of haemoproteins depend on the oxidation-reduction
reaction Fe - Fe . Haematoporphyrin IX was the first artificial por-
phyrin to be isolated. It is derived by treating blood with sulphuric
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blood with sulphuric acid [192]. This forms the base for all
haematoporphyrin derivatives utilized in photomedical applications. A
comprehensive description of our present knowledge concerning porphyrins
is given in the seven-volume senes, The Porphyrins, edited by Dolphin
[193].

Photophysical properties of porphyrins

The porphyrins have characteristic absorption spectra in the visible and
ultraviolet regions. All free base porphyrins exhibit a strong
absorption band at about 280 nm, called the y-band, another major
absorption band around 400 nm, called the Soret band, after the first
observer of this feature in blood [194], and four minor absorption bands
in the visible region above 500 nm, called O bands. Metalloporphyrins
exhibit only the Soret band plus two absorption bands in the visible
region, called a and p bands. A dual-peaked fluorescence emission in the
far red is also characteristic for porphyrins. Porphyrins are among the
few tissue constituents which absorbs in the visible region and fluore-
scence in the far red, and in this respect they are well suited as
photosensitizes.

Haematoporphyrin IX (Hp), like all porphyrins, is easily aggregated.
One reason for this is the planar structure of the molecule, enabling
the molecules to be placed close to each other like a sandwich. Dimers
and oligomers are thus formed even at low concentration in a polar
solvent. In aqueous solution haematoporphyrin IX aggregates at concen-
trations as low as 1 MM [195]. Derivatives of haematoporphyrin are today
most frequently used in medicine for malignant tumour therapy, and Up,
which is the base for all haematoporphyrin derivatives, is thus chosen
as the drug exemplified in the discussion below.

The absorption peaks can be identified as transitions in an energy level
diagram for Hp, see Figs 5 and 6. To be able to discuss the action spec-
trum of Hp using the energy level diagram, a few definitions used in
molecular physics are necessary. More detailed descriptions can be found
in, for example, Refs. [196-198]. The electronic state of a molecule
depends on the state of all electrons in that molecule, in other words
the wavefunction for an electronic state is a combination of the wave-
functions of all the electrons in the molecule. The electronic state of
a molecule is determined by the electron configuration of the molecule -
each containing a well defined amount of binding energy. The electronic
state that requires the least energy is the only stable state - the
ground state. Further, for a molecule one can define a parameter called
the structural coordinate. For a diatomic molecule this is simply the
physical separation between the two atomic nuclei. The characteristic
shape of the potential energy curve versus the structural parameter is a
dip or potential well, as the nuclei approach from infinitive separation
(Fig. 5). The depth of the potential well is the binding energy. After
the minimum value is reached the energy rises steeply as the Coulomb
repulsion dominates for smaller separations. For larger and more complex
molecules, there are many nuclear separations, and a more generalized
structural coordinate has to be defined. The ideas are the same as for a
diatomic molecule, but the diagram becomes rather schematic.
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The electronic states are divided into singlet and triplet states,
depending on the electron spins; if they are paired, the resulting spin
vector is zero and if one set of electronic spins have become unpaired,
the net spin vector is non-zero. The terms singlet and triplet arise
from multiplicity considerations in atomic spectroscopy. For most mole-
cules the ground state is a singlet state. One exception is the oxygen
molecule, O2, which has a triplet ground state. In addition to the efec-
tronic binding energy a molecule can possess other forms of energy: it
can vibrate or rotate. For a free molecule which is not disturbed by
surrounding molecules, vibrational and rotational energies are quanti-
zed. The energy separation for electronic states is of the order of L
eV, for vibrational levels about 10" eV and for rotational levels 10°
eV. Transitions between a singlet and a triplet state are much less pro-
bable than transitions between two states with the same multiplicity.
due to the laws of momentum conservation. Since a change in electronic
energy occurs much more rapidly than the vibrational motion of the mole-
cule (the Franck-Condon principle) absorption and emission can be repre-
sented as vertical lines in a potential well diagram (Fig. 5). In a
solvent, the strong interaction between neighbouring molecules causes
the energy levels to be smoothed, and vibrational and rotational levels
are no longer separable. Molecules in a solvent will therefore exhibit
broad, unstructured absorption and emission spectra.

After excitation molecules in a solvent will rapidly relax (10" ' to
10" s) through internal conversion to the lowest vibrational level in
the first excited singlet state. The excess vibrational energy is
transferred to the solvent. This configuration is relatively stable,
with a lifetime of the order of nanoseconds. Deexcitation from this
state may take place by one of several competing processes. The molecule
can be deexcited to the ground state by the emission of a photon,
i.e. fluorescence. Fluorescence will always be shifted towards longer
wavelengths due to the internal conversion with a loss of energy to the
solvent. The shift is referred to as a Stokes shift. Another possible
deexcitation process is decay to the ground state following internal
conversion, without the emission of a photon. The energy is then
transferred to the solution in the form of heat. Thirdly, the molecule
can be transferred to the lowest triplet state, which usually lies
somewhat below the first excited singlet state in the energy leve!
diagram (Hund's rule), by intersystem crossing. This is a spin-dependent
internal conversion process which in many molecules can be efficient,
despite the fact that it is a singlet to triplet state process. The
probability of intersystem crossing is normally high if the energy
difference between the lowest singlet state and the triplet state is
small. The triplet state is metastable and has a long lifetime, clue to
the low probability of a triplet to singlet state transition.
Phosphorescence, triplet-singlet deexcitation by the emission of a
photon, usually has a lifetime of the order of microseconds to
milliseconds. Lastly, a molecule in an excited state is usually highly
reactive. If the lifetime in the eAcited state is long enough, and
collisions are likely to occur, the probability of a chemical reaction
taking place is significant.

The yields for these various competing processes in the deexcitation of
the first excited singlet state in Hp are difficult to measure. However,
the probability of intersystem crossing dominates in water solution.
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with a yield of about 0.9 [199-200]. The fluorescence yield under the
same conditions is 0.02-0.07 [201-202], while the remaining states are
probably deexcited through internal conversion. The lifetime of the
first excited state of the haematoporphyrin has been found to be 14.5 ns
in saline [203-204, Paper II], while for the triplet state it is
reported to be about 300 us [205,200]. Fluorescent specimens can, de-
spite the low fluorescence yield, be detected in subnanomolar amounts
[206].

Photochemical and photobiological studies of haematoporphyrin deriva-
tives are complicated by the formation of aggregates. Transformations
between different aggregates can also occur at normal body temperature
at concentrations used in photomedicine. The behaviour of the various
derivatives differs in tissue, which makes the analysis of results from
in vivo investigations very complex. Also, the aggregates are distribu-
ted and bound to tissue differently in vivo compared with the injected
porphyrin. This is one reason why the photosensitization capability of
haematoporphyrin derivatives is not always what could be expected. Other
reasons are differences in photophysical properties, such as lifetimes
in excited states and energy levels.

The photophysical properties differ for the aggregated and the non-
aggregated forms. Due to a shift in energy, the aggregates can be
spectroscopically distinguished from the monomers. The Soret peak in the
absorption spectra of the aggregated forms is shifted towards shorter
wavelengths and is broadened compared with the monomers [195,207-208]. A
wavelength shift in the fluorescence emission, in this case towards
longer wavelengths, can also be seen for the aggregates [209-211] as
well as a decrease in the fluorescence intensity (by about a factor of 4
for dimers and even more for higher aggregates) [212-213]. Lastly, the
singlet state lifetime is reduced from 14.5 ns to about 2.5 ns for
dimers. Emission from higher aggregates cannot be observed.

Photodynamic therapy

The treatment of malignancies based on photosensitization reactions
involving oxygen is called PhotoDynamic Therapy, PDT (earlier it was
also called PhotoRadiation Therapy, PRT). Our understanding of the
reaction mechanisms is, despite much effort, not complete. The treatment
is based on the selective retention of a chemical substance, for
instance haematoporphyrin derivate, HpD, and its phototoxicity upon
light excitation. The photochemical reactions in tissue responsible for
the photodynamic action of various photosensitizers have been studied
since the first experiments with photosensitizers in biological material
were performed at the beginning of this century.

In order to provide a brief background to the following discussion, the
state of the art of this medical treatment modality will first be pre-
sented. For clinical purposes HpD in it.« purified form, Photofrin II, is
today used as a photosensitizer. For thin cutaneous or subcutaneous
malignant tumours, surface irradiation with light of 630 nm at a dose of
about 60 J/cm and a dose rate of 50-100 mW/cm is usually performed 48-
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72 hours after intravenous injection of the drug. Interstitial treatment
can be performed by inserting one or more optical fibres into the tumour
mass.

As a step in the evaluation of this therapy, several thousands of
patients with different kinds of malignant tumours have been treated all
over the world during the last 10 years [31-32,214], The Food and Drug
Administration (FDA), the agency controlling medical drugs anu poten-
tially dangerous procedures involved in clinical use in the USA, must
give permission before a new therapeutic method is applied to humans.
Many other countries, including Sweden, usually follow the recommenda-
tions of the FDA. To be able to grant a permission for clinical use,
results from extensive research must be considered to ensure safety
(Phase I) and therapeutic effect (Phase II) as well as to compare the
results with other, already existing, methods in well controlled studies
(Phase HI). Phase I and II studies, which mostly include animal experi-
ments but also a limited series of human patient therapy, have been
approved by the FDA, while Phase III studies continue for a number of
malignant tumour types. The Phase III studies are very well controlled,
comparative studies and follow detailed protocols, based on the ex-
perience from the Phase II studies.

A small number of tumour types, which seem to be well suited for this
treatment modality, have been selected for the first Phase III proto-
cols, including malignancies of the respiratory system, oesophagus and
the urinary bladder. It is planned to include 1,100 patients at 45 medi-
cal centres in the United States and Canada in these investigations, and
if good therapeutic results are observed, other tumour types will be
studied. Not all countries have such a strict policy governing the test-
ing and documentation of a new treatment modality before general clini-
cal use. In China, and a few other countries, PDT has been used on
approximately 2,000-3,000 patients during a period of almost 10 years.
The documentation of these cases is, unfortunately, relatively poor, and
it will therefore be difficult for the rest of the medical community to
take advantage of the experience gained in these countries. As the docu-
mentation of this form of treatment improves, the authorities in the
first Western countries are soon expected to give general permission for
PDT on patients for a number of tumour types. In fact, the Canadian
authorities have already granted limited permission for HpD-PDT. Basic
research in the field of PDT is today mainly focused on the development
of new and better drugs to replace HpD.

Apart from the therapeutic results, the actual mechanism of this therapy
has also been studied extensively. A better understanding of the mech-
anisms involved should help in developing the applicability of the me-
thod and also lead to improvements in the technique. The first precursor
for this modality is the selective concentration in a malignant tumour
of the drug used. The second is the stimulation of the drug due to
photoexcitation. The third is the processes involved causing cell death.
These three steps will be discussed below. The discussion is focused on
HpD as a photosensitizes The general ideas are, however, also valid for
other photosensitizers and partly also for tumour markers used for
fluorescence diagnostics. A few comments on the past clinical investiga-
tions as well as the optimal properties for a future drug, as regards
tissue optics, will be given.
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Some porphyrins are selectively retained in some kinds of diseased
tissue. Interest has mainly been concentrated on the retention in mali-
gnant tumours, but these porphyrins also have some affinity to athero-
sclerosis and inflammatory regions [139-142]. The reason for this selec-
tive retention is not fully understood, although extensive research
focused on this area has been in progress for a considerable time. One
of the problems encounted in studies on the mechanism governing the
selective retention of the drug most frequently used, haematoporphyrin
derivative, HpD, is that it not is a pure, well defined compound, but a
mixture of several different porphyrin derivatives.

The HpD, that was first produced and used by Lipson [185,215-217],
has been the subject of many studies concerning the identification of
the porphyrin compounds present, as well as their photodynamic activi-
ties [202,218-234]. Two-thirds of HPD consist of non-tumour-localizing
fractions, such as haematoporphyrin (Hp), hydro-oxyethylvinyl-deutero-
porphyrin (HVD) and protoporphyrin (Pp). These monomeric compounds are
too hydrophilic to be able to penetrate cell membranes, and are there-
fore prevented from entering tissue following intravenous injection.
Porphyrin dimers and larger aggregates are more hydrophobic and are
therefore possible candidates as tumour localizers. The main therapeutic
fraction of HpD was suggested to consist of two haematoporphyrin rings
bound together either via an ether [189] or an ester [190-191] linkage.
The compounds are called dihaematoporphyrin ether and ester and are both
abbreviated DHE. For such a molecule, multiple isomeric forms are like-
ly, complicating analytical and preparative separation. Recently, it has
been suggested that the main component of Photofrin II, is not
dihaematoporphyrin ether or ester, but two haematoporphyrin rings linked
together with a carbon bond. The fraction with the carbon bonding is
itself supposed to be photodynamically inactive [235]. However, all
fractions in HpD are unstable unless frozen and stored in darkness and
are transferred in each other. Such transformations are likely to take
place after intravenous injection.

To determine the dynamics of drug retention and distribution in tissue,
fluorescence studies [236-238], absorption studies [81-83] and studies
of radioactively labelled HpD [239-242], on HpD-containing tissue have
been performed. Studies involving porphyrin extraction from tissue have
also given valuable information [243-245]. To optimize the PDT per-
formance, as well as the detection limit during fluorescence identifica-
tion of tissue, both the absolute concentration of the HpD in the tissue
and the contrast in HpD concentration between a tumour and the surround-
ing tissue are of interest. After intravenous injection the porphyrins
are spread through the vascular system to the tissue. The drug is then
distributed to the tissue and excretion of the drug from the body is
initiated. The drug concentration in all tissues reaches a maximum after
about two hours. Fluorescence studies have shown a slightly weaker
intensity at four hours, and then a second phase with increased signal
[237,79]. The second maximum fluorescence signal is reached after
various times for different tissue types.

Malignant tumours will retain porphyrins longer than other tissue types
in the living organism. PDT, as well as fluorescence diagnostic studies,
is best performed 24-72 hours after the injection of the drug. In this
time domain good discrimination in drug concentration between tumour and
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surrounding tissue will be found as well as a relatively high concen-
tration of the drug in the tumour. The porphyrin concentration varies
considerably between different tumours and also within the same tumour
[86]. It is frequently two to five times higher in a tumour than in the
surrounding tissue for most tumour types. Higher ratios are found in
malignant brain tumours. This is mainly due to the prevention of the
accumulation of porphyrins in normal brain tissue by the blood brain
barrier [246].

The mechanisms governing HpD retention are still under debate. There are
only small, if any, differences in HpD uptake on the cellular level
between malignant and normal cell lines [247]. The main retention mecha-
nisms must therefore lie in the histology and physiology of the tumour
region. Below are given a number of differences between malignant tumour
tissue and the surrounding normal tissue which may enhance the HpD
retention.

* A higher blood supply to the tumour in combination with poor
lymphatic drainage should increase the transportation into but
decrease the transportation from the tumour region [248-249].

• Higher endothelium permeability for serum proteins in the vessels
of neoplastic tissue [250-251].

* The pH is known to be low in the extracellular liquid in tumour
regions [252]. Low pH values enhance aggregation of the haemato-
porphyrins [253], which will shift the equilibrium of the haemato-
porphyrin derivatives towards more aggregates and thus higher
hydrophobicity. This will result in higher concentrations of
fractions which can penetrate cell membranes. A higher uptake of

ftorphyrins at low pH values has been shown on the cellular level
254]. However, the intracellular pH cannot be lowered too much

and is often normal also in tumours. Actually the intracellular pH
is shown to be higher than normal in a few tumour types [255].
Intracellularly, there will also be an equilibrium between the
different porphyrin fractions. The higher intracellular pH causes
disaggregation of porphyrins and a more efficient trapping inside
the cells occurs.

• A porphyrin affinity to low-density lipoproteins (LDL) in the
blood, for which neoplastic tissue is known to have an increased
number of receptors, can increase the HpD concentration in the
tumour region [256-258].

A high concentration of HpD in the extracellular fluid some hours after
injection does not ensure a higher retention in the cells, as most of
the porphyrins are cleared out of the body. Transformations between
different derivates of haematoporphyrins, as suggested by Kessel [226,
229,259], imply that the porphyrins, once inside cell, are trapped
there. Results from our group also indicate such transformations [Paper
X, 211]. In vivo studies of animal tumours indicate that only small
amounts of the porphyrins are accumulated in the malignant cells. Most
of the porphyrins are found in the interstitial spaces and the tumour
capsule, and some in the endothelial cells of the microvasculature.
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[240,242]. In conclusion, it can be said that the selective retention in
tumour tissue is complex. No single mechanism can explain it, but seve-
ral different effects cooperate to reach a selectively higher concentra-
tion in malignant tumours compared with surrounding tissue. For a more
complete discussion on the mechanisms governing the selective retention
of porphyrins in tumour tissue, the reader is referred to four recent
studies [260-263].

The various fractions of HpD are taken up and retained differently by
tissue. One main property of importance ;s the hydrophilicity. A hydro-
philic compound is easily transported by the blood, but cannot penetrate
any membrane in the tissue. A higher concentration in tumour tissue may
be due to a large volume of extracellular fluid, rather than real
selectivity. Such a drug will also be cleared from the body rapidly. An
example of such drug is Hp [264, Paper X]. The aggregates in HpD are
more hydrophobic and can penetrate membranes. They are also more effi-
ciently retained in tissue. In the research for new drugs, one has to
choose between a hydrophilic compound which can be easily distributed by
the blood after intravenous injection, but which is not taken up in the
tissue to a large extent, or a more hydrophobic drug that is more diffi-
cult to administrate but is easily taken up by the tissue. A promising
alternative seems to be a recently developed technique for drug admini-
stration. A hydrophobic chemical can be trapped in liposomes, which in
turn can be used as a vehicle in the vascular system [265]. A liposome
is a unilamellar phospholipid membrane with a lipophilic interior and a
hydrophilic exterior. It can thus contain a lipophilic chemical, and can
still be transported by the blood. Much more efficient tumour targeting
can be achieved by means of this delivery system.

Photoexcitation of the drug in tissue is the next prerequisite for PDT.
The absorbed light energy in the entire tumour volume should exceed the
threshold for tumour necrosis, while the surrounding, more healthy
tissue should only be mildly and reversibly damaged. To achieve this
situation, the ratio of drug concentration in the tumour and surrounding
tissue must be high By irradiating the entire tumour mass as evenly and
selectively as possible, the difference in effect between tumour and
surrounding tissue can further be increased. The tissue properties at
the excitation wavelength, as well as the application geometry are then
important. The excitation wavelength is, for obvious reasons, dependent
on the absorption spectrum of the photosensitizer. The limit in tumour
thickness for treatment with HpD-PDT is about 1 cm, when using 630 nm
excitation light. This wavelength matches the absorption peak of HpD, at
which tissue is most transparent. Thicker tumours are not well suited
to treat with PDT. It should, however, be possible to treat thicker
tumours with photodynamic therapy if a photosensitizer with absorption
further into the red, where tissue penetration is increased, is deve-
loped.

Photosensitization of tissue in PDT includes the excitation of a photo-
sensitizer, which is transferred to the first excited triplet state
through intersystem crossing. The long lifetime of this state makes
collisions with other molecules and chemical reactions possible. Three
different paths, which result in the destruction of the tissue, can be
identified. The Type I mechanisms involve the transfer of electronic
energy of the drug to an organic substrate molecule [266-267], This is
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accomplished through an electron (or hydrogen atom) transfer between the
drug and the substrate molecule (radical or redox reaction). This sub-
strate molecule then undergoes one or more chemical reactions. In the
first step a free substrate radical is produced. Radicals are usually
very reactive, since they are characterized by an unpaired electron in
their outer electron shells. In oxygen-containing tissue, oxygen is
usually involved in the ensuing reaction, and tissue oxidation will
result.

The Type II mechanism is based on energy transfer of the excess energy
in the photosensitizer to an oxygen molecule [268-269]. The oxygen mole-
cule, which has a triplet ground state (X "Eg), is excited to the first
excited singlet state (a Ag) through this process, while the haemato-
porphyrin derivative is deexcited to the ground state. Singlet oxygen is
highly reactive and violently oxidizes the surrounding tissue. Both Type
I and II processes are contained in the class of photodynamic reactions,
in which oxygen takes part in a photo-activated biological reaction. The
third mechanism requires that the photosensitizer in the lowest triplet
state absorbs a second photon. The molecule will then be excited to a
higher lying triplet state. This state can initiate other processes.
which are probably anaerobic and free-radical-mediated [270-271].

Type I and II photosensitization should obey the Bunsen-Roscoe
light energy fluence rate - time reciprocity law, since this is a linear
process including one photon for each reaction. The third process
requires, on the other hand, two photons per reaction, and should not
obey the Bunsen-Roscoe law. PDT in biological systems is shown to follow
this reciprocity law for a wide range of radiances and times. For lo.v
radiances, biological repair mechanisms will set a limit and for high
radiances the thermal effects will contribute and the pure photosensi-
tizing effect cannot be measured. Either the Type I or the Type II
process is thus the dominating process in HpD-PDT, as applied today.
Since the photosensitization efficiency is shown to be dependent on the
oxygen concentration in tissue [272-274], and is drastically decreased
by an addition of known singlet oxygen quenchers into the tissue region
treated [275], the dominating photochemical reaction must involve oxy-
gen. Furthermore, the yield for photo-inactivations of cells is shown to
overlap the singlet oxygen yield [276], suggesting the Type II mechanism
to be the dominating phototoxic reaction durng PDT.

Cowled and Forbes found that not only the time - light energy fluence
rate, but also the drug dose - light energy fluence can be varied reci-
procally in PDT to yield the same tissue response [277]. This is valid
in certain intervals for the drug and light doses. Care must be taken in
such studies so that the light energy fluence rate does not exceed a
certain level so as to prevent a hyperthermal contribution to the photo-
dynamic tissue response. A high energy fluence rate does not limit the
the photodynamic effect, but response of PDT alone cannot be studied. A
mechanism which does, however, limit the region of reciprocity is photo-
destruction of the drug itself. Photodestruction of HpD has been ob-
served by Moan et al. [153-155,278-279] and others [Paper IX.280-28I].
This means that the photodynamic response of tissue deviates from the
reciprocity law for small drug doses and high light doses. A more gene-
ral description of the response is [282,283]
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P(T) = J D(E(t))**(t) dt (22)

0

where

E(t) = J *(t') dt' (23)

0

is the total energy fluence at time t. P(T) is the photodynamic response
for the energy fluence rate *(t) at time t and the drug concentration
D(E(t)). The photodestruction or bleaching of the sensitizer means
longer exposure times to obtain the same photodynamic response than when
no bleaching occurs. Therapei'tically, bleaching can be used to obtain a
more even photodynamic response in the treated tumour volume, and to
spare normal tissue surrounding the tumour [154].

Fig. 7 shows a simulated tissue response evaluated by Monte Carlo simu-
lations. A semi-infinite slab of tissue, including one layer of tumour
tissue, is used as a tissue model; see Fig. 7a. In Fig. 7 b-d the
radiance, the drug concentration and the photodynamic response as a
function of depth are plotted. The various curves in each plot represent
different irradiation times. The only tissue parameter that is changed
during the irradiation is the absorption coefficient, which varies as a
function of the energy deposited in a unit tissue volume. This change is
due to bleaching of the photosensitizer. In this simulation, using

DISTANCE DISIAfO

Figure 7. Simulated energy fluence rate, tissue response and drug
concentration for a semi-infinite slab as obtained with Monte Carlo
calculations.
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50,000 tracks entering the tissue from the left side, the tissue scatte-
ring and absorption coefficient were 40 cm" and 0.2 cm" , respectively,
while the mean cosine for the scattering was chosen to be 0.8. The con-
centration of the added photosensitizer was assumed to be 3 times higher
in the tumour region than in the normal tissue region, with absorption
coefficients in tumour of 0.6 cm and normal tissue of 0.2 cm' . As can
be seen, the radiance varies with the irradiation time. This is due to
bleaching. The drug is also successively bleached, starting from the
suiface. Therefore, the photodynamic response in the tumour tissue
compared with the normal tissue improves with irradiation time until
most of the drug is bleached in the tumour region.

Furthermore, controlled photobleaching of the HpD retained in the skin
can be used to reduce skin photosensitivity after PDT [285]. It should
then be possible to relax the restrictions of avoiding daylight for
about a month after the injection of the porphyrin.

Characteristics of PDT

The concept of PDT as a therapeutic modality is interesting, due to the
multistep mechanism involved. The photodynamic response depends on the
drug and oxygen concentrations and the light energy fluence. Thus it
should be possible to treat a malignant tumour with PDT while sparing
the adjacent normal tissue. The limitations as yet are, to some degree,
related to the characteristics of the photosensitizer used - HpD. With
HpD the optimal treatment inch des long exposure times (about half an
hour) to avoid hyperthermal con'ributions to the therapy. The Roscoe-
Bunsen law may not be valid over such long times due to repair mecha-
nisms in the tissue. There are several other drawbacks of HpD:

* it is retained in the skin for long times and absorbs in the visi-
ble region, which causes skin hypersensitization for several weeks
after administration,

* the wavelength with best tissue transmission useful for HpD-PDT
(630 nm) is in the short wavelength region of the therapeutical
window of tissue (600-1300 nm). At this wavelength tissue pene-
tration is still not optimal,

* the extinction coefficient for HpD is low for this absorption peak
(4.4* 103 cm"nM"r),

* for the optimal excitation wavelength for HpD-PDT (630 nm) no
really convenient light source yet exists,

* since HpD is a mixture of several unstable compounds, it is very
difficult to interpret the results and understand the interactions
with tissue,

* the retention ratio between tumour and surrounding normal tissue is
relatively poor, only 2-5 depending on the tumour type and site.

Extensive research is under way in attempts to find sensitizers with
improved characteristics.
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Photosensitizers under investigation for PDT

Despite the relative simplicity of photochemotherapy, much remains to be
discovered about the mechanisms in the different steps. Most important
for the understanding of the processes is a well defined chemical
characterization of the compound used. Other characteristics under
investigation in the development of new photosensitizers are (1) high
absorption in the far red region where tissue is relatively transparent,
(2) good specificity in tumour retention, and (3) high quantum yield for
singlet oxygen production. Photosensitization without the participation
of oxygen may be favourable, since such a mechanism would also lead to
sensitization to photochemotherapy in anoxic regions.

The main issue in the development of new sensitizers for photochemo-
therapy (PCT) is the tissue depth to which photodynamie response can be
obtained. Therefore, sensitizers with a high absorption peak in the
region 670-750 nm are of interest. Suggested candidates are benzo-
porphyrin derivatives [286-289], phthalocyanines [290-295], chlorins
[296-303], purpurines [304-309] and others [310-314]. The relative
merits of these will be discussed briefly. Chemical structures and
absorption spectra for a number of photosensitizers are shown in Fig. 8
and Fig. 9, respectively.

MO.OCH.J, CH,

" • » I *

H3C C H j

H3C R3 . (CHj)2CO2Me

Figure 8. The chemical structure of (a) haematoporphyrin (Hp), (b)
dihaematoporphyrin ether (DHE), (c) dihaematoporphyrin ester (DHE), (d)
tetrasulphonated phthalocyanine (TSPC), (e) mono-L-aspartyl chlorin
(MACE) and (f) benzoporphyrin derivative - mono acid (BpD-MA). (From
Ref. 1260]).
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Figure 9. Absorption spectra for three different photosensitizers tested
for PDT. (From Ref. [303]).

The main advantages of phthalocyanines in the photodynamic treatment of
tumours are strong absorption in the far red and a high and selective
retention in tumours [294,315-316, Paper X]. As can be seen in Fig. 8,
the framework of phthalocyanine consists of four pyrrole units, as the
porphyrins, but with an extra aromatic ring introduced on each pyrrole.
The pyrrole groups in phthalocyanine are linked together with aza nitro-
gens, whereas methine carbons link the pyrrole groups in porphyrins.
Derivatives of phthalocyanine are formed by adding groups to the outer
aromatic rings. Metal atoms can replace the two hydrogen atoms in the
central ring to form metallo-phthalocyanins.

Monomeric phthalocyanines have one broad UV absorption peak around 350
nm and one or two major visible peaks in the 650-700 nm region. Due to
the longer conjugated pathway in a phthalocyanine molecule it absorbs
towards longer wavelengths compared with porphyrins; see Table 2.
Naphthocyanines, which have even longer pathways, have a strong absorp-
tion peak in the red, in the 740 - 780 nm range. An extra aromatic ring
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structures also lead to an increased extinction in the red absorption
peak. Phthalocyanine is not water soluble. However, by adding various
groups to the outer rings; such as amino, carboxylic acid, nitro and
sulphonic acid; it can be dissolved in polar solvents [317-318]. Sul-
phonated derivatives of phthalocyanine have been studied most, since
they can be readily prepared. Separating the fractions with varying sul-
phonic groups can, however, be complicated, and problem can arise in the
chemical characterization of the drug, as in the case of the haemato-
porphyrin derivative. Also, aggregation in aqueous media, even at low
concentrations, is a problem for some sulphonated phthalocyanine deriva-
tives. As for porphyrins, the introduction of most metal ions into the
central ring of phthalocyanine derivatives reduces the phototoxic effi-
ciency on cell cultures [291]. However, no phototoxicity in vivo has
been found for metal-free phthalocyanine, and the chelation of phthalo-
cyanine with cerium, which caused higher phototoxicity than the metal-
free phthalocyanine, causes extreme skin photosensitivity [319]. Chela-
tation of phthalocyanine derivatives with aluminum or gallium gives,
however, similar tumour and less skin activity as HpD.

Among the other chemicals tested as photosensitizers for tumour therapy,
most are based on four pyrrole units linked together and with various
side-chains. Tetra-phenyl porphine sulphonate (TPPS) is a synthetic por-
phine that has been tested. Due to a reported neurotoxicity, it may,
despite good photosensitizing efficiency, not be well suited as a photo-
sensitizer in tumour treatment [320-321]. Derivatives of chlorophyll a,
such as chlorins and purpurines and their derivatives have recently
gained in interest due to their high absorption in the far red region.
Mono-aspartyl chlorin e6 (MACE) and di-aspartyl chlorin e6 (DACE) are
derivatives with very low skin photosensitivity [300], enhanced extinc-
tion coefficients in the far red region [299] and with high affinities
to malignant tissues [301]. They are efficient photosensitizers in vitro
[299], but have been found to be less efficient in vivo [300]. This was
suggested to be due to metabolic and photoinduced degradation of the
chemical then injected into animals. Purpurines are another class of
dyes suggested as efficient photosensitizers, with no obvious systematic
toxicity. The reduced tin metallo purpurin Sn.NT2H2 is proposed as an
efficient photosensitizer [306]. Some photophysically and therapeuti-
cally relevant parameters of a number of chemicals suggested as photo-
sensitizers for tumour photochemotherapy are listed in Table 2.
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IV. Tissue fluorescence

Introduction

The reason for the increasing interest in fluorescence as a diagnostic
modality in medicine can be understood by studying the advantages and
disadvantages of the method, and by comparing it with other diagnostic
procedures used in medicine. Optical spectroscopy in general has the
potential of being sensitive as well as selective to molecular species
[322] and can be applied to noninvasive diagnostics utilizing remote
measurements [323]. It has been used for a long time in research of many
different fields outside the medical, such as plant physiology, combus-
tion and environmental research. The experience gained in these fields
should be utilized and adapted to medical measurements, when developing
fluorescence diagnostics in medicine [see e.g. Paper I].

Optical methods and nuclear magnetic resonance (NMR) are presently the
only in vivo non-destructive techniques with a potential for specificity
to a certain tissue type. Light interacts with the electrons in mole-
cules, while NMR is used to investigate nuclei (usually protons) and
their chemical environment. Optical techniques can be used to study
several different fluorophores simultaneously, while NMR equipment is
usually designed to measure one single element only. Existing imaging
NMR equipment (Magnetic Resonance Imaging - MRI) mainly measures the
tissue water content. Other comparable medical methods used today (X-
rays, y-radiation, ultrasound) monitor tissue density, tissue uptake of
a radio-labelled substance or acoustic impedance.

The interaction between light and molecules within tissue is strong and
thus only a thin tissue layer can be investigated by light. The small
penetration depth determines the probe volume, which can be very small.
This makes optical methods ideal for the detection of small, superficial
lesions. Lesions deep inside the tissue are, on the other hand, much
more difficult to diagnose with optical methods. The fluorescence
characteristics of the molecules within the tissue as well as the
optical properties of tissue, such as absorption and scattering, must be
considered in fluorescence diagnostics. Multiple scattering decreases
the penetration depth and decreases the contrast between different
tissue types, since the exact optical pathway of the light in the tissue
is not known. Compared with other optical diagnostic methods, fluore-
scence is very sensitive. Subnanomolar concentrations of chromophores
with a high fluorescence yield are detectable. The selectivity is also
better than that obtained with light absorption measurements, since both
excitation and emission spectra vary for different chromophores. There
are three, principally, different schemes for fluorescence measurements:

• measurement of the fluorescence intensity as a function of excita-
tion wavelength at a fixed detection wavelength (excitation
spectra),

* measurement of the fluorescence intensity as a function of emission
wavelength at a fixed excitation wavelength (emission spectra), and
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* measurement of the fluorescence intensity as a function of delay
time after pulsed excitation at fixed excitation and emission
wavelengths (fluorescence decay curves).

The fluorescence lifetime can also be measured with phase-shift methods,
in which an amplitude-modulated source excites the sample and the phase
shift of the fluorescence light compared with the excitation light is
measured. The phase-shift is dependent on the fluorescence lifetime. The
most often utilized technique in fluorescence diagnostics of tissue is
monitoring of the fluorescence in various emission bands.

There are four main fields of application for tissue fluorescence; iden-
tification or detection of diseased sites in the tissue, determination
of the amount of a chromophore in the tissue, measurements of various
physiological parameters and tissue fluorescence microscopy. Tissue
diagnostics can be applied using the tissue autofluorescence alone or in
combination with an administered chromophore. Concentration measurements
of a chromophore in tissue are complicated by the absorption of excita-
tion light and reabsorption of fluorescence light by other chromophores
within the tissue. Furthermore, light scattering may complicate absolute
intensity measurements, depending on the detection wavelength.

Upon ultraviolet light irradiation of tissue and fluorescence detection
in the near ultraviolet and visible regions, the main fluorophores
detected are tryptophan with fluorescence peaking at about 350 nm [324],
unidentified chromophores in elastin and collagen with a broad fluore-
scence at about 380 nm [324], nicotin amide adenine dinucleotide (NADH)
with fluorescence peaking at about 470 nm, [325-326], flavins fluore-
scing at about 520 nm [327] and melanines, with a broader fluorescence
peak centred at about 540 nm [328]. In the red region fluorescence from
endogenous porphyrins may also be present [329], A superposition of the
fluorescence profiles of these chromophores results in tiisue auto-
fluorescence. It has been shown that the major part of the fluorescence
signal at 450 nm resulting from 366 nm excitation of living cells origi-
nates from the mitochondrial membrane system, where NADH is found [330].
NADH is a molecule involved in numerous enzymatic reaction. Ii is formed
in glycolysis, fatty acid oxidation and citric acid cycle and is a very
energy-rich molecule due to its electron pair. In the mitochondria!
respiratory process these electrons transfer their energy to molecular
oxygen and a large amount of energy is released.

An early application of in situ tissue fluorescence was the correlation
of the cytosolic oxidation - reduction state with the autofluorescence
signal at 450 nm [325,330] following near-ultraviolet excitation. The
oxidation - reduction equilibrium for NADH-NAD is related to the
fluorescence signal at this wavelength, since NADH is +fluorescent, with
a maximum fluorescence intensity at 450 nm, while NAD is almost non-
fluorescent at near-UV excitation wavelengths [331-333]. Furthermore, it
is believed that the NADH - NAD+ equilibrium is directly related to
intracellular oxygen concentration, provided there is an abundance of
adenosine diphosphate (ADP) and that oxidative phosphorylation is fully
coupled. The NADH redox levels in brain tissue of animals have been
shown to be correlated with the oxygen concentration in the air inhaled
[325,334], The method could therefore be utilized to estimate the degree
of tissue oxygenation. However, tissue oxygenation can also be measured
with other optical methods, as discussed above.
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Undoubtedly, the most frequently used in vivo application of tissue
fluorescence studies is tissue diagnostics. Fluorescence studies of
neoplastic tissue have been closely connected to artificial photosensi-
tizers, mostly haematoporphyrin derivatives. Examples of fluorescence
spectra of a malignant tumour and normal surrounding muscle tissue from
a rat injected with 5 mg/kg Photofrin II are shown in Fig. 10 a and b.
In both spectra the blue-green tissue autofluorescence is seen between
400 and 550 nm, while in the spectrum of the malignant tumour the dual
peaked haematoporphyrin derivative fluorescence is superimposed on the
autofluorescence in the red region between 620 and 700 nm. The develop-
ment of various photosensitizers is described in Chapter III.

Clinical diagnostic investigations of neoplastic tissue using fluore-
scence have developed in close connection with the development of photo-
sensitizers, starting during the 1970's [335-338]. Tissue diagnostics
using laser-induced fluorescence of an administered fluorescent photo-
sensitizer has the drawback of photosensitizating tissue, mainly the
skin, for a period of up to 4 weeks. In order to minimize this side-
effect, development of spectroscopic methods towards good specificity
[236,339-341, Paper II, Paper V, Paper VI] and instrumentation with a
high sensitivity is of high priority. Demarcation of diseased tissue
should then be possible with a lower concentration of the administered
chromophore.
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Figure 10. Fluorescence spectra of various tissue samples. The tumour
and normal muscle spectra were recorded of a rat. 48 hours before the
recording HpD was intraveneously injected in the animal. The
atherosclerotic plaque and normal vessel wall samples were obtained from
an autopsy 2 hours prior to the investigation. All samples were rinsed
from blood and exposed to 337 nm light in air.
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A further improvement can be to also take advantage of the fluorescence
characteristics of the tissue itself and thus employing both the tissue
autofluorescence and the fluorescence from the administered chromophore.
A better contrast between diseased and healthy tissue can be obtained
using this method [340, Paper VIII, Paper IX]. A different approach is
to develop chromophores for tissue diagnostics that have only poor
photosensitization ability (such as uroporpnyrin or metallo porphyrins)
[244,342] or a photosensitizer that is quickly cleared from the body
(for example Hp and Benzoporphyrin monoacid) [Paper X, 264,343-344].

Fluorescence techniques have also been shown to be useful for the
identification of sites of other than malignant diseases. Kittrell et
al. indicated that atherosclerotic plaques can be distinguished from the
normal surrounding blood vessel wall by means of fluorescence after ini-
tial fluorescence investigations in vitro [345]. Enhanced demarcation is
obtained with UV excitation [Paper III, Paper IV, 346-347]. Examples of
autofluorescence spectra of an atherosclerotic plaque lesion as well as
a normal artery wall are shown in Fig. 10. As can be seen the fluore-
scence seems to consist of two fluorescence peaks, one at 380 nm and
another, broader, at 450 nm. Furthermore, some structures can be seen in
the region 550-600 nm. The lower intensities in the 420 nrr, 540 nm and
580 nm regions are, however, due to reabsorption of fluorescent light by
haemoglobin, rather than low fluorescence [132,348-349, Paper IV]. It
has also been shown that plaques in teeth can be demarcated using laser-
induced fluorescence [350-351].

Laser-induced fluorescence microscopy is used for studies of small
tissue regions and for investigations on the cellular and subcellular
levels. In laser scanning fluorescence microscopy a laser beam is
focused into a small spot on the tissue, in order to excite the mole-
cules and bring about fluorescence. Selectivity in the fluorophores
detected can be achieved by optimizing the excitation and detection
wavelengths. Artificial fluorophores can be administered. By scanning
the laser over the tissue sample under investigation, fluorescence
images can be obtained. This form of fluorescence microscopy offers
several advantages [352]: As the excitation light is tightly focused
scattered light from other tissue regions is avoided. Such scattered
light will decrease the contrast in normal fluorescence microscopy; Low
concentrations of fluorophores can be studied due to the high power
density of the excitation light (only a small area is illuminated at a
time).

Furthermore, in confocal fluorescence microscopy fluorescence signals
from parts of the tissue sample, that are out of focus can be
suppressed, providing the equipment with a three-dimensional imaging
capacity. With such equipment not only tissue structure, but also cell
structures, can be studied. Fluorescence is often utilized in cell
biology research as well as in cell identification, counting and sorting
[353].

In vivo fluorescence monitoring is performed in order to determine
concentration of various ions in tissue, mainly in research concerning
the functions of the brain [354]. In such measurements an artificial
fluorophore for which the fluorescence characteristics change with, the
ion concentration to be determined must be administered. As Ca + is
probably the most important and ubiquitous messenger linking plasma
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membrane depolarization to the activation of intracellular biochemical
events, such as transmitter secretion or enzyme activation, much
research has been focused on this ion. Three different fluorescent
chemicals have been used; fura-2, indo-1 and fluo-3 [see Ref. 354]. The
binding of Ca + to fura-2 alters the excitation spectrum causing a shift
of the excitation peak from about 390 to 350 nm [355]. The spectral
shape also changes. For indo-1 the fluorescence emission spectrum is
changed instead. With both these fluorescent chemicals, the Ca
concentration can be evaluated by using a dimensionless ratio. With the
last chemical, |juo-3, only an increase in the fluorescence intensity
results upon Ca binding, without any spectral changes. Advantages with
this chemical are that lower Ca + concentrations can be measured and
that it can be excited in the visible region, at wavelengths suitable
for commercially available confocal scanning fluorescence microscopes.

Other kinds of in vivo fluorescence studies that are routinely performed
clinically is the monitoring of blood flow and leakages in small blood
vessels, especially in the choridea in the eye. Fluorescein, in the form
of a fluorescent blood label, is administered intravenously, and
fluorescence images are obtained with filtered red light detection using
a photographic film camera following blue flashlight excitation.

Theory

When fluorescence is utilized for tissue diagnosis, an exact interpre-
tation of the fluorescence signal is not necessary. The objective is to
find statistically significant differences between diseased and normal,
healthy tissue [356-358, Paper III, Paper IX, Paper XIII]. In order to
be able to compare different measurement procedures and chemicals in
fluorescence diagnostics, we have chosen to use a discrimination ratio
as a measure of their discrimination potential, respectively. The
discrimination ratio is defined as the ratio between the difference of
the mean values of the evaluated quantity for the diseased and healthy
tissue, and the square root of the sum or the variances of these. For a
more detailed discussion, see Paper III.

However, to gain a better understanding of the structure and variations
in the fluorescence spectra, it is necessary to (i) know the
concentration of the absorbing molecules within the tissue, and their
absorption spectra; and (ii) know the fluorescence quantum yield for the
absorbing molecules, and their fluorescence spectra.

Theoretical modelling of the fluorescence spectra from different tissues
is possible. Depending on the excitation and detection wavelengths and
the tissue type investigated, various assumptions can be made and
different theoretical approaches can be used.

Two different simplified cases will be discussed, one in which
scattering of the fluorescence light is neglected and one in which
scattering of the fluorescence light dominates over absorption, and
diffusion theory can be used to model the transport of light in tissue.
In both cases scattering of the excitation light is neglected. The
validity of these assumptions will be discussed below.
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Assume that a semi-infinite slab is irradiated with a planar wave of
excitation light, limiting the problem to one dimension. Since
scattering is neglected, the light power density as a function of
penetration depth, E(\.x), will follow the Beer-Lambert law.

-a(A )x
E(\ex) = EJ\J(l-R)e e (24)

where Eo(\z) represents the light power density at wavelength Ae at the
surface x=0, R is the reflection at the surface and a the total
absorption coefficient for the sample. The absorption coefficient for
the sample is obtained by a summation of the absorption cross sections,
<ri, multiplied by the number of chromophores per unit volume, pi, of the
various absorbing chromophores in the sample.

a(\) = I pxr.frj (25)

The number of photons absorbed per unit time and volume at a depth x by
a certain chromophore, N. (x ,x), is then

A -a(\ Jx

JTc p?i(XJ WC**

where h is Planck's constant and c is the speed of light. Each of these
chromophores will have a certain fluorescence yield per unit fluore-
scence wavelength in an interval d\{ centred at A~ n. (A .AJ ̂ A.

dXi TTc
-a(\ Jx

The distribution within the tissue sample of the isotropically radiated
fluorescence emission can be modelled by diffusion theory. Using Eq.
(14) multiplied by 4lT and substituting the source term with the
fluorescence emission, the diffusion equation becomes
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(28)

For the boundary conditions V(\f0) = *('Af»^ = 0 the solution is

i -OL(\JX -af

) (29)

where

af = (30)

The flux current out of the sample surface at x = 0 is a function of the
radiant fluence rate at the surface and can be expressed [359]

r =
D(\f) d*(\?x)

dx \x=0
(31)

Using this equation the fluorescence yield in terms of the power emitted
from the sample per unit incidence power, Y, can be obtained
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Y = F/E = -i (32)
0 2(a(\J + )

The second case that will be discussed is when scattering is also
neglected for the fluorescence light. This is more appropriate for
fluorescence wavelengths in the blue and green regions of the visible
spectrum. In these wavelength regions, the absorption coefficient in
tissue is relatively high, and scattering is thus not the dominant
attenuation mechanism in tissue as it is in the red region. Since
scattering is neglected the pathway in tissue is known and the time
required for light to pass through the tissue is also known. For this
reason, it can be of interest to include the fluorescence lifetime in
this model, in order to be able to predict the fluorescence yield as a
function of delay time after a short excitation pulse. This time is
often negligible compared with the fluorescence lifetime. The
distributed fluorescence emission will be

A -a(X Jx
* d\f ^ p.<r.(\J EJ\J(l-R)e d dx (33)

where c is the speed of light and Q(t-t') is a step function. Assume
that only light which is emitted in a small solid angle is detected -
the detection solid angle n. This light is filtered through the tissue
on its way back to the tissue surface, and the detected light power
density from light absorbed at the plane x will be
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X. dt
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• dXf JJ£ p.cr.fA^ Eo(\J(l-R)2 e * e r dx (34)

The total integrated power density from all depths is given by

«(V
eTi - e

-t dt
T .

1

(35)

where the first part takes account of time integrated signal, while the
second part must be considered in time resolved studies (integrating
this term over infinite time yields unity). As can be seen from the last
term the exponential decay is distorted due to the different pathlengths
in the sample for various depths of the interaction between light and
tissue. It is interesting to understand how fast the fastest
fluorescence decay obtainable from tissue can be, without distortion due
to time of flight effects. At t = 0 the fluorescence is zero. Due to
time of flight effects there will not be an abrupt increase in the
signal after t - 0, but a region of slow signal increase will follow,
after which the signal decreases. The decay region of the fluorescence
signal will also be distorted due to light propagation in the sample.
Using the tissue parameters a(Ae) = 200 cm" and a(Af) = 20 cm" decay
times can be measured of less than ri = 10 ps for a 10% effect. This
should be compared with the lifetimes typical for chromophores monitored
in tissue of 100 ps to 15 ns. The equation for the time-integrated
fluorescence will be very similar that for the diffusion approximation
(Eq. 32)
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Y = E(\J/E(\) = i (36)

The assumption, that the studied tissue sample is semi-infinite can
usually be considered as valid, due to the small penetration depth of
the excitation light. Neglecting the scattering of the excitation light
and of the fluorescence light is, however, not quite correct. On the
other hand, the time-integrated fluorescence signal should not be
significantly altered by scattering. The measurement geometry is often
such that the diameter of the irradiated area is much larger than the
depth of light penetration in tissue, due to the high absorption
coefficient. This means that there will only be a small difference in
the detected fluorescence intensity due to scattering as compared with a
sample without any scattering. Furthermore, in fluorescence diagnostics
ratios between two fluorescence intensities are usually evaluated. In
such investigations the result should be relatively independent of the
scattering, due to its similar influence at the two wavelengths. The
scattering coefficient in tissue decreases slowly with increasing
wavelength of the light, as seen in Fig. 2.

Time-resolved measurements will be more influenced by scattering. The
unknown pathlength in such media as tissue causes a slight statistical
smoothing of the signal. However, the fluorescence lifetimes of most
chromopnores which are of interest in tissue, are still an order of
magnitude longer than those affected by time-of-flight effects.

Although these are very simplified models, they are complicated to use
for bulk tissue. As seen from Eqs (32), (35) and (36) the concentra-
tions, absorption cross sections and fluorescence yields of the various
chromophores present influence the results. Further simplifications,
assuming the presence of only a few major chromophores with known
absorption and fluorescence characteristics would make it possible to
perform also quantitative concentration measurements by fitting model
curves to experimental spectra [360]. Furthermore, better criteria for
tissue diagnostics should be possible, as they could be based on the
concentrations of the different chromophores, rather than values ob-
tained by a superposition of the various chromophores. Insensitivity to
the interference from other chromophores should be suppressed. Absolute
concentration measurements are not performed within the frame of this
work, but are planned at our laboratory.

Another way of obtaining an estimate of the effect of scattering and
reabsorption of fluorescent light on fluorescence signals, is to utilize
a Monte Carlo algorithm and compare the results from this with other
theoretical models. Monte Carlo calculations have the advantage of being
valid under conditions in which the absorption and scattering
coefficients in the tissue are roughly equal. The use of Monte Carlo
simulation curves to fit experimental recordings would, however, be very
time consuming and probably not very practical.
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In vivo Applications

Malignant tumour detection and identification

Fluorescence diagnostics of malignant tumours has been focused on their
retention of porphyrins, either endogenous [329, Paper XIII] or admini-
stered [183-184,215,335,361-366]. Porphyrins exhibit dual peaked fluore-
scence in the red spectral region, where few other tissue chromophores
absorb or fluoresce, simplifying the understanding of fluorescence spec-
tra in this wavelength region. The few absorbing tissue chromophores
present are, however, a problem, as regards light propagation. A greater
penetration depth in tissue blurs fluorescence images with poor spatial
resolution as a result. A fluorescent malignant tumour marker with a
very sharp and intense fluorescence peak just below 600 nm, where tissue
autofluorescence is low but haemoglobin still absorbs would be better.
This and several other requirements for a fluorescent tumour marker
differ from the requirements for an efficient photosensitizer for photo-
dynamic therapy, indicating that research on fluorescent tumour markers
should also include other chemicals than photosensitizers.

Although it is weak, non-malignancy-related tissue autofluorescence in
the red region, must be subtracted to increase the sensitivity of the
method and decrease the both drug dose and the excitation energy
necessary to detect a tumour [236,340,367, Paper XV]. Furthermore, a
ratio should be formed between the fluorescence signal from the por-
phyrins and another simultaneously recorded fluorescence intensity, to
achieve insensitivity to geometrical and instrumental variations
[236,340,339, Paper XIV, Paper VI, Paper XVI], A contrast enhanced
image, employing autofluorescence subtraction and image ratioing, of a
rat brain tumour containing HpD is shown in Fig. 11.

Figure 11. A contrast enhanced image of a rat brain with a brain tumour
in the lower right corner of an HpD administered rat. Three images of
the brain surface were obtained simultaneously in three different
fluorescence bands; 470 nm, 600 nm and 630 nm. The presented image
shows the function value of the dimensionless fluorescence intensity
function F = (I(630)-I(600))/I(470), formed for each individual pixel
location in the three images. (From Paper XVI).
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Concentration measurements are interesting in combination with PDT, as
pointed out above, however, measuring drug concentration in tissue with
fluorescence techniques is a much more complicated task than using it
for tissue diagnostics. In order to evaluate the correlation between
fluorescence signal and drug concentration, results from fluorescence
measurements have been compared with results from drug concentration
measurements using other methods; such as y-radiation measurements of
radio labelled H-HpD [368] and chemical extraction of porphyrins from
tissue [369]. A linear fit of the intensity of the fluorescence signal
as a function of drug concentration determined by the other methods gave
relatively poor results. This poor agreement may be due to several
factors. In fluorescence studies the signal due to monomers is detected,
the signal due to aggregates being very much smaller. Radio labelling
may not be a very accurate method of measuring the drug concentration,
since radio-labelled HpD may not have the same biodistribution as non-
labelled HpD. Other sources of error may be local variations in drug
concentration and the optical properties of the tissue studied.

Identification of atherosclerotic plaque

Laser angioplasty as a method for recanalizing clogged blood vessels is
under development. More than 50 patients have now been treated with
percutaneous excimer laser coronary angioplasty at several medical
centres [370-372]. The procedure is performed under real-time X-ray
inspection.

There have been a few question regarding the safety of laser
angioplasty, one relates to accidental vessel perforation during the
procedure, another to the risk of thrombosis, and a third to spasm due
to mechanical or thermal irritation. None of these problems has been
reported for these 50 patients. However, to minimize the risk, it has
been suggested that a better form of guidance should be used for the
laser ablation with a higher resolution than X-rays. A feedback signal
could also be used to steer the ablating laser. The method used must be
real-time tissue diagnostics, either optically or using ultrasound,
since these are presently the only methods with a good enough resolution
to accurately guide the optical fibre. Optical methods are preferable,
since an optical fibre is already inserted into the blood vessel. Direct
reflected light visualization through an angioscope, fluorescence [373]
and laser-induced breakdown spectroscopy [374, Paper IV] have been
suggested as optical diagnostic methods. One problem with optical
methods is obviously that light is efficiently absorbed by the blood in
the vessel. Even when the fibre tip is in contact with the vessel wall,
so that a signal can be obtained, spectral changes in the signal due to
the absorption of a thin layer of blood between the exit surface of the
optical fibre and vessel wall may interfere with the diagnostics.

Using fluorescence the diagnostics can either be based on spectral or
temporal changes in the tissue autofluorescence or the selective reten-
tion of an intravenously administered fluorophore can be exploited
[137,139-142]. Using UV laser-induced autofluorescence, diagnostic
criteria for plaque and normal vessel wall have been defined [Paper III,
Paper IV, 324,375-376]. For excitation light at 325 nm the depth of
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signal integration in fluorescence measurements of arterial wall is
about 150 jim [377]. The diagnostics therefore only involves a thin sur-
face layer, and it is important to know if the spectroscopic criterion
chosen for tissue diagnostics changes for layers deeper into the tissue
[Paper IV, 378] or if it alters as a result of laser ablation [379-380].
The spectral shape of a fluorescence spectrum is found to revert towards
a more normal shape as the pathological plaque is mechanically removed
revealing a more normal vessel wall surface to the optical fibre. During
laser ablation of a plaque region the fluorescence intensity drastically
decreases, while the spectral shape seems to remain relatively un-
altered. Another important source of interference which must be elimina-
ted is the absorption of fluorescence light by blood [132,348-349, Paper
V, Paper VI]. This can be achieved by fitting a model spectrum to the
experimental one, and in this way separating the effects on a fluore-
scence spectrum due to fluorescence and reabsorption; or by measuring a
ratio of two fluorescence intensities, equally much attenuated by the
blood.

Instrumentation

Various types of fluorosensors for tissue diagnostics are in use at a
number of research centres (for a review see e.g. Ref. 28). At least
four fluorescence imaging systems have been constructed, after slightly
different principles, all of them examining HpD fluorescence. The system
employing the simplest signal analysis has been constructed by Hamamatsu
in cooperation with Hayata et al. [381-382]. This is actually a combined
system for fluorescence diagnostics and PDT for malignant tumours in the
respiratory system. The image presented is the raw image recorded with-
out any correction for uneven illumination or tissue autofluorescence.
The tissue spectrum from the central part of the image is, however,
obtained with a spectral analyser and presented on the same monitor in
an overlay, to aid the physician in making his diagnosis.

In the system developed by Profio et al, two sequential images are
obtained, one of the tissue autofluorescence and one of he HpD fluore-
scence superimposed on the tissue autofluorescence [383]. The pure HpD
fluorescence image can thus be obtained by subtracting the tissue auto-
fluorescence. Neither of these systems compensates for variations in
irradiation at various positions on the object. A third system has been
developed by Ban'ngartner et al. This system subtracts the tissue auto-
fluorescence by meeting at only one wavelength, but exciting at two
different wavelengths, one that excites the HpD (405 nm) and one that
only excites the tissue autofluorescence (470 nm) [384], Lastly, the
system developed at our laboratory, uses one excitation wavelength and
records four images simultaneously at different fluorescence wave-
lengths. In addition to tissue autofluorescence subtraction, this system
is also capable of correcting the image for variations in excitation
irradiation in various parts of the object, as well as recording images
during white light illumination. In addition to these imaging systems
several types of point-monitoring equipment have also been constructed
[367,385-388, Paper XIII, Paper XIV].
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One advantage of using fluorescence compared with many other optical
methods for tissue diagnostics is the wavelength shift between
excitation light and detected light, which makes it possible to
efficiently prevent scattered excitation light from entering the
detection system. As a result of this low concentrations of chromophores
can be measured with fluorescence techniques. For the detection of small
amounts of a fluorophore a very sensitive detector must be utilized.
Such detectors with a high internal gain only have a limited dynamic
range. To be able to measure a small concentration the background offset
signal level must be low. Also, the fluorescence emission is usually
rather weak. This is due to the fact that after excitation most
molecules are deexcited through processes other than fluorescence. A
typical value for the fluorescence yield of molecules detected with
fluorescence techniques is about 1%.

For non-intrusive measurements where it is important not to change the
fluorescence characteristics of the sample by the excitation, there is a
limitation of the excitation energy that can be used. Photochemistry and
photobleaching of the tissue sample must be avoided. As we deal with
medical applications, the sample must remain unchanged in all respects.

For these reasons, the detection system must be as sensitive as possi-
ble, and the spectroscopic criteria used for diagnostics must be opti-
mized to allow the evaluation of measurements with a poor signal-to-
noise ratio. Detectors with a high internal gain with a low noise level,
such as photomultiplier tubes (PMT) or microchannel plates (MCP)
followed by an array of photodiodes or a charge coupled device (CCD)
camera, are necessary. PMTs, are ideal for filter fluorometers, where
only one or a few fluorescence signals are detected, while MCPs followed
by a diode array are used for multichannel recordings of, for instance,
emission spectra and fluorescence images. The characteristics of these
detectors can be found in Refs [389-390].

To record fluorescence spectra using CW laser excitation, a scanning
monochromator with PMT detection can be utilized. The somewhat lower
noise level in a PMT compared with an MCP/photodiode array is then
exploited. On the other hand, only one wavelength can be measured as the
others are blocked by the monochromator. In multichannel detection,
simultaneous detection of all wavelengths makes better use of the
fluorescent light and facilitates normalization.

Dark current signals due to the thermal emission of electrons from the
photocathode or a thermally induced current in the detector will be
superimposed on the signals in these defectors. The low signal from the
dark current has an intensity distribution following Poisson statistics,
as all quantum limited signals. The dark current, but not the noise in
it, can be subtracted from the signal. Noise origins in the electronic
amplification and read-out as well as from the digitizing in the
analogue-to-digital-converter will also add to the signal. Another
source of error in fluorescence measurements is background light falling
on the detector. This background light may be caused by inefficient
filtering of the excitation light, fluorescence in the optics or
insufficient suppression of room fight. This light may be stable and can
therefore be subtracted, but the noise accompanying it will contribute
to the signal. Background room light can be efficiently suppressed by
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pulsing the excitation light and employing lock-in or gated detection
[Paper I].

Most fluorosensors are today based on a laser as the excitation source.
For medical applications this is convenient, since they are easy to
couple to fibre optics, and usually do not emit in the wavelength region
of the fluorescence detection, and thus do not cause problems with
filtering of the excitation light. Lasers utilized for fluorescence
excitation are XeCl excimer lasers (308 nm), He-Cd lasers (325nm, 442
nm), N2 lasers (337 nm), the third harmonic of Nd.YAG lasers (355 nm),
Xe-ion lasers (365 nm), Kr-ion lasers (413 nm), Ar-ion lasers (488 nm,
514 nm), Cu vapour lasers (511,578 nm) and the second harmonic of Nd:YAG
lasers (532 nm). The absorption coefficients of the different tissue
chromophores vary considerably within this wavelength interval, yielding
quite different tissue autofluorescence spectra when using different
excitation sources. The region between 320 and 550 nm is best for tissue
fluorescence, since below 320 nm DNA absorbs light and a mutagenic
effect may result, and above 550 nm few tissue molecules absorb and only
weak fluorescence can be seen. Below 300 nm the transmittance of optical
fibre drops, making them less useful.
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Brief summaiy of the papers

The work described in these papers covers various aspects of tissue
diagnostics using laser-induced fluorescence. Two main fields are focu-
sed on: the demarcation of atherosclerotic plaque from the normal vessel
wall and identification and localizing of malignant tumours. Intrinsic
tissue autofluorescence as well as fluorescence from malignant-tumour-
marking drugs is employed in the diagnostics. Various measurement tech-
niques are described and compared in Papers I and II. Paper I the mainly
concerned with how to suppress background light in the detection system
in order to detect the weak fluorescent light. This is a general de-
scription, which is of importance in measurements in the presence of
background light. In medical measurements, which usually are guided
using visual inspection under white light illumination, suppression of
background light is necessary. In this paper the diagnostic criterion is
based on a difference in fluorescence emission spectra between normal
and diseased samples. In Paper II, time-resolved fluorescence decay
curves are instead utilized for tissue diagnostics. Techniques and
instrumentation used to resolve these structures are described and
exemplified for human atherosclerotic plaque lesions and malignant
tumour model in rats, with the fluorescent tumour-marking drug, haemato-
porphyrin derivative (HpD).

Various demarcation functions based on autofluorescence intensities of
different wavelengths of various degrees of atherosclerotic plaque and
normal vessel wall are described in Papers III and IV. The criterion
used to optimize the discrimination function between diseased and heal-
thy tissue is described in Paper III. In Paper IV the potential of using
laser-induced plasma emission spectroscopy for the guidance of laser-
angioplasty is also discussed. Time-resolved fluorescence spectroscopy
as a modality for atherosclerotic plaque identification is presented in
Paper V, including a discussion on how to minimize the influence the
absorption of the fluorescent light by blood on the diagnostic criteria
by using information contained in the fluorescence decay.

Blood interference is a problem in tissue diagnostics using fluore-
scence. This problem is of course accentuated in measurements on blood
vessels. It is therefore of importance to minimize the effect of the
blood in the diagnostic criterion. One way of doing this is to study the
fluorescence decay at one fluorescence wavelength, as described in Paper
V; another is to use the fluorescence emission at two different wave-
lengths, with equal attenuation in blood, as suggested in Paper VI. In
the latter paper a review of the field of tissue diagnostics using
laser-induced fluorescence is also given.

The other field investigated is malignant tumour demarcation from normal
surrounding tissue using fluorescence. For this purpose both the pure
tissue autofluorescence (Paper VII), or the enhanced fluorescence from
tumour marking drugs can be employed, (Paper VIII). Paper VII describes
the investigation of tissue autofluorescence from different organs in
the rat, while in Paper VIII results from two rat brain tumour models
are presented. In order to optimize the use of different tumour marking
drugs and compare their potential for tumour marking a series of experi-
ments has been performed on animals. In Paper IX two different haemato-
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porphyrin derivatives are compared and the choice of excitation wave-
length is studied. Paper X presents the continuation of work on the same
topic. In this paper results from phthalocyanine, polyhaematoporphyrin
ester and the haematoporphyrin itself are included.

All the tumour marking drugs studied photosensitize tissue to some
extent. During the last ten years this effect has gained much attention
and is used for photodynamic treatment of malignant tumours. Our group
has also performed some photodynamic treatment of patients, the first in
Scandinavia. The results are presented in Papers XI and XII. The treat-
ment schedules were designed to give as much information as possible, in
order to characterize the treatment in a well defined way. Therefore, a
number of relevant treatment parameters were monitored before, during
and after the treatment. The results of these investigations are presen-
ted in Papers XI and XII.

During the treatment the fluorescence signal from the administered
haematoporphyrin derivative was monitored. This was the first clinical
recording of malignant tumour fluorescence in our group. The equipment
used for these recordings is described in Paper XIII. In this paper
clinical recordings of tissue autofluorescence spectra from various
malignant tumours in the respiratory system, mouth region and in the
brain are also presented.

Other instrumental developments are described in Papers XIV, XV and XVI.
In Paper XIV a low-cost, high-pressure, mercury lamp-based fluorosensor
for diagnostics of tumours in the respiratory system is described, while
in Paper XV the concepts for the imaging fluorescence system described
in Paper XVI are outlined. The simultaneous recording of four images at
different tissue fluorescence wavelengths provides the possibility of
displaying an image of the tissue, in which the optimal spectral infor-
mation is utilized to enhance malignant tumour demarcation.
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