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Abstract

Some aspects on the use of light for tissue characterization and treatment of
malignant tumours are discussed within this thesis. The work presented aims at
improving optical techniques for tissue characterization, especially to detect
malignant and pre-malignant lesions. A knowledge on the interaction between light
and tissue is of utmost importance to understand and improve the various
techniques. A relatively thorough discussion on the light propagation in scattering
media 1s given. A commonly used mathematical model, the diffusion
approximation of the transport equation, is derived. Moreover, knowledge of the
optical properties of tissue, Ze., the absorption and scattering coefficients, the
scattering anisotropy, and the refractive index, is needed to use the mathematical
models. Various techniques for iz w0 measurements of the tissue optical
properties are presented. Furthermore, some of these techniques have been
developed into prototype equipment to be used for breast cancer detection, as an
alternative to the ordinary mammography based on ionizing X-rays.

A therapeutic modality, photodynamic therapy (PDT), presently being introduced
into clinical practice has also been investigated. This technique relies on the
selective uptake of a photosensitizing agent, and the subsequent irradiation using
light. The light absorbed by the photosensitizer triggers a photochemical reaction,
leading to local cell death. In the work presented here, d-aminolevulinic acid
(ALA) induced protoporphyrin IX (PpIX) has been used as a photosensitizer. A
randomized Phase III clinical trial has been conducted to compare PDT with
cryosurgery for the treatment of basal cell carcinomas of the skin. The influence
on the treatment of various parameters have been investigated and are discussed.

Laser-induced fluorescence studies were performed to detect and demarcate
superficial malignant and pre-malignant lesions. Both the tissue autofluorescence
and the characteristic emission of fluorescent tumour markers were employed.
Fluorescence was also used to monitor the selective buildup and the
photodegradation of the photosensitizer in connection to PDT, using a point-
monitoring technique. Two fluorescence imaging systems have also been used to
outline skin lesions.

Laser-Doppler perfusion imaging is a non-contact optical technique used to
monitor the supetficial blood petrfusion, and was here used to evaluate the healing
time following cryosurgery and PDT.
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1. Introduction

The work presented in this thesis aims at improving optical techniques for tissue
characterization, especially for localization and demarcation of malignant and pre-
malignant lesions. A therapeutic modality, photodynamic therapy, presently being
introduced into clinical practice has also been investigated. The technique has been
compared to standard procedures of today in the treatment of non-melanoma
malignant skin tumours. The selective buildup and retention of the tumour seeking
agent used in the treatment was studied employing laser-induced fluorescence.
Finally, the healing time following these treatments has been monitored with a
non-contact optical technique, laser-Doppler perfusion imaging.

The thesis consists of two parts; a summary and fourteen papers presenting
original scientific material. In the summary a number of areas are covered, that are
not explicitly apparent in the papers, but form a basis needed to interpret data and
to understand the background for various phenomena studied. Moreover, the
different techniques used in the research within this field are discussed. The
summary starts with a theoretical discussion of the interaction between light and
mammalian tissue, and the propagation of light in strongly scattering media in
general (Chapter 2). A commonly used analytical model, the diffusion
approximation of the transport equation, is derived and discussed. This model is
used 1n several papers included in this thesis, and thus a relatively comprehensive
presentation is given. A short introduction to Monte Carlo simulations, extensively
used to simulate the migration of photons in an absorbing and scattering medium,
1s also given. The use of mathematical models is vital for all applications of
biomedical optics. When lasers are used for therapy, eg., as “bloodless” knives in
surgery, to reshape the cornea, or to induce photochemical reactions in
photodynamic therapy, it is important to have models of the light distribution to
plan the treatment. Models are also essential to correctly interpret the detected
signal when light 1s used for tissue characterization.

To use the mathematical models, knowledge on the tissue optical properties are
imperative. These properties, Ze, the refractive index, the absorption and
scattering coefficients, and the scattering anisotropy, can be determined in a
number of ways. Direct measurements are possible in some situations, but are
more or less restricted to tissue samples. For most measurements on living tissue,
indirect methods must be used, Ze., to use a mathematical models to obtain the
properties investigated. These methods, and associated experimental techniques,
are discussed in Chapter 3. The last part of the chapter is devoted to an application
of these techniques; optical mammography. During the last decades, the use of X-



rays in the screening for breast cancer has been debated. Being 1onizing radiation,
X-rays have a potential to induce cancer. It has also been shown that some
persons are specially sensitive to X-rays, and should thus avoid these
investigations, if possible. This has been a driving force for the development of
alternative techniques, the use of light being one. Again, models of the light
distribution in the breast are required to allow the detection of tumours. For
tomographic reconstructions, extensive calculations are inevitable. There 1s also a
need to find out the optimal wavelengths to use for these applications. Results
from spectroscopic investigations of breast tissue, both iz wvivo and in vitro, are
presented in Papers I-111.

Various fluorescing tumour markers can be used to increase the contrast in the
fluorescence signal between normal tissue and malignant and premalignant lesions.
The properties of some of the most common substances will be discussed in
Chapter 4. Paper V reports on fluorescence investigations of premalignant and
benign lesions in the female genital tract, following oral administration of
d-aminolevulinic acid (ALA). Here, both the fluorescence of the tissue and of the
tumour marker have been employed to try to characterize the tissue.

Another property of many of the tumour markers discussed in Chapter 4, is that
they can be used as photosensitizers in photodynamic therapy, PDT. This is a
treatment modality mainly used for superficial lesions, for example non-melanoma
skin cancers. The treatment effect relies on the simultaneous presence of a
photosensitizer, light, and oxygen. A photosensitizing agent is administered to the
patient some hours, or days, ptior to the treatment. During this period, the
compound is accumulated in the diseased tissue to a higher degree than in normal
tissue. The treatment is performed by irradiating the diseased area with light of a
proper wavelength, normally in the red part of the spectrum. The photosensitizer
absorbs the energy of the light, which in turn is transferred to oxygen, leading to
excitation into a singlet state. In this state, oxygen becomes very reactive, resulting
in an oxidation of the tissue, ending in cell death. A more detailed description of
PDT, together with the influence of various parameters, such as light source,
wavelength, irradiance, e, is given in Chapter 5. A randomized Phase III clinical
study comparing PD'T and cryosurgery in the treatment of basal cell carcinomas
has been performed within the scope of this thesis. In Paper XI, the treatment
results from the two modalities ate compared, as well as the healing time and
cosmetic result. Other aspects of PDT, such as the choice of wavelength of the
therapeutic light, pulsed or continuous wave light, and one of the treatment side
effects — pain — have been investigated in Papers IX-X.

One important parameter in PDT is the choice of irradiation wavelength. This is
especially true when lasers are used for the irradiation. The absorption bands of
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the sensitizers are usually rather narrow, and a small change of wavelength can
result in large variations in treatment efficacy. In order to make the proper choice,
the absorption spectrum of the sensitizer in tissue must be known. Due to the
microenvironment, this can be considerably different from the spectrum obtained
in solution. Absorption spectroscopy in tissue 1s, however, not a simple task since
the scattering has a major influence. With knowledge of the scattering properties
and the light propagation in tissue, the absorption spectrum can be determined.
Paper IV presents the results from such investigations, and discusses the
implications for PDT.

A term commonly applied to optical techniques used to characterize tissue is
“optical biopsy”. This 1s a somewhat contradictory term, since the word optical
implies that the investigation is performed without affecting the tissue under
investigation, while biopsy means that tissue is removed for investigation. The
term is used, however, for non-invasive or minimally invasive techniques to
characterize tissue, or to aid the physician in finding suspicious areas, that will be
biopsied. In this context, these techniques often are said to be diagnostic. This is
also misleading, since the diagnosis 1s made by the pathologists studying the biopsy
samples, while the optical techniques are used to observe variations in the detected
signals, and correlated them to certain diseases. The term “diagnostic” will in this
thesis occasionally be used with this wider interpretation. One of the most
commonly used techniques for optical biopsy 1s based on fluorescence. The basic
principles of fluorescence and the main fluorophores in tissue will be discussed in
Chapter 6. An overview of the equipment needed for fluorescence investigations
will be given. Some technical solutions will be presented in more detail, with
emphasis on the different systems constructed in Lund. The influence of the tissue
optical properties on the recorded signal will also be discussed.

As mentioned above, the photosensitizers can be employed as fluorescent tumour
markers. Two fluorescence imaging techniques have been used for this purpose,
and results are presented in Papers VII-VIIL In Paper XII, the pharmacokinetics
of the accumulation of ALA-induced protoporphyrin IX (PpIX) in basal cell
carcinomas of the skin have been investigated by means of laser-induced
fluorescence (LIF). The photodegradation of PpIX during irradiation is studied in
Paper XIII. As a result of all the experience gained from these and several other
fluorescence investigations, a new compact instrument has been constructed. A
presentation of this instrument can be found in Paper VI.

Laser-Doppler perfusion imaging is a non-invasive and non-contact technique to
measure the superficial blood perfusion in tissue. The small frequency shift of the
diffusely backscattered light from the tissue, due to the moving red blood cells, is
evaluated. This yields a measure on the perfusion, defined as the product of the
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local concentration of red blood cells, and thelr velocities. An image 1s created by
the stepwise scanning of a laser beam over the sampling area, with a measurement
at each step. The perfusion has been used as an objective means of comparing the
treatment response and the healing time of two treatment modalities, PIYT" and

Cry OSUfngy.
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2. The interaction of light with tissue

Light 1s essential for all forms of life. We are surrounded by light, mainly
originating from the sun. Within the biosphere, light participates in many
processes. In plants, the absorption of the solar radiation by chlorophyll is a
requirement for the photosynthesis. Also in our bodies many photochemical and
photobiological reactions take place. The most obvious is the reaction with the
photoreceptors in the eye, enabling our visual perception. In the skin we can see
the result of the interaction between light and tissue, eg., as a tan following sun
exposure. This is part of the protection against light that also might be harmful.
The optical properties of the skin restricts the penetration depth, preventing most
parts of the body from being exposed to light. Moreover, the optical properties
determine the appearance of the tissue, as they are responsible for the colour and
intensity of the reflected and diffusely scattered light.

The beneficial properties of light for medical treatment have been known for a
long time. The ancient cultures in, for example, China, India, Egypt, and Greece
have been using sun-light to treat various diseases. The introduction of light into
the modern Western medicine is more recent. About 100 years ago, light was used
in the treatment of small-pox and skin tuberculosis (upus vafgaris).! Experiments
with illumination of fluorescent drugs were also performed for the treatment of
for example skin cancer, and ultraviolet (UV) radiation was found to be beneficial
for patients suffering from psoriasis. A thorough review of the history of the
therapeutic use of light in medicine was given by Dantell and Hill? Light was also
introduced for diagnostic purposes. During the late 1920's, the light from bright
lamps shining through a female breast was used in an attempt to find breast cancer
tumours, a method today termed transillumination or diaphanography.’

The use of lasers in medicine started soon after the invention of the ruby laser in
1960. Initially, the primary applications were based on the ability of focused laser
beams to coagulate blood vessels in the retina, as reviewed by Viherkoski# This
was not very successful, mainly due to the poor absorption of light by the blood at
the wavelength used (693 nm). With the development of other laser types,
operating at various wavelengths, more medical applications were introduced.
There was also a need to understand the interaction between light and tissue in
order to optimize the techniques. Mathematical models of light propagation in
tissue were developed, and are continuously being improved.

13
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Figure 2-1 The spectrum of clectromagnetic radiation.

2.1 Light propagation in tissue

Even though the interaction between light and tissue is fairly well understood on a
microscopic scale, great difficulties arise when making a macroscopic description.
When light, or electromagnetic radiation in general (Figure 2-1), propagates
through tissue, a number of processes can occur; the light can be scattered or
absorbed. These interaction processes are strongly wavelength dependent. High-
energy electromagnetic radiation, such as gamma- or X-rays, is not scattered to a
great extent, but rather propagates through the tissue in straight trajectories. The
radiation is attenuated due to absorption, which varies with the tissue type. This
kind of radiation can thus be used for imaging, such as normal X-ray images to
visualize interior parts of the body. When absorbed, however, the high energy
photons might lead to bond breaking and ionization of molecules, which in turn is
potentially carcinogenic. Low-energy radiation such as infrared (IR) radiation or
microwaves, on the other hand, induces excitations of rotational and vibrational
energy levels in the molecules, leading to a temperature increase. In the following,
the term light will be extended to cover not only the visible part of the wavelength
spectrum, but also ultraviolet (UV) and near-infrared (NIR) radiation.

2.1.1 Reflection

When light is incident on an interface between two media with different refractive
indices, a fraction will be reflected in the so-called specular reflection. Apart from
the difference in refractive indices, the specular reflection is strongly dependent on
the angle of incidence and polarization of the light, as well as the structure and
shape of the surface. If polarization is neglected, the fraction of light reflected at
the sutface () is governed by Fresnel's law

f:lthQ—@)

2| tan*(6, + 6,)

sin®(6, - 6,
sinz(é’1 + 0,

+

; , @.1)
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specular

air n, reflection
tissue n, transmitted
light

Figure 2-2 A schematic picture of the reflected and transmitted light at an
air-tissue boundary, due to a mismatch of the refractive indices, 7.

where 6 is the angle of incidence, and 6 is the angle of transmission in the
second medium. The latter angle is given by Snell's law of refraction

n sin6, = n,sinb,, (2.2

which depends on the refractive indices (m and m, respectively), as depicted
schematically in (Figure 2-2). For a laser beam incident perpendiculatly to a tissue

sutface, z¢. when 61 = 6 = 0, Eq. (2.1) is reduced to

2
n,—n
r z( 2 1j . (2.3)
"y + 7,
A typical value for the refractive imndex of tissue is 1.4, which means that the
specular reflection will be approximately 3% at an air-tissue interface. Due to the

different refractive indices of tissue and air, light propagating inside the tissue will
be internally reflected if it strikes the tissue surface at an angle greater than the

critical angle €., given by

0 = arcsin(ﬂ1 /ﬂz) ~ 46°. (2.4)

Thus, a substantial amount of the photons migrating inside the tissue will not
escape at the surface. As a result, the fluence rate just below the surface might be
considerably larger than the incident irradiance.

2.1.2 _Absorption

A photon can be absorbed by a molecule if its energy corresponds to the
difference in energy between the electronic states of the molecule. Hence, the
probability for absorption is strongly wavelength dependent. Tissue components
that absorb light are called chromophores. The most important chromophores in
the visible and near-infrared wavelength regions are haemoglobin and water. The
absorption of light by blood depends on the oxygenation. Oxyhaemoglobin has
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absorption peaks at 418, 542, and 577 nm, while deoxygenated haemoglobin has
one peak at about 430 nm, one broad peak at about 450 nm, and a smaller one at
about 750 nm.S Water, which is present to a large extent in most tissue types, is a
sttong absorber i the IR region, above 1300 nm, but also at very short
wavelengths (below 200 nm).” Another important chromophore in tissue is
melanin, small pigment granules in the skin and eye. Melanin exhibits a
monotonically decreasing absorption with increasing wavelength. A typical
absorption spectrum of tissue is shown in Figure 2-3. The spectrum represents a
total haemoglobin tissue concentration of 1% (2/3 oxygenated, 1/3
deoxygenated), and a water content of 70%. As can be seen in the figure, the
absorption is rather low in the red and near-infrared wavelength region, the
absorption coefficient drops by almost two orders of magnitude. At about 1.3 um,
the absorption increases again due to water. The low-absorbing region between
approximately 650 nm and 1300 nm 1s usually referred to as the tissue optical, or
therapeutical, window and is used for many diagnostic and therapeutic
applications. In the UV region, major absorbers are proteins and amino acids.

The physical parameter used to describe the absorption is the absorption
coefficient, 44, which is defined as the probability for absorption per unit length,
and is often given in inverse centimetres, cm-.

The energy gained by the tissue due to the absorption of light is involved in several
processes. It might be re-emitted as fluorescence, contribute to photochemical
reactions, or be redistributed among the molecules as heat, inducing a temperature
increase.

2.1.3 Scattering

The different scattering processes can be divided into two main groups; elastic and
inelastic processes. In elastic scattering there is no change of the photon energy,
while inelastic scattering results in emission of a photon with an energy different
from that of the incident photon. Elastic scattering that occurs when light is
scattered by particles with a size much smaller than the wavelength of the light (A),
for example an atom or a molecule, is called Rayleigh scattering (unless it is a
resonant process). If the scattering object 1s too large to be considered as a
Rayleigh scatterer, the more complex Mie theory is required to describe the result
of a scattering event. Rayleigh scattering theory can be considered as a
simplification of the Mie theory in the limit where the size of the particle is
negligible to the wavelength of the light. The wavelength dependence of the
scattering varies from A4 in the Rayleigh limit to approximately A2 for large
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100 A

Interaction coefficient (cm)

0.01 - Wavelength (nm)

Figure 2-3 Typical interaction coefficients for tissue. The solid line
represents the absorption coefficient, and is the sum of the absorption
from oxygenated and deoxygenated haemoglobin (2/3 HbO; and 1/3
Hb), and water. A total hacmoglobin concentration of 1% and a water
content of 70% have been assumed. The spectra for HbO,, Hb are
adopted from Prahl$ and the water absorption from Hale and Querry.”
The dashed line indicates the reduced scattering coefficient (see
section. 2.1.4), corresponding to a lincar extrapolation of the data
presented in Paper 111 and unpublished data.

particles. This means that blue light is more scattered than red light, since the latter
has a longer wavelength.

If the photon is scattered by a moving particle, such as a blood cell, there will be
small change in energy due to the Doppler shift. This energy shift is, however,
small relative to the original energy of the photon, and the scattering process will
be thus described as quasi elastic. Laser Doppler perfusion imaging, described in
Chapter 7, is a technique based on quasi elastic scattering for studies of the
superficial tissue blood perfusion.

In Raman scattering, the scattering molecule is excited to a virtual energy level,
from which is immediately relaxes to the ground state. The molecule will now be
in a vibrational state with a higher, a lower, or equal energy compared to the initial
state. The emitted light will thus have a longer, a shorter, or the same wavelength
as the incident. Due to the change in energy, the two former processes are called
inelastic scattering. The latter event is the Rayleigh scattering, and is much stronger
than the inelastic Raman scattering.

17



Figure 2-4 Definitions of the geometrical parameters for transport
theory. The directions of the incident and scattered light are represented
by the unity vectors Q and Q', respectively. The zenith deflection angle 8
is governed by the phase function, while the scattering is assumed to be
isotropic around the azimuthal angle @.

In the following, the term scattering will be used only for elastic scattering
processes. In analogy to absorption, scattering is described by the probability of a
scattering event per unit length, called the scattering coefficient, z, having the
same unit as the absorption coefficient. The sum of these two coefficients yields
the total attenuation coefficient,

o=, (255)

which describes the probability of all light-tissue interactions per unit path length
of a migrating photon.

2.1.4  Scattering anisotropy

The scattering in tissue is generally not isotropic, but strongly forward directed.8-10
The scattering angle from a single scattering event has a probability distribution
called the phase function. The phase function, generally denoted p(€2-Q),
describes the probability that light travelling in the direction Q' in a single event
will be scattered into the direction €. For most tissue types, the scattering is
symmetric about the direction of incidence. Hence, the phase function can be
expressed as a function of the angle between the incident and the scattered,
denoted @ (Figure 2-4). This assumption might not be valid for tissue structures
with long, aligned cells. When describing light transport mn tissue with various
theoretical models, the phase function is usually empirically chosen. Within tissue
optics, the Henyey-Greenstein phase function, originally used to describe
scattering of starlight by interstellar dust,'! has been widely used. It has also been
shown to agree reasonably well with the angular distributions measured from skin®
and aorta.” The Henyey-Greenstein phase function is expressed as
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p(Q’-Q) = p(cos (9) - L -y . (2.6)

4z (l +g° - 2gcos€)3/2

Here, g is the so-called anisotropy factor, commonly referred to as the g-factor,
which is defined as the mean cosine of the scattering angle, according to

g= jcos@-p(cosﬁ)dﬂ . 27

4

The value of g ranges from -1 to +1, where -1 and +1 corresponds to total
backscattering and total forward scattering, respectively. Isotropic scattering is
represented by ¢ = 0. Most mammalian tissue is, as mentioned above, strongly
forward scattering with g-values between 0.7 and 0.95.12 Human whole blood is
even more forward scattering, with g-values between 0.995 and 0.999. Since the
phase function is a probability distribution, a unity value is obtained when
integrated over all directions,

Ip(cos@)dQ =1. (2.8)
4z
In order to treat light propagation problems, it is often of interest to expand the
phase function into a series of well-known functions. A commonly used expansion
method is to use the Legendre polynomials, P,(Q"-Q)), for the expansion of the
phase function as!3

AQQ)= =2 (20411 (20). 29)

n=(

The expansion coefficients 4, follow from the fact that the Legendre polynomials
form a complete orthogonal set, and are obtained as

b= [HQQ)p(QQ)a. (2.10)

The lowest order Legendre polynomials are given by

2 _ 3 _
P(x)=1, B(x) = x, (x) = 3X2 L and P(x) = SXT” @.11)

Together, Eqs. (2.10), (2.11), (2.8), and (2.7) will give the two first expansion
coefficients as

by=1and b, = g, (2.12)
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which in turn yields an expression for the expanded phase function

Q)= %(1 +30Q'Q). (2.13)
T

The first term represents isotropic scattering, while the second term describes the
diffuse light, also taking the forward scattering into account. Using the scheme
outlined above for an expansion of the Henyey-Greenstein phase function, the
expansion coefficients will simply be a power series of the gfactor, ze., b, = g
This might not be an exact representation of the true phase function of biological
tissue, but experiments have shown it to give a good approximation.’’ Moreover,
it 1s practical in model calculations. It does not, however, fully account for highly
forward scattering media. An improvement can be made through the inclusion of

a O-function,

Poi(Q4Q) = 41—”[2 F(1- Q)+ (1- f)(1+3 g'Q‘-Q)], (2.14)

where fis the fraction of light scattered directly forward, and ¢ governs the
asymmetry of the phase function. This procedure was introduced by Joseph ef a/,14

and is called the 6-Eddington approximation. When integtated over all directions,
a unity value 1s obtained, as required by Eq. (2.8):

4i j[zf&(l —QQ)+(1-f)1+3¢ Q‘Q)]dﬂ (2.15)
4 4z
= :—ﬁ]ird(z)]{[Zfé'(l - cosé’) + (1 - f)(l +34'cos (9)] sin 940

_ %jl[2f5(1_ﬂ)+(1_ e3¢ )= 7 +(1- 7)=1

The first moment of Eq. (2.14) yields the relation between the g-factor and the 6-
Eddington parameters, which 1s'4

g=f+(1-1)g- 2.16)

Since the Henyey-Greenstein phase function has been shown to give a good

description of the scattering in tissues,® the second moment of the d-Eddington
and the Henyey-Greenstein phase functions are required to be equal. This results
in the following expressions!* for fand ¢
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f=4g",and g'=—5_. @2.17)
g+1
The use of the §-Eddington phase function has been shown to better describe the
light distribution near boundaries'> and close to the source, also when the
scattering coefficient is relatively small.10

A useful quantity in tissue optics is the reduced scattering coefficient, ¢/, which is
defined as

wo=(1-g)u,. (2.18)

The inverse of the reduced scattering coefficient 1s a measure of the effective mean
free path between artificial isotropic scattering events in a multiple-scattering
environment, ze. the average distance a photon travels before the scattering can be
regarded as 1sotropic. This is schematically illustrated in Figure 2-5.

Finally, the linear transport coefficient, ti, is used to describe the inverse of the
effective mean free path between interaction events in a strongly scattering
medium, and is given by

o= p, (L= g)u =, + (2.19)

The previous sections have been discussing the fundamental interactions between
light and tissue. These properties will now be applied in a theoretical framework to
derive a mathematical model, that can be used to study the interactions.

2.2 Theoretical models

The light distribution in tissue during illumination can be modelled using either
analytical theory or transport theory.!” In analytical theory, the light propagation is
described as a continuous transfer of energy by electromagnetic waves. This model
starts from basic differential equations, such as Maxwell's equations or the wave
equation. The dielectric property for all positions in the medium is required, and
differential or integral equations are obtained. This approach is mathematically
rigorous, since it in principle includes all the multiple scattering, diffraction, and
interference effects. In tissue optics, however, it is generally impossible to have a
complete knowledge of the dielectric property matrix. Moreover, it would be
virtually impossible to solve the equations even with this knowledge.

21



H
1/us /W' =1/[u(1-9)]

Figure 2-5 The significance of the reduced scattering coefficient . T'wo
simulated photon paths are illustrated. Path (a) represents forward
scattering with a scattering coctficient 4 and an anisotropy factor ¢ = 0.9.
This can also be scen as isotropic scattering on the scale of g’ This is
illustrated with path (b).

In transport theory, on the other hand, the light propagation is treated as a stream
of particles, photons. Each photon has an assigned energy quantum. The
mathematical description is not based on Maxwell's equations, but describes a
statistical approximation of the energy transport through a turbid medium. The
theory has been heuristically derived, and thus lacks the rigor of an analytical
theory. Furthermore, since only the transport of power is considered, typical wave
phenomena like polarization, interference and diffraction are neglected. Using
transport theory, the light fluence can be calculated in two different ways; either by
solving the transport equation, or by Monte Carlo simulations of the light
distribution.

2.2.1 Transport theory

Transport theory has been successfully used in a large number of physical
applications, such as neutron diffusion, radiative transfer, theory of plasmas,
theory of sound propagation, and propagation of light in turbid media. The
fundamental idea of transport theory is to describe an energy balance of the
incoming, outgoing, absorbed and emitted energy of an infinitesimal volume
element in the medium. This is mathematically described by a differential equation
called the transport equation, which is equivalent to Boltzmann's equation, used in
the kinetic theory of gases.
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Since the particles of interest are photons, an assumption is made that there are no
forces and therefore no collisions between them. Hence, they behave much as an
ideal gas. A single-particle distribution function, N(t,Q,9), with the unit m?3 st is
used to describe the light distribution as a function of the position in space, t,
direction of propagation, €, and time, %' The expected number of photons in a
volume element dr about the position t with a ditection  within the solid angle
A€ at time 7 can now be written as N(r,€2,7)drd€2. Since all photons travel with the
same speed, » = ¢/ #, where ¢is the speed of light in vacuum and # is the refractive
index of the medium, only the so-called one-speed case will be considered in the
following.

The photon distribution function N(r,€2,7) can easily be related to other optical

entities of interest. The radiance, L(r,€2,7) [W m2 st!], which is the quantity used to
describe the propagation of photon power, is obtained by multiplying the
distribution function with the speed and the energy of the photons. The photon

density p(t,) [m?], ze. the number of photons per unit volume, is given by the
integration of IN over all possible directions,

p(r.7)= jN(r,Q,;)dQ . (2.20)

4
The net number of photons crossing the area o in time 47 1s given by J(t,))-n 45 df,
where n is a unity vector normal to 45. Here, J(r,7) [m2 s!] is the photon current
density, given by
Je.z)=» j N(r.Q./)Q4Q. (2.21)
4z

The photon density and the photon current density will be of interest for the
following calculations, but are not measurable quantities. For practical use, the
fluence rate, @(t,) [W m2] and the photon flux, F(t,7) [W m2|, are of more interest.
The fluence rate is defined as the radiant power incident on a small sphere, divided
by the cross-sectional area of that sphere, which is expressed as

#(r.7) = j L, Q.7)dQ. (2.22)

In analogy with the photon current density, the photon flux is defined as

Hr.2) = j L{r,Q,/)Q40. (2.23)
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The photon flux multiplied by a unit vector, F-n, represents the net flux per unit
area over an area 4S5 orthogonal to n.

There has been some controversy about which of the above mentioned quantities
are being measured. For measurements of the diffusely reflected and transmitted
light using a detector on the tissue surface, most researchers have used the model
presented by Patterson ¢ 4/,'” where the photon current density (or rather the
related photon flux, following the definitions above) is considered to be measured.
Other work has been presented, where the photon density (or the related fluence
rate) has been used to describe the signal obtained. Expetimental time-resolved
studies by Liu ¢z ¢/ verified that the fluence rate is measured when the detector is
placed within the medium.?’ With a detector on the surface, both the fluence rate
and the photon density were found to correctly describe the data, provided that
the diffusion approximation is valid. Kaltenbach and Kaschke stated, through
theoretical discussions, that the signal from a detector on the surface of the
medium is proportional to the photon current density, and thus the photon flux is
being measured.?!

A simple derivation of the transport equation may start from a balance equation

based on consetrvation of particles within a small volume element of phase space.!
The change in the total number of photons 4N in time 4 travelling within a small

solid angle 402 within a volume 17, located around the point r, can be written as

7
dN = dQat Ww . (2.24)
)

This change is also given by a balance equation, where

AN = _

Ra

photons lost through flow over the surface S of the 1/

o
N

photons lost due to absorption within 1

photons scattered from € into other directions €'
J’_
J’_

&

photons scattered into direction Q from other directions '

OICIDIGIO
N~ N

photons with direction, produced from sources within 1.

This balance is schematically depicted in Figure 2-6. Photons entering and leaving
the volume with no change in direction ate included in term (a), while photons
scattered from or into the direction studied without change in position are
included in terms (c) and (d), respectively. The five terms of the balance equation
must now be expressed mathematically. First, the photon flow over the boundary
surface is described by
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Figure 2-6 A schematic representation of the balance equation used to
derive the transport equation. The (a) boundary losses, (b) losses due to
absorption, (c) losses due to scattering into other directions, (d) gain due
to scattering into the direction studied, and (¢) gain due to sources in the
volume clement are considered.

(a) = pdgd;§3 ON(r,Q,7) ndS = dede Q- VN(r,Q.7)dV, (2.252)
A 1%

where n is the outward normal to the surface element 45. The second equality 1s
obtained, in order to get a volume integral, by applying Gauss' theorem. The other
terms are given by the following equations,

(b) = vdQas| 1, ()N (£, Q.41 (2.25b)
(©) = vdQas| p (N (1, Q,0dV, (2.25¢)
(& = varf p(x) [ A(QQIN(r, Q' 1)dV4Q , and (2.25d)
(©) = dQadrf g(,Q,0d1". (2.25¢)

In the latter equation, ¢(t,Q,7) [m?3sr!s] is a source term. As all terms in the
balance equation, obtained by setting Eqs. (2.24) and (2.25) equal, are integrated
over an arbitrary volume 17, the balance must also apply for the integrands,
according to
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% = =0 Q - VL{6,Q,1) = 0 1{£,Q.1) (2.26)
+ou(r) [H(QUQ)r, Q1L )Q O(r,Q.7)

In this equation, the distribution of photons N(t,€2,7), can be substituted with the

radiance L(r,Q,7). The source term then has to be replaced by Q(t,Q.)
[W m?2 s sr!], in order to have the right dimensions.

Now, the transport equation, Eq. (2.26), used to model the light propagation in
tissue has been formulated. The next step is to find its solution.

2.2.2 Expansion in spherical harmonics

The traditional way to solve integro-differential equations in mathematical physics
is to use an expansion of the problem into a series of eigenfunctions in order to
obtain a separation of variables. Case and Zweifel'® applied this method on the
transport equation using spherical harmonics. Thus, the position and directional

variables can be treated separately. First, the radiance L(r,Q2,7) is expanded into

1) =3 3 (2 oy, @), e27)

/=0 m==1/

The same procedure is applied to the source function O(t,Q2.7). To fully describe
the problem, also the phase function can be expanded into spherical harmonics.
These expansion series are then inserted into the transport equation. The result 1s
an Infinite series of coupled differential equations. To reach the solution, this
series must be truncated at some / The general equations will still be complex. The
lowest-order approximation, keeping only the terms for which /=0 and /=1, can
be dertved quite simply for an arbitrary geometry, however. This approximation is
commonly known as the diffusion approximation, or the Pi-approximation, and is
widely used in tissue optics. Truncation of Eq. (2.27) yields

MMM-(lrWQ Zm<m® (.28

w*—1

This expression could now be inserted into the transport equation, which after
integration over £ would give four equations and four unknowns. Another

approach is to observe that Yoo is a scalar and that Yim (% = 0, £1) represent the
three components of a vector. The expression in Eq. (2.28) can thus be substituted
by18
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r,Q7)= A+ Q-B. (2.29)
Lr.2.1)

Through integration of this expression over the angular space, we obtain
[{r.Q.nd= [(4+Q-BlQ. (2.30)
4 4

The left-hand side is identified as the definition of the photon density, Eq. (2.20).
On the right-hand side, the last term is zero (see appendix to this section), and
thus

1
A= E¢(r,z). (2.31)

Similarly, if Eq. (2.28) is multiplied by € before the integration, we find that

IQL(r,Q,;)dQ = IQ(/H Q- B)dQ. (2.32)
iz 4
Here, the left-hand side 1s the definition of the photon flux divided by the speed.
The first term of the left-hand side cancels out during the integration, while the
second term results in (477/3)B. Thus,

3
4

B=—F,1). (2.33)

With the expressions for 4 and B, the radiance in this approximation becomes

L(r,Q,7) = i[qﬁ(r,z) + 3F(r,7)- Q] . (2.34)
4z

In a similar way, the source function is expanded and truncated, yielding

O,Q,0) = L(QO (1.0 +3Q ,(r.))- Q). (2.35)
4z

These two simplified expansions are now inserted into the transport equation, Eq.

(2.26), which, after multiplication with a factor 47, will result in

§[¢ +3F- Q)= —0Q- V[$ + 3F- Q] - vus (¢ )] + F- Q] (2.36)

sour)] p(Q- Q)¢+ F-QiQ +[0, +3Q, - Q]
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The integral can be solved using the properties of the phase function, expressed in
Eqgs. (2.7) and (2.8), reducing Eq. (2.36) to

F-Q
% ¥ 3% = p(— Q-V—pt,+u)p (2.37)

+30(-Q- V- + 20 JF-Q+[0, +3Q,-Q]

A slight rearrangement of the terms, together with the introduction of Egs. (2.5)
and (2.19) yields

1| a F-Q
;{g N 3%} =(-QV-pu)p (2.38)

+3(—Q-V—u,,~)F-Q+%[Q“+3Q1-Q]

An integration of this expression over Q will, with the help of Egs. (2.46) and
(2.49), result in

19 _

1
-up-V-F+—-0,. (2:39)
v O v

If, on the other hand, the exptression in Eq. (2.38) multiplied with Q) before the
integration is carried out, Eqs. (2.47), (2.48) and (2.50) will help us to get

16F 1 1
e -~V Ft— 2.40
T ¢—u, 0Q1 (2.40)

The last two expressions are the basic equations of diffusion theory, and can be
reduced to a single equation by elimination of the dependent variable F. For an
isotropic source (Q1 = 0), the steady-state solution of Eq. (2.40) will be Fick's law

F=-DVg, (2.41)

where the diffusion coefficient D [m] is introduced as

1 1
s, Y, +(1-)u]

Using Fick's law and the diffusion coefficient, the final expression for the diffusion

D

(2.42)

equation can be obtained as
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1% _y. (DV§)+ u,6 = 1 0,- (2.43)
v O v

This 1s the rather simple expression for the light distribution in tissue. To be valid,
some requirements must be fulfilled, though. First, the reduced scattering
coefficient must be much larger than the absorption coefficient, Ze. (1-9)t >> th,
to allow a diffuse light fluence. This restriction is given by the Pi-approximation of
Eq. (2.27), which only allows a diffuse fluence with a small anisotropy.
Furthermore, the separation between the light source and the location where the
fluence rate 1s monitored must be large, again to ascertain a diffuse propagation.

Since most of the work in tissue optics is performed with a collimated laser beam,
or light from an optical fibre, perhaps with a spherical or cylindrical diffusing tip,
the radiance is often separated into one collimated part (denoted by subscript p,
from primaty) and one scattered part (denoted by subscript J):

I(r,Q,7) = L(r,Q,7) + L (r,Q,7) (2.44)

By definition, the fluence rate then also consists of a primary and a scattered patt:

#(r.7) = j 1(r,Q,7)dQ (2.45)
= [L(5,Q.7)dQ+ [L,(,Q,1)dQ = §,(r.7) + 8, (r.7)

The primatry beam, or collimated beam, consists of the light that has not interacted
with the tissue. This part is attenuated according to the Beer-Lambert law; exp(-

M 2). At the first scattering event, photons are moved from the primary to the
scattered part. The separation into primary and scattered light is particularly useful

when the 6-Eddington phase function is applied, as that function consists of two
terms, each handling one of these parts.
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Appendix to section 2.2.2

To solve some of the integral expressions in the previous section, the following
identities have been used. Here, A and B are arbitrary vectors, while Cis a scalar,

all independent on Q.

[A-Qia=0 (2.46)
[o(e-A)a - 4—3” A (2.47)
[cia =0 (2.48)

A-Q)B- Qe =2"(A.B 2.49
[(a-0)B-Qlo - 249)
[o(a-Q)B-Q)a=0 (2.50)

2.2.3 Solutions in the time-domain

Solutions to the time-dependent diffusion equation can be obtained for some
elementary geometries, such as an infinite medium or a medium with simple
boundary conditions. Moreover, 1f the medium is considered to be homogeneous,
and thus the diffusion coefficient D has a constant value, the second term in Eq.
(2.41) can be substituted with

V-(DVg) = DV?§. (2.51)

Consider an isotropic light source, emitting an infinitely short pulse of unity
strength at time 7 = 0 and at the position r = 1), mathematically described by

0 =06(r—1,)5(7). (2.52)

It can be shown,? that the solution to the diffusion equation then becomes

¢(r,f) = v(47zsz‘)7% exp| — vt — (;—Tfof) . (2.53)
v

This function is called the Green's function for free diffusion, and will be used to
solve the problem for other simple geometries, such as a semi-infinite
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Figure 2-7 Two possible representations of the source. In (a) a
continuous line of sources with an exponential decay is used. In (b), the
source is represented by a delta-function at a depth of gy = 1/ 44

homogeneous scattering medium, or a slab with finite thickness and infinite
extensions in the two other dimensions. When illuminating a small spot on the
tissue surface, the source function cannot be described by an isotropic point
source. A stringent model would be to use a line source, consisting of isotropic
point sources, with an exponentially decaying strength, proportional to exp(-fi: 3),
where g is the distance from the boundary. Thus, the fluence can be calculated
from an integration of the Green's function for sources at all depths. A
simplification, proposed by Patterson e «/,' is to assume that all the incident
photons are initially scattered at a depth equal to the mean free path for effective
1sotropic scattering,

1
D= (2.54)

M

At this depth, the source can be approximated with the simple delta-function
described above. The two source-models are shown in Figure 2-7.

Next, the problem requires a specification of the boundary condition at the tissue
surface. If the tissue and the surrounding medium have the same refractive index,
the boundary condition is simply that there should be no photon flux back into
the tissue from the surrounding medium, and can be mathematically expressed as?

#(r)—2Dn-Vg(r)=0, (2.55)

where r is a point on the mnterface and n is a unit normal vector directed into the
tissue. Setting the fluence to zero at an extrapolated boundary at g~ 2D, or

g = 3-:0.7104-D as presented by Ishimaru,'” will approximately satisfy this

31



boundary condition. If, on the other hand, there is a mismatch between the media,
such as at an air-tissue interface, the boundary condition must be changed to allow
internal reflection at the surface, according to?

#(r)—24Dn- V()= 0. (2.56)

Here A can be derived from the Fresnel reflection coefficients as

2/(1—Rﬂ)—1+|cos(9[|3 .

A= > , with (2.57)
1- |cos 0
(ﬂw/ - 1)2
Ry="—"5. (2.58)
(ﬂw + 1)
Rpy =1 /i,gm»/ s and (259)
6 =arcsing,,. (2.60)

An extrapolated boundary with zeto fluence at 3 = 2A4AD=55D =2/, will
roughly satisfy the boundary condition for an air-tissue interface (#iwme = 1.4).

The most commonly used approach to set the fluence to zero at the extrapolated
boundary is to introduce negative mirror sources.?> The point source at 3= g 1s
mirrored in g = -g, resulting in a negative source at = -(2% + z0). This source
geometry 1s represented in Figure 2-8. For a slab, an infinite seties of sources and
sinks will be needed to fully cancel out the fluence rate over the extrapolated
boundaries at both sides. These source term can thus be expressed as

Q(r,t) = Q()ﬁ(z‘) i[é’(r - rkw) - 5(r — 1t )] with (2.61)

f=—0

L = [2/6(51 + 2@) + %,]ea and 1, ,, = [2@5[ + 2%) - (2% + %)]ea.(Z.GZ)

For the diffuse reflectance from a semi-infinite geometry, only the source term
corresponding to & = 0 is used, while for the diffuse transmittance through a slab,
only the terms for which £=-1, 0, +1, +2 will significantly contribute to the
result. Furthermore, when the light propagation is studied at distances from the
source much larger than g, Patterson e 2/ have shown that the pulse shape is
insensitive to the exact location of the extrapolated boundary, and thus it could be
placed on the physical border of the tissue.!®
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Figure 2-8 A schematic representation of a commonly used approach to
meet the boundary conditions. A dipole source is placed symmetrically
around an extrapolated boundary, over which the light fluence is zero. A

positive source is placed at g = -39, and a negative at g = -(23.+30)-

The detected signal on the tissue surface is, as discussed earlier, proportional to the
photon flux, which is related to the fluence rate through Fick's law, Eq. (2.41). The
diffuse reflectance per incident photon can now be expressed in cylindrical co-
ordinates as

R(r,7) = |— DV(r, 2,7) 7O| (2.63)

»=
£e

2 2
- ”Q"(A'ED”)%/Z Bt CXP(_ ﬂaw) exp[_ %} .

The light transmitted through a slab, detected on the side opposite to the source,
will then similarly be

T(r,d,f) = Q()(4ED£)73/2;"5/2 exp(— luayt)exp(— 4’;2 J (2.64)
v
I d—z, ’ d+z ’
a=slon -t |- o -5
 (3d-z) 3d ’
*(3d - x)ew (4T§) - g Jonl -222) 41+>f§)
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These two functions can be used to estimate the optical properties in a highly
scattering medium by fitting the appropriate analytical expression to the measured
diffuse reflectance or transmittance, as was done in Papers II-IV.

2.24  Solutions in the frequency domain

In the previous section the diffusion equation was solved for some geometries
using a very short light pulse. This description of light diffusion in the time
domain can be complemented by an equivalent description in the frequency
domain, a technique well established in spectroscopy.?0 The solution to the
problem can then formally be obtained through the Fourier transform of the time-
domain equation.?’-?8 Alternatively, a more intuitive approach is to introduce a
sinusoldally amplitude-modulated point source, expressed as?%0

0 = 5(x) 0, (1+ Aesp[~ i{or + £)] ), (265)

where () is the source strength, 1 is the modulation of the source, @ is the

angular modulation frequency, and &1s an arbitrary phase. The fluence rate and the
photon flux are assumed to have the same form as the source, ze., a DC part and
an harmonically oscillating AC part. The diffusion equation can now be separated
into two equations, one steady state and one frequency dependent equation, which
can be treated individually. The final result will then be

E &exp(— rm) (2.66)

B 47 Dr
2,2 2 1/4
+ A"Q" exp —r[%} COS| ltan_l[ij
47y Dr v°D 2 v,

T R ®
X exp Z"(Maz—Dzj sin{E tanl[—ﬂ — z'(a)t + 5) :
v vu,

where ris the distance between the source and the detector. For a non-absorbing

medium, this is reduced to

L | A exp| — 1| ? |ex iry| @ _;
¢(r,l)  4mDr ! 47ty Dr P( ZyDj P( 20D (a)f+ g)j (267

From measurements of the phase and the modulation, the optical properties can

be derived. A closer examination of this expression reveals that the fluence rate, or
photon density, from an harmonically intensity-modulated point source in a
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strongly scattering, infinite medium is given by a spherical wave that is attenuated
as exp(-an)/r as it propagates. The AC component is mote attenuated at higher
frequencies. Further, the photon density propagates with a constant phase velocity,
in contrast short pulses that are being dispersed owing to the different phase
velocities of each frequency component. The wavelength of the photon density
wave in a non-absorbing medium is

20D
w

A =27 (2.68)

and its wave front advances at constant speed

I'=v2wDw . (2.69)

For a modulation frequency of 1 GHz, and a diffusion length of the order of
1 mm, the wavelength of the photon density wave will be approximately 50 mm,
and the speed of the wave front about 10" mm s. It can be noted that the
wavelength decreases for decreasing diffusion lengths and increasing modulation
frequencies. As a result, the spatial resolving power improves with increased
scattering. Unfortunately, increased scattering and modulation frequency also
increases the attenuation of the diffuse wave.

In the frequency domain, all the restrictions from the time-domain remain. Thus,
it is possible to solve the diffusion equation for a homogeneous medium and for a
limited number of simple geometries. The boundary conditions can be handled in
the same way as in the time domain, by introducing extrapolated boundaries and
mirror sources.’!

The wave properties of the photon density waves have been studied by several
groups. Fishkin and Gratton® investigated the diffraction of the photon density by
a straight edge, while O'Leary ef @/ investigated refraction and found that the
photon density waves obey simple relations such as Snell's law.33 Photon density
waves of opposite phase were shown to interfere with each other, a phenomenon
that was studied and exploited by Kntittel ¢z 2/ ,3* Schmitt ¢f /.5 and Chance ef a/3¢
Lindquist ¢/ a/. showed that the interference phenomenon is not dependent on the
simultaneous existence of two photon density waves, as classical interference of
light, but could also be obtained by adding the detected signal from consecutive
measurements.’” These measurements were performed in the time domain and
Fourier transformed to reach the frequency domain. By introducing a time delay
before the Fourier transform was performed, one of the curves could be shifted
180° for a chosen modulation frequency. Thus, the same set of measurements
could be used to study the interference at virtually any frequency.
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The applications of diffuse light measured in the time- or frequency domain will
be further discussed in Chapter 3.

2.3 Monte Catlo modelling

A frequently used technique to describe photon propagation in tissue is to
perform Monte Carlo simulations. This technique is based on random walk of
photons in an absorbing and scattering medium, and 1s a flexible, yet rigorous, tool
for investigations of photon transport. A photon package is injected into the tissue
model, and is traced untl it exits the tissue or 1s terminated through absorption.
During the simulation, any physical parameter such as the path, absorption
position, time-of-flight, e, can be logged. This tracking is made for a large
number of photon packages to vield a statistical distribution of the parameter
studied. There are no limitations in tissue geometry or homogeneity. Different
layers and inhomogeneities can be included in the simulation. Further, it is not
required that the diffusion approximation 1s valid. The drawback 1s that substantial
computation time is needed to have good statistics, especially if the point of
interest is far from the source, and the scattering and absorption is high.

A public domain computer code by Wang and Jacques treats the steady state case
for a multi-layered medium,’® and has been used as is or in a modified version for
many investigations. With the original code, it is possible to specify an arbitrary
number of layers with different scattering and absorption coefficients, as well as
refractive index. The result from the computation includes the specular reflection
of the incident light, the distribution of light absorbed within the tissue, and the
distribution of the exiting diffuse light.

Initially, a photon package with the weight W enters the tissue. The step size to the
next point of interaction, s, is calculated as

,oZ(1=¢) (2.70)

H,

where ¢is a random number between 0 and 1. Once the photon package has taken
a step, a fraction of the photon weight is deposited due to absorption. This
fraction is calculated by

AW = e 2.71)
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The weight of the photon package is reduced by AW, and the scattering angle is
calculated. The deflection angle is calculated from the Henyey-Greenstein phase
function, while the azimuthal angle is given by a new random number. The whole
process is now repeated until the photon package leaves the tissue, or the weight is
reduced below a threshold. In the latter case, a new random number decides
whether the photon package is considered to be totally absorbed, ot, in order to
conserve energy, if the weight is to be multiplied with a certain factor to continue
the random walk.
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3. Measurements of tissue optical properties

Several techniques can be used to determine one or more of the optical properties
in a scattering medium. Some methods can be used only on tissue samples 77 vizro,
while other techniques are applicable to bulk tissue ## o, either with invasive
probes, or non-invasively. For thin tissue samples, the amount of absorbed or
scattered light can be determined by direct measurements, while for thicker
samples indirect measurements are made and the optical properties are calculated
by solving the inverse problem. In the following sections, techniques used for
non-invasive measurements of the 7z vivo optical properties are presented. The
methods are divided into steady-state, time-resolved, and frequency-domain
measurements. Some of these techniques have been used in Papers I-IV to
determine, e, the scattering and absorption coefficient of breast tissue, and to
assess the 7z 2o absorption spectrum of di-sulphonated aluminium
phthalocyanine, a tumour-seeking photosensitizing agent.

3.1 Steady-state techniques

In steady-state measurements, the light irradiation and detection are either
continuous or, if chopped or pulsed, the pulse length 1s long compared to the
propagation time of the photons, which 1s typically of the order of nanoseconds.
The reflected light will, as discussed in Chapter 2, consist of two parts; the
specular reflection and the diffuse reflectance. The specular reflection, due to
differences in the refractive indices between the tissue and the surrounding
medium and on the surface texture, will not be considered in the applications
discussed here.

There are two possible entities that can be measured, either the total diffuse
reflectance, Ry, or the local diffuse reflectance, Ri(7). The total diffuse reflectance 1s
the fraction of the incident flux that is remitted through the tissue surface. This
parameter can be measured by placing an optical integrating sphere on the tissue
surface, or by using a distant detector, see Figure 3-1. When g > 4, the similarity
principle applies, and there is no significant differences in Ry for tissues with
different g and g but the same value of /. The diffuse reflectance will then
depend only on the reduced albedo, defined as?

r

' H

a'=——,
Hi+ 1,

(3.1)
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Figure 3-1 Techniques for measuring total diffuse reflectance from
tissue. (a) An integrating sphere is used to collect the diffusely reflected
light, while the specular reflection (dashed line) exits through the input
port. (b) A detector placed at a distance, avoiding the specular reflection,
is used to measure a fraction of the total diffuse reflectance over an area
of the surface.

and the refractive index, 7 Therefore, it is not possible to separate the scattering
and absorbing properties of the tissue. This limits the usefulness of the technique.
Assuming that the reduced scattering is constant, it is, however, possible to
measure relative changes in absorption coefficient at two wavelengths or
dynamically at the same location.

In order to separate the scattering and absorbing properties, another dimension
has to be added to the measurement. This can be accomplished by resolving the
measurements spatially, zZe., by measuring the local reflectance at a number of
distances from a pencil-beam or point source. When the intensity is plotted zersus
the radial distance 7, the terminal logarithmic slope 5,

§ = lim IH(WR”(V)), (3.2)
&

F—>w
can be shown*#! to be proportional to the effective attenuation coefficient fiy
defined as

In Eq. (3.2), » is a constant which has been variously cited as ‘2, 1, or 2,
depending on the model used and the distances covered. If the distance is
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Figure 3-2 Measurements of the local diffuse reflectance. (a) A schematic
drawing of a system based on optical fibres. (b) A typical reflectance
curve, calculated with the diffusion equation.

considerably larger than the mean free path for scattering (r>> 1/4"), diffusion
theory predicts 7z = 2. When the reduced albedo, obtained from the measurements
of the total diffuse reflectance, and the effective attenuation coefficient are
determined, it is possible to calculate the absorption and reduced scattering
coefficients.

The optical properties can also be detived from measurements of the shape of the
whole curve.##4! Here, a correct handling of the boundary conditions in the model
of the reflectance is critical, as discussed in section 2.2.3. The mathematical model,
based on the diffusion approximation, is fitted to the recorded data, using the
optical properties as free parameters. The advantage of this method is that no
absolute reflectance measurements are needed. The accuracy of the optical
properties derived from measurements on tissue phantoms has been reported to
be of the order of 5-10%.2342 A schematic drawing of a fibre-based set-up for the
measurement of local diffuse reflectance and a typical signal are shown in Figure 3-
2. This type of set-up is relatively inexpensive. Filtered lamps or diode lasers can
be used as light sources. If a white light source is used for illumination, and the
detected light is spectrally dispersed in an imaging spectrometer, the diffuse
reflectance can be obtained for a large spectral region in a single measurement. 4344
The detection fibres are typically distributed to cover distances up to 10 to 15 mm
from the source fibre, and can be placed on a line, on the perimeter of a citcle, or
as concentric rings around the source fibre. Since the measurement is based on
light detection at several distances, this technique is sensitive to variations in the
optical properties over the sampling volume. The use of detection fibres in
concentric rings averages the diffuse reflectance at each distance, making this
probe geometry less sensitive to local variations. To have a more homogeneous

41



probe volume, distance between the source and detector fibres should be small.
For short distances, however, the diffusion approximation is not valid. For better
accuracy, Monte Carlo simulations or calibration measurements on samples with
known optical properties, can be used for the evaluation. The evaluation can be
performed using neural networks® or multivariate calibration.*6 Using the latter
approach, root-mean-square errors of less than 1% for both the absorption and
the reduced scattering coefficient has been reported for simulated reflectance
curves.4

3.2 Time-tesolved techniques

If the transmitted, or diffusely reflected, light from a femto- or picosecond laser
pulse 1s recorded as a function of time, a mathematical model can be used to assess
the optical properties. For some applications, such as neonatal brain transmission
spectroscopy,*’* it might be sufficient to measure the effective optical path length
of the detected photons at each wavelength, to be used in the Beer-Lambert law.
The average path length can be estimated by determining the average time-of-
flight of the photons. In the diffusion approximation, the absorption coefficient
can be estimated by the final slope of the time-dependent local reflectance curve,
described by Eq. (2.57), as

u, = %mgln R(r,7). (3.4)
The transport scattering coefficient can then be calculated from the time-to-
maximum of the reflectance curve.l”? Alternatively, the entire analytical expression
can be fitted to the acquired temporal dispersion curve, with the absorption and
reduced scattering coefficients as free parameters. This has been proven in a
phantom to predict the optical properties with an accuracy of better than 10%.4
As mentioned earlier, a requirement is that the detection point is located a large
distance from the source, and that the scattering dominates over the absorption,
Ze., that near infrared light is used. If this is not the case, other evaluation
approaches must be considered. Interpolation in a library of curves generated with
Monte Carlo simulations have been shown to give accurate results.”!

Several groups have investigated the probing depth for measurements in the
backscattering geometry. Bonner e 4/ used a random walk model to show that the
maximum depth probed by a photon is approximately proportional to /3, while
the mean depth varies as 7/2 for sufficiently large distances, 7, between the
injection and detection points.>? These theoretical investigations were confirmed
with experiments by Cuil e a/% Feng ef a/. theoretically found that, in the weak
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absorption limit, the average probing depth is approximately N2r /4 5455

Experimental work by Patterson e/ /56 gave an average probing depth of v/r0 /2,

where 0'is the light penetration depth, defined as (D/,)/2 These studies all show
that a rather shallow tissue volume is probed when the diffusely reflected light is
measured.

We have used the fitting procedure on the data obtained in time- and wavelength-
resolved images, using a spectrometer and a streak camera. As a light source very
short white-light pulses were used, as described in section 3.4. False colour images
of the intensity as a function of both time and wavelength were obtained. Time-
dispersion curves were obtained by summing the intensity in a number of
wavelength channels; see Figure 3-3. The theoretical reflectance, or transmittance,
curve was fitted to the data. In this way the optical properties of breast tissue iz
vivo and in vitro were studied (Papers II-III).575% In a single measurement, a
wavelength region of approximately 250 nm was covered with a spectral resolution
of 3nm, and a temporal resolution of 30-50 ps. The same technique was also
utilized to determine the /7 z7vo absorption spectrum of a photosensitizer (AlS:Pc)
in rodent muscle and tumour tissue (Paper IV). Measurements of the diffusely
backscattered white light were made in animals with and without injection of the
photosensitizer. The scattering and absorption spectra were determined by fitting
solutions to the diffusion equation to the data in two ways. In the first evaluation,
both the absorption and the reduced scattering coefficients were vatied to obtain
the best fit. Then, a second evaluation was made by varying a free time-shift and
the absorption coefficient, while the reduced scattering coefficient was set to the
value obtained in the first evaluation. This latter fitting procedure has been shown
to be rather insensitive to variations in the scattering properties, while it
significantly improves the precision and accuracy of the absorption coefficient.

The technique described here can, of course, be applied to other objects than
tissue. Time-resolved transmittance has been used, eg, for studies of the optical
properties of plant material® and paper.! For thin samples, such as a leaf, the
diffusion approximation is not valid, and it is thus not possible to use the fitting
procedure described above. Instead, a library of Monte Catlo simulations was
generated and fitted to the data. This approach has given good accuracy in
phantom studies.50-1

In the following two sections, two detection techniques for time-resolved

measurements, time-correlated single-photon counting and the streak-camera
recording, are described.
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Figure 3-3 A time- and wavelength resolved measurement of light
propagation in tissuc using femtosecond white light. (a) The intensity as a
function of time and wavelength. (b) A time-dispersion curve obtained
from an image by summing the intensity in a wavelength band, as
indicated in (a). The dashed line corresponds to the impulse response of
the system, while the solid line is the model curve fitted to the measured
data. (From Paper III).

3.2.1 Time-correlated single photon-counting

Time-correlated single-photon counting (I'CSPC) is a commonly used technique
for time-resolved measurements of light, for example to determine the life-time of
excited states of free atoms and for fluorescence life-time measurements of
molecules. It 1s closely related to the delayed coincidence technique used in nuclear
physics for measurements of the decay time of radioactive material. It is a very
sensitive technique, as it 1s based on the detection of single photons. Moreover, it
1s possible to increase the signal-to-noise ratio by increasing the acquisition time.
The idea of the method is to measure the delay between two events, eg, an
excitation laser pulse and the detection of a fluorescence photon, and to repeat this
procedure a large number of times. In this way, a statistical distribution of the time
delay 1s obtained. For time-resolved measurements of photon propagation, short
(pico- or femtosecond) laser pulses from high-repetition-rate lasers are used to
illuminate the scattering medium. A frequently used laser today is the T1:Sapphire
laser, emitting femtosecond pulses at typically 75 MHz. This laser is tuneable in
the near infrared wavelength region. Pulsed diode lasers have become available
lately, and have been applied to this kind of measurements.6>64 The detection of
the light is performed using a photon counting detector, ze, a detector that
generates one electric pulse for every photon 1t detects. This pulse and a reference
pulse, generated for each laser pulse, are fed to a time-to-amplitude converter
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(TAC). The output from the TAC is a voltage pulse with an amplitude
proportional to the time between the two input pulses. This voltage is sent to a
multi-channel analyser (MCA), which converts the analogue signal to a digital one
and adds one count to the channel corresponding to the voltage, ze the time
difference. By repeating this procedure a large number of times, a distribution of
the time between a laser pulse and a detected photon is obtained. To obtain a
correct statistical representation of the time differences, it is important that the
probability of detecting more than one photon per laser pulse is negligible.
Otherwise, only the first will be handled by the electronics, leading to a distortion
of the distribution. This pile-up effect can be avoided if the probability of
detecting one photon per pulse is low, usually less than 1%.

Due to amplitude fluctuations in the signal from the detector, a constant fraction
discriminator (CEFD) 1s often used. The CFD is a device that improves the timing
by compensating for the amplitude variations. Furthermore, a threshold can be set
to reject noise.

A major difference between the TCSPC method and analogue signal processing, 1s
that the temporal resolution is not limited to the width of the detector impulse
response, but rather to the transit time spread of the single photon pulses in the
detector. The triggering accuracy of the electronic system is another limiting
factor. The resulting width of the impulse response of the system 1s of the order of
30-100 ps. Recently, all the electronics (CFD, TAC, and MCA) have become
commercially available on a single computer board, making it realistic to use
several detectors simultaneously.

A drawback of this technique 1s the long acquisition time needed to get a good
signal-to-noise ratio. The relatively low count rate can make the sampling time
considerable, especially when photon propagation in thick multiple-scattering
objects is studied. Moreover, the equipment needed is rather expensive.

3.2.2 Streak camera measurement

Another detection technique allowing measurements in the picosecond range is
the use of a streak camera. The streak camera has a better time resolution
compared to TCSPC, but is a very expensive device and has a limited dynamic
range. It can only be used to detect very weak signals. The technical principle
behind the streak camera is similar to that of an oscilloscope, only that it displays
the temporal variations of optical, rather than electronic, signals. The light pulse to
be measured is focused onto the adjustable entrance slit of the streak camera. This
slit 1s then imaged onto a photo cathode. When a photon hits the photo cathode,
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an electron is emitted and accelerated by a high voltage towards a phosphorus
screen. A rapidly rising voltage, synchronized with the incident light pulse, is
applied transversely across the direction of acceleration to deflect the electrons.
The deflected electron beam 1s amplified in a microchannel plate before hitting the
screen. An image is created on the screen, where one axis corresponds to the
entrance slit and the other to time. Finally, this image is captured by a CCD
camera, controlled by a computer. The streak camera can be used in two different
modes; single shot or synchroscan. In the single-shot mode, signal 1s collected
from one laser pulse. This results in a high temporal resolution, of the order of
1 ps, but low dynamic width. To achieve a better signal-to-noise ratio, it is possible
to accumulate light from several laser pulses. This will, however, result in a worse
temporal resolution (20-50 ps) due to internal jitter in the camera. Furthermore,
this 1s possible only for lasers having a repetition rate of less than 1 kHz. For high
repetition rate lasers, the synchroscan mode can be used. An internal oscillator in
the camera is phase locked to a reference signal from the laser. The deflection
sweep 1s then driven by the sinusoidal signal from the oscillator. The signal is
accumulated from several laser pulses. Due to the synchronization of the light
source and the detector, a better temporal resolution (approximately 10 ps) is
obtained, compared to the accumulation of single shots.

The streak camera has, like the TCSPC system, been widely used for investigations
of tissue and tissue-like phantoms.*$6567 The output from a streak camera 1s an
image of the entrance slit, a one-dimensional image, as a function of time. This
dimension can be used as a wavelength axis for simultaneous time-resolved
measurements over a large wavelength region, as described in section 3.2. Another
possibility 1s to use this axis to study the spatial variations over a line, and through
a single scan in the transverse direction a full image can be obtained.®® One major
disadvantage of streak cameras compared to other time-resolved techniques is the
high cost.

3.3 Frequency-domain techniques

The measurements previously described in the time domain have their equivalents
in the frequency domain, which can be reached through the Fourier transform; see
section 2.2.4.

From measurements of the phase shift and demodulation of the detected light, the
optical properties can be determined. Patterson ef a/. applied the Fourier transform
on the expression in Eq. (2.63), resulting in analytical expressions for the phase
and modulation.?’” From measurements of these two parameters, the absorption
and reduced scattering coefficients can be determined. Fishkin e a/ derived
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expressions for the phase, and AC and DC amplitudes versus the distance in an
infinite medium, and confirmed them experimentally.? Similar expressions were
also presented by Tromberg er 2/

For frequency-domain measurements, instrumentation is available at a lower cost
than for time-resolved systems. The modulation is made in the frequency range
(MHz to GHz) where equipment has been developed for radio applications. Diode
lasers, available at low cost, are easily amplitude modulated. For the detection,
relatively cheap photo diodes or photomultiplier tubes can be used.

3.4 White light generation

For time-resolved absorption or scattering spectroscopy, a tuneable light source,
such as a dye laser, is usually used. This requires sequential recordings as the
wavelength of the light is scanned. An alternative possibility, that we have used in
Lund, is to create sub-picosecond white light pulses through self-phase
modulation of the refractive index in water. Self-phase modulation is the frequency
broadening of an optical pulse due to the non-linear part of the refractive index of
the medium.” Consider an optical pulse

Hz )= Az7) exp(z'(a)()t - éz)) +cc (3.5)
= /(f{,f)e‘{p( (a) r— % gjj +cc

that propagates through a medium. Here, c.c. denotes the complex conjugate. A
non-linear refractive index can be expressed as

ﬂ(%f)zﬂo +ﬂ21<%l‘), (3.6)

where

(3.7)

is the intensity of the electromagnetic field. Further, assume that the medium can
respond instantaneously to the pulse intensity, and that the non-linear medium is
sufficiently short that no reshaping of the pulse occur within the medium. The
electromagnetic field at the end of the medium (g = L) will then be
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If the slowly varying envelope approximation is assumed to be valid, Ze., that the
amplitude does not change considerably during one optical period, the phase of
the transmitted pulse will be

NG, n,Io
P=P. F Py, = O = OL_‘ - %L, (3.9)
where the indices L and NL represent the linear and non-linear parts, respectively.
The frequency is of the field is obtained as the time-derivative of the phase, and
will consequently vary during the pulse as

o(f) = 9P _ g, — 12l (3.10)

B ; ¢ dr

The rapid change in intensity will lead to a spectral broadening of the transmitted
pulse. Figure 3-4 illustrates a Gaussian pulse, and its variation in instantaneous
frequency, assuming that »» is positive. It can be seen that the leading edge of the
pulse is shifted to lower frequencies, while the trailing edge is shifted to higher
frequencies. This effect was first studied in the late 1960's by several groups,’-7*
and a more extensive presentation of theoretical and experimental work can be
found elsewhere.”

To produce white light pulses, we have used the high-power laser facility in
Lund.” Near-infrared light pulses (792 nm, 150 fs, 10 Hz) with a pulse energy of
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Figure 3-4 (a) Time dependence of the incident pulse. (b) Change in
instantancous frequency of the transmitted pulse.
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Figure 3-5 A spectrum obtained from self-phase modulation of a near-
infrared high-power laser pulse focused into water. The dip at about
630 nm is duc to the inverse Raman effect.

2-5 m] were focused into a cuvette filled with water. According to the theory of
self-phase modulation, outlined above, the transmitted pulses were spectrally
broadened to cover the whole visible and near-infrared part of the spectrum. The
anti-Stokes part of a typical supercontinuum spectrum can be seen in Figure 3-5.
The dip in the spectrum around 630 nm is due to inverse Raman effect,” that will
appear at approximately 3400 cm! in pure water.

3.5 Breast cancer

Breast cancer is the most frequent malignant tumour in women in the Western
part of the world today. It is also the most common cause of death among women
aged 40 to 54. In 1996, breast cancer accounted for 27% of all cancers in women
in Sweden.” About 8% of the female population in Sweden will suffer from the
disease during their lifetime. The earlier the tumour is detected, the better ate the
chances for a successful treatment. Most tumours are detected by the women
themselves by palpation. In order to find more tumours at an early stage, various
screening programs are employed. The most commonly used diagnostic technique
for breast tumour detection today is mammography, which has proved to be
efficient for the detection of breast cancer. There are, however, problems in
interpreting the images produced, due to the variability of the structure and density
in both tumours and healthy tissue. The skill of the interpreting physician is an
important factor in finding tumours. Anyway, about 7% of all tumours in all
women are not seen on a mammogram. The corresponding number for women
aged below 50 is 22%.7
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Conventional mammography 1s based on differences in the absorbance of X-rays
transmitted through the breast. Being ionizing radiation, X-rays are associated with
a risk of inducing cancer. This risk must be considered, especially in regular
screening of large populations, such as mammography. It has been shown, that
persons heterozygous for the ataxia-telangiectasia (A1) gene, who make up about
1% of the U.S. caucasian population, have an excess risk of cancer.® The risk 1s
spectally high for female breast cancer, and heterozygotes may constitute 9 to 18%
of all persons with breast cancer in the same population. Moreover, the AT-gene is
assoclated with unusual sensitivity to lonizing radiation. Persons homozygous to
for the AT-gene, with an world-wide incidence of about 1 to 3 in 100 000, suffer
from balance disorders, a depressed immune system, a high risk of blood cancer,
and acute sensitivity to lonizing radiation.$82 Another potential risk with
mammography is caused by the compression of the examined breast. Some
physicians claim that this might lead to a spreading of the cancer cells, which
might induce metastatic tumour growth.

A number of other techniques have thus been developed to improve the
possibility to detect breast cancer without using ionizing radiation. Thermography
has been proposed to detect the increased temperature due to the higher
metabolism 1n tumours. This method is, however, not specific for cancer, but also
detects acute inflammatory diseases. Ultrasonography can be used to detect
differences in the acoustic impedance between tissues. With this technique, it has
been shown to be difficult to differentiate between benign and malignant tumours.
The difference in acoustic properties between fat and connective tissue also makes
the interpretation difficult.” Measurements of the skin-surface electropotentials
have been used in a European multi-centre study to distinguish between benign
and malignant tumours with some success.?> The best result was obtained in
women with palpable lesions.

The use of low enetrgy photons, especially in the near-infrared wavelength region,
is another field of research that has attracted much interest. This field will be
presented in the next section.

3.6 Diaphanography, transillumination, and optical mammography

3.6.1 Continnons wave techniques

The use of vistble light for transillumination of the breast was first suggested in
1928 by Ewing and Adair of the Breast Clinic Memorial Hospital in New York.
One year later, the first clinical results using light transmitted through the breast
was reported by Cutler at the same hospital? He used a strong lamp for
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illumination, and made ditect observation of the breast in a darkened room. Blood
and solid tumours appeared opaque, while fat was found to be highly translucent.
The technique was, however, impractical and the diagnostic value was limited.
Some improvements of the light source were performed from 1950 through the
1970's, and photographic recordings using ordinary colour film were added to the
detection. Filtered lamps permitted the use of higher intensities at the useful
wavelengths. The trechnique was termed diaphanography or diaphanoscopy.
Ohlsson ez al% introduced highly IR-sensitive film for the detection. They
reported good screening results with this technique, but this was not verified by
others. The photographic film was replaced by IR-sensitive vidicon tubes for
detection, and false-colour images were generated from the light detected in the
different wavelength bands. This technique was termed telediaphanography or
lightscanning.8>87 Some major limitations to this technique was, however, the
difficulty to distinguish between malignant and benign lesions and a poor spatial
resolution, especially if the lesions were located more than 2 cm below the
surface.® The lightscanning technique has in several studies been shown to be
inferior to ordinary X-ray mammography for tumour detection.”88:89

Recently, a prototype for CW optical transillumination has been developed at
Philips Research Laboratories, Eindhoven, the Netherlands.” The person
investigated 1s lying on a table with the breast freely pending in a 130 mm diameter
cup. The cup 1s filled with a fluid to be able to use a fixed geometry without
inducing mismatches in the refractive index. In the wall of the cup, 255 source
fibres and 255 detectors are mounted. Laser diodes at three wavelengths (670, 780,
and 920 nm) are sequentially switched into the source fibres. The light is detected
for all combinations of sources and detectors, a procedure that takes less than two
minutes per wavelength. Tomographic calculations are then performed to get an
image of the light attenuation coefficient in the breast.

3.6.1.1 Time-resolved technigues

Various techniques to improve tumour detection using light have become feasible
with the rapid development within optics and electronics during the last decades.
One possibility to perform enhanced imaging in tissue is to use a technique called
time-gated viewing, in which only the first photons arriving in a short time
window are detected. These eatly photons are the least scattered, and thus had a
shorter and straighter path through the tissue. As a result, more information about
the spatial localization of an embedded optical inhomogeneity can be obtained.
Time-gated viewing was first theoretically proposed by Maarek ¢ o/, who used
Monte Carlo simulations to show an improved contrast.”! The first z# vivo results
using time-gated transillumination were presented by Berg e/ 2/92% In this work a
linear scan over a hand showed a clear demarcation of the bones in the hand.
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Photons that are not scattered in the tissue are sometimes referred to as ballistic
photons.®* These photons are attenuated according to Beer-Lambert's law and
would thus give a good resolution in a transillumination image. Ballistic photon
detection 1s, however, not possible in thick biological tissues, such as the breast or
the brain. For a 5 cm thick tissue with a typical scattering coefficient of 100 cm,
the fraction of true ballistic photons would be ¢ = 10217 In the visible
wavelength region, 1] corresponds to approximately 108 photons. Thus, 101 ]
are needed to detect one ballistic photon, which is unrealistic. Consequently, time-
gated imaging must rely on scattered photons, and the idea of the gate is to only
record the quasi-ballistic photons. The number of quasi-ballistic photons in an
eatly time-gate is largely influenced by the scattering properties of the tissue, while
the late arriving photons are more sensitive to absorption.®295% Thus, the use of
eatly time gates for optical mammography would mostly be based on the detection
of variations in the scattering. Experimental work has shown differences in the
reduced scattering coefficient between normal breast tissue and tumour tissue297

(Paper 1.

In time-gated viewing, only a very small fraction of the photons arriving at the area
of detection are detected, as most of them arrive too late to fall inside the time
gate. However, in many experimental set-ups used for time-gated viewing, all
photons are recorded anyway. Thus, it is possible to use all the information
obtained from the temporal distribution. One approach would be to map the
absotption and transport scattering coefficients, obtained by fitting solutions of
the diffusion equation to the data, for different points in a scan. This is feasible,
e.g., for a breast compressed between two plates. Cubeddu e7 2/ have proposed the
use of this method to map out differences in scattering properties, while
integrating the late-arriving photons to evaluate the variations in absorption.” For
imaging purposes, some kind of tomographic reconstruction of the diffuse light
for a number of light sources and detectors is needed. Arridge and Hebden
recently reviewed different image reconstruction approaches.”

Some tomographic systems based on time-resolved detection have been
constructed. Delpy and collaborators at the University College, London, have
constructed a system for imaging of the female breast or neonatal head.! The
system, known as MONSTIR (Multi-channel Opto-electronic Near-infrared System
for Time-resolved Image Reconstruction), uses pulses (1 ps) from a Ti:Sapphire-
laser that are sequentially switched into 32 different optical source fibres. The
diffusely transmitted light is simultaneously collected with 32 other fibres, and
detected by microchannel-plate photomultiplier tubes, using time-correlated single
photon counting. This results in a data set consisting of 1024 time-dispersion
cutrves, that are processed using an diffusion approximation model based on the
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Finite Element Method (FEM). More information on this system and the image
reconstruction algorithms used can be found on the Internet.!0!

Another TCSPC system has been constructed by Chance and collaborators at the
University of Pennsylvania. Here, the light sources used are two pulsed laser
diodes (780 and 830 nm, 50 ps, 5 MHz) that are multiplexed into the same fibre.
The excitation light can then be switched mnto any of 24 source fibres. The
detection side consists of eight parallel TCSPC-channels. This instrument has been
used to monitor changes in blood oxygenation in the primary motor cortex area of
the brain for functional imaging,%> and together with magnetic resonance imaging

(MRI) for breast imaging.®

One commercial system, not much presented in the literature, has been
constructed by Imaging Diagnostic Systems, Inc., Plantation, Florida. It 1s based
on what they call computed tomography laser mammography (CILM), using time-
gated viewing. Clinical studies have been approved by FDA, and are ongoing.102

3.6.1.2 Frequency domain

The first 7z vzvo images using a frequency domain system were recorded by Gratton
et al in 1993.19% Laser pulses from a cavity dumped dye laser (690 nm) were
incident on a hand. The diffusely transmitted light was detected with a cross-
correlation, or heterodyne, technique. This means that the gain of the detector is
modulated at a slightly different frequency, with a beat frequency of 40 Hz. A two-
dimensional scan of the source and the detector was performed. The data were
presented in three images, representing maps of the intensity, phase, and
modulation in each pixel. The authors claimed that the bones and blood vessels
could be imaged with a spatial resolution of the order of a millimetre.

In 1994, Madsen et al presented a portable, high-bandwidth frequency-domain
instrument for photon migration studies.'®* A vector network analyser, usually
used to measure reflection and transmission characteristics of devices and
networks, was used to sweep the modulation of laser diodes from 300 kHz to
1 GHz. This instrument has been used to investigate the optical properties of
breast tissue iz wiwo. Several investigations have been performed using four
different wavelengths, 674, 811, 849, and 956 nm.195197 The absorption coefficients
obtained for the different wavelengths can then be used to calculate the
haemoglobin concentration (total, oxy-, and deoxy- forms), oxygen saturation, and
water content. By the addition of another laser diode (915 nm), the fat content can
also be estimated.18

Some industrial companies have constructed frequency-domain breast imaging
devices. Clinical trials have been performed using prototypes developed at Catl
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Zeiss and Siemens, both in Germany. The system developed at Carl Zeiss is briefly
described by Kaschke ez 2/,' and is based on frequency-modulated (>100 MHz)
laser diodes at about 690 and 810 nm. The light 1s detected by a photomultiplier
tube. As in a conventional X-ray mammograph, the breast is compressed between
two plates, to a maximum thickness of 6 cm. Data are obtained through a collinear
scan of the source and the detector over two dimensions, leading to a
measurement time of 3-5 minutes. Images acquired with this system were also
presented by Fantini ez /11" The specifications of the system built at Siemens, and
the results from clinical trials have not been widely published.

A review of the instrumentation and techniques involved in various systems for
phase measurements of absorption and scattering in human tissues was recently
published.!!! Apart from those described above, a large variety of other detection
schemes have been proposed for imaging of scattering media, such as tissue.
Reviews of these techniques can, for example, be found in Refs. (112-113).
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4. Tumour-selective photosensitizing compounds

Tumour selective agents can be used both as an aid for localization and
characterization of various diseases, and for treatment. For tissue characterization,
fluorescent tumour markers have been used, mainly in oncologic applications. A
fluorescing agent 1s administered, usually by intravenous injection. During a certain
time, the substance will selectively accumulate in malignancies. The fluorescence of
the agent, often in the red wavelength region, can be detected following low-power
irradiation in the UV or near-UV part of the spectrum. For therapy, the agent 1s
administered and irradiated with higher energles and, frequently, at longer
wavelengths than is the case for fluorescence measurements. The light will then
trigger a photochemical reaction, leading to a selective cell death. This is the
principle of photodynamic therapy, and in this context the tumour-selective
compound is known as a photosensitizer. The most commonly investigated
photosensitizers also have fluorescing properties. This allows convenient iz vive
monitoring of the accumulation of the photosensitizer and the progress of the
therapy. On the other hand, not all photosensitizers are suitable for purely
diagnostic purposes due to an induced long-term photosensitivity. Work has also
been performed to develop fluorescent tumour markers without any
photosensitizing properties. Within the literature, the term photosensitizer is often
used also when only the properties of a fluorescent tumour marker is of concern.
In the following, the discussion will mostly concern photosensitizers, all also
having fluorescent properties. The term fluorescent tumour marker is used when
the compound is used for fluorescence-based diagnostic purposes only.

4.1 Commonly used photosensitizets

A variety of compounds have been investigated in the search for the ideal
photosensitizer. There are several properties that are of interest. A high degree of
selective accumulation of the photosensitizer to malignant tissue is desirable, in
order to only destroy tumour tissue. Next, a high quantum yield for singlet oxygen
generation 1s favourable for an efficient treatment. This also requires a good tissue
penetration of the treatment light, which preferably should be in the near infrared
wavelength region. A destruction of the photosensitizer through photobleaching 1s
also advantageous. This helps saving the normal tissue, where the available
photosensitizer concentration is low. The PDT effects may thus be below the
damage threshold, also for high light doses. Another important aspect is that the
accumulation and clearance times are short, to minimize a general skin
photosensitivity. This can also be accomplished by local application of the
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Figure 4-1 The main cores of the porphyrin and chlorin structures,
respectively. The difference between is that for chlorins at least one
double bond in the pyrrole rings is reduced to a single bond.

photosensitizer, ¢g, by topical application on skin tumours. For topical
applications, a good tissue penetration of the compound is needed.

4.1.1  Porphyrins

Porphyrins make up a group of molecules based on the chemical structure shown
to the left in Figure 4-1. The photosensitizing properties and tumour selective
accumulation of haematoporphyrin wetre investigated in the first half of this
century (see section 5.1). Porphyrins have a strong absorption peak at about
400 nm (the Soret band), and a number of minor peaks at longer wavelengths, up
to about 630 nm. The fluorescence is characterized by a dual-peaked emission in
the red wavelength region, at about 630 and 700 nm. Substantial pre-clinical and
clinical investigations have been performed with Photofrin. Photofrin is a partially
purified form of haematoporphyrin derivative (HpD), which in turn is obtained
from preparations of haematoporphyrin with acetic and sulphuric acid. It consists
of a mixture of several porphyrins, monomers as well as dimers and oligomers.
The first health agency approval for PDT with Photofrin was obtained in Canada
in 1993 for prophylactic treatment of bladder cancer. Since then, further approvals
have been obtained in the United States, Japan, and some countries in Europe.14
Photofrin is, however, associated with a long-lasting skin phototoxicity, making it
less attractive for clinical use.
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Figure 4-2 'The chemical structures of some molecules used for
photodynamic therapy and fluorescence investigations. The molecules
are ALA, d-aminolevulinic acid; PpIX: protoporphyrin IX; mTHPC:
meso-tetra hydroxyphenyl chlorin; BPD-MA: benzoporphyrin derivative-
monoacid ring A; MACE: mono-aspartyl chlorin ¢ Sali12: tin
ctiopurpurin; AlS;Pc: di-sulphonated aluminium phthalocyanine; Lu-tex:
lutetium texaphyrin.
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During the last decade, 6-aminolevulinic acid (ALA) induced protoporphyrin IX
(PpIX) has become a widely used photosensitizer. In contrast to other
photosensitizers, PpIX is synthesized within the cells following administration
ALA. The properties of ALA and PpIX will be discussed in more detail in
section 4.2.

4.1.2 Chlorins

Chlorins are reduced porphyrins, ze. one or more double bonds in the pytrrole
rings are reduced to a single bond (Figure 4-1). One major difference between the
two groups is that chlorins have the strongest absorption peak in the red part of
the spectrum (640-700 nm), which gives the compound a green colour.!’> One
well-known member of this group of molecules is chlorophyll. Several chlorins
have been investigated as possible photosensitizers for PDT. One of the most
active of all photosensitizers studied so far is meso-tetra hydroxyphenyl chlorin
(mTHPC, Foscan). Both the drug and light doses needed for a successful
treatment is one order of magnitude lower than for Photofrin.''* Presently,
mTHPC is undergoing clinical trials for head and neck cancer.

Benzoporphyrin derivative-monoacid ring A (BPD-MA) is, despite the name, a
photodynamically active chlorin, synthesized from protoporphyrin.!'¢ It has a
strong absorption maximum at 690 nm, and a single fluorescence peak at
700 nm.""7 The accumulation is rapid, peak levels are reached at 3 hours post
injection, and 50-60% remains after 48 hours.!!®8 BPD-MA has gained most
interest in the treatment of age-related macula degeneration, which is a common
cause of blindness in elderly people. With PDT, the leaky vessels of the retina can
be closed without damage to the ovetlying retinal tissue.

Chlotin e is a compound detived from chlorophyll-a. The absorption spectrum is
similar to that of haematoporphyrin, with a Soret band at 400 nm and three or
four Q-bands ranging from 500 to 670 nm. The fluorescence spectrum contains
only one peak, which is centred at about 670 nm. Various detivatives, including
mono-L-aspartyl chlotin es (MACE, NPe6) and di-aspartyl chlorin es (DACE),
have been used for PDT, i vitro as well as in vivo. NPe6 1s undergoing clinical trials
in Japan for treatment of endobronchial lung cancer.!14

Yet another chlorin sensitizer is tin ettopurpurin (SnET?2, Purlytin). This agent is in
phase IT clinical trial for cutaneous metastatic breast cancer and Kaposi's
sarcoma.'* The wavelength used for PD'T with SnET?2 is around 660 nm. Some
problems with photosensitization one or more months after treatment have been
reported.
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4.1.3  Phthalocyanines

Phthalocyanines have been subject for much research, being photosensitizers with
some attractive qualities. The absorption spectrum reveals a single peak in the red
wavelength region (670-690 nm). The absorption in the UV and blue part of the
spectrum 1s low, resulting in a lower cutaneous photosensitivity. The fluorescence
spectrum exhibits a single peak at about 700 nm.

The properties of phthalocyanines can be altered in two ways. Firstly, various
metal ions can be chelated into the centre position of the ring structure. The
choice of metal ion affects the fluorescence quantum yield, the triplet yield, and
the triplet lifetime. The use of aluminium results in a highly fluorescent compound
(AlPc) with high photosensitizing ability, while a substitution by a copper ion
(CuPc) will eliminate these properties. Secondly, the water solubility can be
enhanced by increasing the degree of sulphonation. Crude phthalocyanine is
insoluble in water, while the substitution of four sulphonic groups (SOs) results in
a watet-soluble tetrasulphonated phthalocyanine.

4.1.4 Texaphyrins

Texaphyrins are a new class of porphyrin-like photosensitizers, consisting of an
expanded aromatic macromolecule with complex large metal cations. These
compounds have a high absorbance peak in the near-infrared, 730-770 nm. One
dye belonging to this group is lutetium texaphyrin (Lu-tex, LUTRIN). The
absorption spectrum of Lu-tex exhibits a major peak at 470-480 nm, depending on
the solvent, and also a strong peak at about 730 nm.'"? The long-wavelength
absorption peak allows the treatment of thicker lesions, due to the increased
penetration of light at these wavelengths. Potentially, it could also be used in the
treatment of pigmented lesions, such as melanomas. Furthermore, the drug has
been reported to be highly selective for malignant tumours versus normal tissue.!1?

4.1.5 Comparison of different sensitizers
As mentioned above, several factor must be taken into account when comparing
different photosensitizers for PDT. The intrinsic efficiency of a photodynamic

process can be quantified by a parameter (&) defined as the singlet oxygen
generation rate [M s per unit incident power [mW cm?| at the irradiation
wavelength A [nm], per unit sensitizer concentration [M]. An expression for & in

terms of measurable quantities is

a=1925x107 1D, ¢, , 4.1)
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where & [M1 cm!] is the sensitizer extinction coefficient. The photodynamic and
fluorescent properties of some photosensitizers are given in Table 4-1.

4.2 5-Aminolevulinic acid

During the last decade, much research activity within the field of PDT and
fluorescence investigations have been performed with the photosensitizer pro-
drug §-aminolevulinic acid (ALA). When ALA is administered to living tissue, it
takes part in a chain of biochemical reactions, called the haem-cycle, where it will
be converted to the fluorescent and photodynamically active compound
protoporphyrin IX (PplX). Studies on the porphyrin biochemistry have earlier
been petrformed in relation to porphyric diseases, and is thus rather well-known.
Already in 1956, Betlin ¢f /. investigated the pharmacokinetics of radio-labelled
ALA in humans and rats.12%124 In 1987, Malik and Lugaci used ALA-induced PpIX

PDT Fluorescence

Sensitizer D, APDT o Aexc Aem T [oF

Gy @mp (@) | @mp  @mp @)
HP 73 630 30 405 610 13.5 9
HpD 400 610 15.5,25 2-7
PpIX 56 630 110
PF 89 630 30 <10¢
Chl-e6 64 662 220 410* 664* 3.7
BPD-MA 84 687 320 400 690 5.5 10-20¢
AlS4Pc 38 673 760 350 675 53 30~50¢

aRef.(120); PRef. (121); <Ref. (122)
*MACE

Table 4-1 Photophysical and photochemical properties of some
photosensitizers. @,: singlet oxygen yield; Appr: wavelength used for
PDT; o: singlet oxygen gencration rate at Appr; Aesc, Aem: main
fluorescence excitation and emission wavelengths, respectively; @p:
fluorescence quantum yield, Hp: haematoporphyrin; HpD: haemato-
porphyrin derivative; PpIX: protoporphyrin IX; PI': Photofrin; Chl-¢6:
chlorin eg; MACE: mono-aspartyl chlorin eg; BPD-MA: benzoporphyrin
derivative monoacid ring A;  AlS4Pc:  tetra-sulphonated  aluminium
phthalocyanine.
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for PDT of cells 7n vitro.1?5 The same year, Peng ef a/. studied the uptake of nine
different potential sensitizers in tumours and normal tissue of rats and mice.!?
They also tested ALA, and found that porphyrin fluorescence was induced, and
that the levels in several normal tissue types was rather low. They concluded that
the possibility to use porphyrin precursors in PDT needed to be further
investigated. Kennedy and Pottier pioneered the use of topically applied ALA in
the treatment of human malignant skin tumours, and published their initial results
in 1990 and 1992.127128 Since then, the experimental and clinical work of PDT has
grown exponentially, evaluated as the number of papers published in the scientific
press. In Lund, the first treatments with ALA-PDT took place in 1991, and 1s now
petrformed on a regular basis at the University hospital.

As mentioned above, ALA is a naturally occurring compound. It is a small straight
amino-acid that 1s neither fluorescent nor photodynamically active. In the first step
of the haem biosynthetic pathway ALA is naturally formed from glycine and
succinyl coenzyme A. The last step is the formation of haem through the
incorporation of iron into PpIX under the action of the enzyme ferrochelatase. All
nucleated mammalian cells can produce haem, but cells in a proliferative state are
more active in this production. It has been shown that porphobilinogen
deaminase, an enzyme catalyzing one of the eatly steps in the pathway, is more
active In some malignant tumours.!?131 Moreover, ferrochelatase is reported to
have a reduced activity in malignancies 129130132134 As g result, a selective
accumulation of PpIX takes place mn malignant cells.135136 ALLA is a hydrophilic
molecule that does not easily penetrate intact skin.'?’ The keratin layer of the skin
1s the main barrier for ALA when topically applied. For cutaneous lesions,
however, this layer is usually damaged, resulting in an increased penetration of
ALA and thus an enhanced selective accumulation of PpIX. PpIX exhibits a
strong red fluorescence when excited at its Soret band (approximately 410 nm).
The fluorescence spectrum is dual-peaked, with a major peak at about 635 nm, and
a smaller peak at approximately 705 nm, see eg., Papers XII-XIII. The absorption
peak in the red wavelength region is at about 635 nm when dissolved in human
serum.!37

Most of the work in fluorescence diagnostics and photodynamic therapy presented
in this thesis will be based on topical application of ALA for investigations and
treatment of non-melanoma skin malignancies. ALA has several advantages over
other photosensitizers. First of all, it is an endogenous substance, associated with
low toxicity also when given in excess. It can be delivered intravenously, orally, or
topically. The topical application reduces the systemic photosensitivity. For
fluorescence investigations, it 1s possible to give the drug in a low dose, not
inducing any detectable fluorescence signal in the normal skin. The accumulation
time 1s rather short, and most of the photosensitizer is cleared within onr or two
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days. The main drawback is the small penetration depth of the light at the
excitation wavelength (635 nm). For topical application, the drug penetration is
also rather low.

4.2.1  Pharmacokinetics and selectivity

The fast clearance is one of the main advantages of ALA-induced PpIX. This also
restricts the timing for PDT or fluorescence investigations following the
administration. Several investigations have been performed to find the optimal
time schedule after systemic or local administration. We have used laser-induced
fluorescence to investigate the pharmacokinetics of PpIX in basal cell carcinomas
of the skin following topical application of ALA (Paper XII). The first
measurements were performed prior to the application, to be used as a reference.
New fluorescence recordings were performed two, four, and six hours after the
application. The therapeutic irradiation took place immediately after the last
investigation. At each occasion, the fluorescence was recorded in scans over the
lesion and the adjacent normal skin. It was found that the PpIX fluorescence
reached maximum levels earlier for nodular lesions as compared to superficial
ones. In the head and neck area, the fluorescence intensities were higher for both
lesion and normal skin, compared to other sites on the body. This resulted in a
lower tumour-to-normal ratio for facial lesions. Furthermore, the buildup in the
normal skin of the face was much quicker than on other parts of the body. These
findings are in agreement with the results presented by Tope ¢f 44, who studied the
pharmacokinetics of PpIX following systemic administration.!3

Two hours after the treatment, a new set of measurements was acquired. At this
time, the PpIX fluorescence had again increased. Both the lesions and the normal
tissue demonstrated approximately the same intensity. This phenomenon has been
observed earlier!?$139 and it has been suggested to use the newly synthesized PpIX
for another illumination period.

On a larger group of patients, the selective buildup of PpIX was investigated
(Paper XIII). For these patients, the fluorescence recordings were performed only
prior to the application of ALA, and immediately before and after PDT (six hours
after the accumulation). Before PDDT, a certain level of PpIX could be found also
in normal epidermis. The average tumour-to-normal ratio was found to be
approximately 2.3:1. Furthermore, the results of the fluorescence investigations
were correlated with the treatment outcome. The conclusion was that neither the
level of PpIX prior to the irradiation nor the amount of photobleaching during
treatment could be used to predict the clinical result. There was, however, a
tendency that superficial lesions not completely responding to the treatment
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exhibited a higher PpIX-fluorescence prior to the irradiation, compared to the
successfully treated ones.
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5. Photodynamic therapy

A photodynamic reaction is a chemical reaction involving oxygen which 1s
facilitated by light irradiation. This type of reaction is taken advantage of in
photodynamic therapy (PDT). PDT is a modality for local treatment, that has
mostly been applied to malignant tumours. The technique relies on the coexistence
of three components; a photosensitizer, oxygen, and light. A photosensitizer is a
chromophore that is administered to the body, and that accumulates to a higher
degree 1n diseased tissue. After a certain time, depending on the photosensitizing
agent being used, the area is irradiated with non-ionizing radiation, usually light in
the red wavelength region. A cytotoxic reaction is photochemically induced in the
presence of oxygen and photosensitizer, leading to local cell destruction.

Photodynamic therapy offers a number of advantages compared to other
oncological treatment modalities. Since photosensitizers that are selectively
accumulated 1n malignant tissue can be utilized, the treatment will also be selective
even if a margin of the adjacent normal tissue 1s irradiated. The healing is relatively
fast, and the scar formation minimal, if any. The treatment does not generally
require any anaesthesia, provided that the treatment area is easily accessible, and
PDT can be repeated an unlimited number of times. Moreover, the cost is
moderate and it has minimal hazardous effects on patients or medical personnel.
The major disadvantage is the limited penetration of the treatment light and of
topically applied photosensitizers, restricting this modality to superficial lesions.
For thicker lesions, interstitial light delivery is possible, however. Another
drawback is the relatively long elevation in skin photosensitivity associated with
several photosensitizers.

Various aspects of PDT is presented in this thests. The most important work 1s
presented in Paper XI, which reports on a Phase III clinical trial, comparing this
treatment modality with cryosurgery for the treatment of basal cell carcinomas of
the skin. Laser-induced fluorescence measurements and laser-Doppler perfusion
imaging were performed in connection with this study in order to monitor the
buildup of the sensitizer and the course of healing (Papers XII-XIV). Pain has
been reported to be one of the side effects associated with PDT, and was
investigated m Paper X. Furthermore, a comparison was made between a
continuous wave light delivery, and various pulse modulated schemes, using two
irradiation wavelengths (Paper IX). Paper VII reports on, probably, the first ALA-
PDT treatment using a clinically adapted diode laser, emitting light at 633 nm.

65



5.1 History

Light has been used in the treatment of various diseases since ancient times. In
Egypt, China, and India, the beneficial action of the sun on skin diseases without
any special photosensitizer was known. Sun exposure was used to treat vitiligo,
rickets, psoriasis, and skin cancer.!:141 About 3000 years ago, the Greeks
introduced heliotherapy, a whole-body exposure to the sun, which they claimed to
be useful for the restoration of health. In the late 18 century, these ancient forms
of phototherapy were rediscovered, and the sun exposutre was re-established as an
effective therapy for rickets.1#2 During the 19t century, phototherapy developed
into a science, with the Danish physician Niels Finsen as one of the most
important researchers. In 1893 he found that the use of red light in the treatment
of smallpox prevented suppuration of pustules. Later he also used ultraviolet
radiation from a carbon arc in the treatment of Jupus vulgaris (skin tuberculosis),! a
work for which he was awarded the Nobel prize in 1903.

The use of exogenous photosensitizers to improve the efficacy of phototherapy
was desctibed already in India's sacred book Atharva-veda (1400 BC).143 Here,
detailed descriptions on the use of psoralens (furocoumarins) obtained from the
seeds of Psoraka corviifolia were used for the repigmentation of vitiligenous skin.
The Egyptians used psoralens from another plant, Amni majus, which they used in
the treatment of vitiligo around the 12% century AD. In 1974, psoralen dyes
activated by UV-A radiation (320-400 nm), were found to be effective in the
treatment of psoriasis. Further development has made this treatment modality
(PUVA) practical for the treatment of psoriasis, vitiligo, and as a part of
immunotherapy.

By the end of the 19th century, the first scientific investigations were performed on
photosensitized reactions. An important finding was made by Oscar Raab, a
student of Herman von Tappeiner in Munich, when investigating the toxic
properties of acridine, a coal tar derivative, to the paramecium.!* He found that
the toxicity varied significantly with the ambient light level. Further experiments
confirmed that acridine and light increased the toxicity, while acridine or light
alone were not toxic. Raab concluded that the “optical property” of the
fluorescence was responsible for the toxicity, and realized that it was not the light
itself, but some product of the fluorescence that was active. He also predicted the
use of fluorescent substances as therapeutic agents in dermatology.'*> The work of
Raab was later taken over by von Tappeiner. He found that oxygen was required
for photosensitization, and coined the term photodynamic therapy to describe this
phenomenon.146 Moreover, von Tappeiner was the first scientist to use PDT on
patients. He treated nine patients with skin tumours using eosin as a
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photosensitizer, and the sun or an arc lamp as a light source.'¥” The tumour area
was Irradiated during a period of several weeks, and improvement was reported.

The photosensitizing properties of haematoporphyrin were discovered in 1908 by
Hausman,'¥® who reported on destruction of red blood cells, and observed
symptoms of sensitized mice. Five years later, Meyer-Betz proved the
photosensitizing properties of haematoporphyrin, after injecting himself with the
agent.!¥ After a few minutes of irradiation, he noticed severe pain and swelling of
the light exposed areas, and remained photosensitive for more than two months.
In the period between the two world wars, there were two major advances in
PDT. Firstly, Policard observed spontaneous fluorescence in experimental
tumours illuminated with a Wood's lamp, and concluded that porphyrins
selectively accumulate in tumours.’® Secondly, Auler and Banzer made the first
report on photodynamic action involving haematoporphytin on tumours.> They
investigated the selective uptake in animal tumours, and initiated some studies on
humans, that were interrupted by the Second World War. This work, however,
stimulated further studies on accumulation and retention of porphyrins. Figge ef
al5? investigated the selective retention 7z #iwo, and proposed the use of
haematoporphyrin for cancer diagnosis. Further studies confirmed the tumour-
localizing properties of haematoporphyrin in a variety of tumours.!’® The
therapeutic effect of crude haematoporphyrin was poor. In an attempt to purify
this mixture, Schwartz e¢f al. found that another porphyrin preparation,
haematoporphyrin derivative (HpD), had superior tissue-localizing properties. The
first use of HpD in the treatment of a malignant tumour in a patient was reported
in 1966 by Lipson ef al., who treated a recurrent breast carcinoma with moderate
success.> In 1972, Diamond ef a/ reported on effective destruction on HpD-
sensitized experimental glioma,'>> and three years later Dougherty ef 4/ were the
first to show long term cures of various tumours in HpD-sensitized rats and
mice.’% Kelly ¢ a/ studied the selective HpD uptake in malignant and pre-
malignant bladder lesions, and reported on one case treated with PIDT.157 The first
systematic human trials were performed in 1978 by Dougherty e 2/ They
reported on complete or partial response in 111 of 113 cutaneous or subcutaneous
malignant lesions in 25 patients, using HpD and a filtered xenon arc lamp. The
next major step within clinical PDYT, was the introduction of ALA. Kennedy ez 4/
reported on the first clinical use of topical ALA in the treatment of skin
malignancies in 1990 and 1992127128 Since then, ALA-PDT has been used in a
large number of clinical specialities at various places. A review of the clinical
research using this treatment modality can be found in Ref. (137). More detailed
reviews of the history of PD'T can be found elsewhere. 25
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5.2 Mechanisms of PDT

The treatment of tumours with photodynamic therapy involves a photosensitizer
that is selectively accumulated in the tumour, the subsequent exposure of the
tumour to light, and the presence of oxygen. The following presentation will relate
to the use of ALA-induced PpIX as a photosensitizer. Most of the discussion will,
however, also be applicable to other photosensitizers. When light with a
wavelength of about 635 nm is absorbed by PpIX, the molecules will be excited to
the first excited singlet state (S1), also called the Q-band. From here, the molecules
can be transferred to the lowest triplet state (11). This inter-system crossing is
spin-forbidden, but still has a high quantum vyield due to the small energy
separation. The energy of Ti is lower than that of Si, inhibiting the reverse
process. The relaxation to the singlet ground state (So) is again a spin-forbidden
inter-system crossing. The probability for this relaxation is low, leading to a
relatively long lifetime (of the order of milliseconds) and thus a high probability
for the interaction with surrounding molecules. The reactions involved in PDT are
divided into two groups depending on the nature of the reaction. In Typel
reactions, the energy of the excited sensitizer is transferred to another molecule via
electron transfer or hydrogen abstraction. A Type Il reaction is a process whete
the excess energy of the sensitizer is transferred to oxygen molecules, exciting
them from the triplet ground state °Xy) to one of the first excited singlet state 'A,.
Singlet oxygen is very reactive, and acts as an aggressive oxidant on many target
molecules, such as proteins, nucleic acids, and phospholipids. The diffusion
distance of singlet oxygen in biological tissue has been estimated to be of the order
of 0.01 um, corresponding to a lifetime of about 0.01-0.04 ps.'%* Thus, not only
the concentration, but also the subcellular localization of the sensitizer is
important for the cell killing efficacy. The amount of oxygen available 1s, of course,
also of great importance. This is further discussed in section 5.5.3.

5.3 Photobleaching and photoproduct formation

When the excited photosensitizer molecule transfers its excess energy in the
reactions discussed above, it relaxes to the ground state and can again be excited
through light absorption. The photosensitizer might also be oxidized by the singlet
oxygen,'0h102 that by definition is generated in the immediate surrounding. This
process 1s called photobleaching or photodegradation. When PpIX is
photodegraded during PIYT, a new fluorescence peak can be observed at about
670 nm'%3 (Papers XII-XIII). The photoproducts responsible for this fluorescence
are believed to by of a chlorin type16219+ and are also believed to be
photodegraded in the same way as the porphyrins.’6216> One of the major products
1s photoprotoporphyrin, which is a good photosensitizer, but also a photolabile
molecule. 163166167 Being a chlorin, it has a relatively strong absorption at about
670 nm. 137167 Thus, it could be of interest to mnclude irradiation at this wavelength
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in the treatment. We investigated the fluorescence of the photoproducts in
connection with ALA-PDT (Papers XILXIII). It was found that the fluorescence
intensity of the photoproducts (at 670 nm) after the treatment was only about 2%
of the fluorescence intensity of PpIX (at 635 nm) prior to the irradiation. We also
found a correlation between the amount of photoproducts and PpIX at the end of
the treatment. Thus, probably most of the photoproducts are efficiently bleached
away using only light at 635 nm.

5.4 Light soutces

The first light source used for phototherapy was, as described above, the sun.
During the latter part of the 19% century, the bactericidal effect of the so called
“chemical rays” (UV and blue light) was discovered. It was also shown that these
chemical rays, and not the heat from the sun, were responsible for the erythema
induced by sun light. Iinsen realized, from own and others' experiments, that
chemical rays also caused scar formation in phototherapy of small-pox.
Consequently, he suggested the use of red glass or thick red cloth to exclude this
part of the solar spectrum.! He, and several other researchers, reported on minimal
scarring when using red treatment light. The first PDT treatments, however,
continued to use either sunlight, or the white light spectrum of an arc lamp. It was
not until 1966 that filtered lamps were being used for PDT in humans. Since then,
a number of different light sources have been used in clinical and experimental
PDT. Both lasers and non-laser light sources (including light-emitting diode arrays,
fluorescent tubes, and arc or incandescent lamps), emitting pulsed or continuous
wave light, are being used.

5.4.1 Lasers

Lasers have been considered to be 1deal PDT light sources, because of their beam
and spectral qualities. The monochromaticity of laser light enables the output to be
confined to an absorption band of the photosensitizer at a wavelength with good
tissue penetration. Thus, the hyperthermic etfects, induced by tissue absorption of
the light, can be minimized. Due to the coherent properties, laser light can
efficiently be focused into optical fibres. This permits the access to body cavities
by guiding the fibre through endoscopes, or interstitial illumination, if the fibre is
inserted into the tissue through the lumen of a needle. Much work in PDYT, both
clinical and experimental, has been performed using industrial or scientific lasers,
such as dye lasers pumped by argon-ion or copper-vapour lasers. The advantage of
dye laser systems is the possibility to work with different photosensitizers, since
the emission wavelength can be virtually arbitrary chosen by selecting the
appropriate dye. The drawback is that the dye has to be exchanged on a regular
basis to maintain a high output power. Furthermore, the continuous wave argon-
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ton laser and the pulsed copper-vapour laser, used to pump the dye laser, need
delicate adjustments and frequent service. Moreover, they consume several
kilowatts of electrical power, and need extensive water cooling. For work with
Photofrin or HpD, the pulsed gold-vapour laser can be an alternative. It operates
at 628 nm, and no dye laser is thus needed. Unfortunately, the other drawbacks
mentioned above apply also here.

During the last decade, the use of pulsed Nd:YAG (neodymium-doped yttrium-
aluminium-garnet) lasers for PDT has increased. By frequency-doubling the
infrared light (1064 nm) to green (532 nm), it can be used to pump a dye laser.
This configuration is often called a KTP (potassium titanyl phosphate) laser in
medical applications, from the name of the crystal used for frequency-doubling.
To obtain a good conversion efficiency, the laser is pulsed (approximately 100 ns
pulses at a repetition rate of a few kilohertz) and the KT crystal 1s usually placed
inside the laser cavity. A KIP-dye laser system (Multilase Dye, Technomed
International, Bron, France) was installed in Lund in 1991. This system generates
green light at a power of up to 20 W that is used to pump a dye laser, emitting up
to 2 W of red light (635 nm). A 400 V, 16 A three-phase power outlet is needed, as
well as tap water for cooling. The system is mobile, but still large and heavy, and
quite expensive. This laser was used for most of our clinicall®$1% (Paper XI) and
experimental!’172 work with ALA-PDT until 1998. Although the KTP-laser is
clinically adapted, it 1s usually rather sophisticated, resulting in high cost, large size,
and more or less complex operation. A general opinion is that smaller and less
expensive light sources are needed for PD'T to be widely accepted. In recent years,
compact diode-pumped Nd:YAG and Nd:YLF lasers have become available.
These lasers can provide a high output power at the second harmonic, which can
be used to pump, e.g., a dye laser.

A diode laser is a very efficient light source, compared to many other laser
systems. Usually, it only requires a standard electric outlet. Moreover, the need of
cooling water can often be eliminated. It is also possible to make small and easily
operated systems, that are considerably less expensive than conventional lasers.
This makes diode laser systems suitable for clinical use. Diode laser arrays having
up to 100 W of output power at, e.g., 820 nm (GaAs) have been available for some
time now. Unfortunately, these wavelengths are not useful for PDT, since most
photosensitizers only absorb at shorter wavelengths. Great efforts have been
made, both in the development of high power diode lasers at wavelengths
matching the absorption band of porphyrin-based photosensitizers (HpD and
ALA-induced PpIX) at about 630 nm, and in the development of new
photosensitizing agents, that absorb light at longer wavelengths where diode lasers
are available. The latter attempt will also increase the treatment depth, since light
with longer wavelengths penetrates tissue better. Commercial diode laser systems,
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emitting up to 2 W at 635 nm, have been available since early 1998. The Lund
University Medical Laser Centre purchased probably the first commercial unit for
ALA-PDT (CeraLas PDT635, CeramOptec, Bonn, Germany), which was
delivered in January 1998 (Figure 5-1). The maximum power of this system was
1.5 W at a wavelength of 633 nm, emitted from the distal end of a 400 pm core
diameter microlensed optical fibre (NA 0.37). The small size and weight of this
unit (size: 19x43x38 cm’, weight: 15 kg), significantly facilitates treatment at
different clinics, and even at bed-side. The system is also available with an onboard
integrating sphete for calibration, to assure that the correct light dose is delivered.
The first patients treated using a diode laser at 635 nm for ALA-PDT are reported
in (Paper VII). As could be expected, the clinical result were not significantly
different from similar lesions treated with the KTP/dye-laser system used in
eatlier studies'®® (Paper XI). Similar diode laser systems ate now also available
from Diomed Inc. (Boston, MA). Various wavelengths are available to match
different sensitizers, including 630 nm (for Photofrin), 635 nm (for ALA), 652 nm
(for mTHPC), and 730 nm (for Lu-tex).

Another advantage with diode lasers is that they are easily modulated. Thus,
different light delivery modes can easily be achieved. Recent cell experiments using
pulse-modulated diode lasers have shown both increased!” and unchanged cell
killing.17* Busetti ¢f a/. stress the necessity for standardized protocols in these kinds
of studies,!” which is facilitated by the possibility to computer controlled
modulation of the light output from diode lasers. In Lund, we have made the first
in vivo ALA-PDT using a modulated diode laser system (Photo Dynamic Therapy
HGesmbH, Vienna, Austria) operating at 652 nm (Papers IX-X).

Other types of laser-based sources are currently under development. Laserpaint™
(Spectrascience Corp., USA) uses a short-wavelength pulsed laser to pump a
mixture of a fluorescent dye and a light-scattering material included in disposable
discs or optical fibre tips'” for specific wavelengths. By choosing different
fluorescent dyes, it is possible to change the wavelength of the treatment light.
Another tuneable light source, now available in a clinical configuration, is the
pulsed optical parametric oscillator (OPO).176

5.4.2 Incoberent light sonrces

Different kinds of filtered lamps are commonly used in PDT, and have been
shown to be useful for ALA-PDT of skin lesions.127.128177-180 These light sources
have the advantage of low costs, simple operation, and reasonably small size. On
the other hand, their use is limited to supetficial illumination. In early ALA-PDT|
filtered tungsten filament lamps, such as modified slide-projectors, wete
used.127.128178 These lamps were equipped with filters transmitting light with a
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wavelength typically longer than 600 nm. High-pressure lamps, such as xenon-
lamps, are now available with a total power of some kilowatts. With appropriate
filters adequate amounts of useful light can be obtained. There is, however, a
trade-off between spectral bandwidth and output power. Whitehurst ef a/181182
have constructed a tuneable light source, emitting 1 W directly or 0.5 W via a light
guide within a 30 nm band, centred at any wavelength between 300 and 1100 nm.
The limited bandwidth was chosen to be slightly narrower than the red absorption
band of HpD. Other lamps have been presented with a width of the wavelength
band ranging from 50 to 130 nm.!7%17183 The light not matching the absorption
band of the photosensitizer will, in general, contribute to an increase of the tissue
temperature. In the case of ALA-PDT, some of the light might be therapeutically
useful, since one of the photodegradation products of PplIX,
photoprotoporphyrin, has an absorption peak around 670 nm and has also been
shown to have photodynamic properties.163,166,167,184

The output from high-power lamps contains a significant amount of infrared
radiation.!$> Peng e a/. propose that this should be filtered out in order to avoid
hyperthermia,'3” although some groups claim that mild hyperthermia (40-42°C)
acts additively or synergistically with PDT.186187 If hyperthermic effects are to be
avoided, fluence rates lower than 150 mW cm? should be used.!88 Some
commercially available filtered lamps for PDT include the infrared light to take
advantage of the effect. One such system (VersaLight, Medic Lightech Ltd.,
Nesher, Israel) has been available mn Lund since 1994. This lamp has three
different filters, permitting the use of either red (580-720 nm) or green light (520-

Figure 5-1 A photo of the diode laser used for ALA-PDT in Lund.
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590 nm) for PDT, or blue light (380-450 nm) for fluorescence diagnostics. When
using the green or red light, additional irradiation is obtained in the IR region
(1200-1700 nm). The light 1s delivered from a light guide in a Gaussian profile. A
hand-piece, held in contact with the tissue, defines the 3-cm-diameter illumination
spot. The average fluence rate 1s of the order of 120 mW c¢cm2 Due to the
significant amount of heat generated from the IR light, this occasionally has to be
filtered out, e.g., by using a cuvette filled with water. The red light from this lamp
has been used for clinical ALA-PDT in Lund, but we have not performed any
controlled comparison of the results from laser- and lamp-induced PDT. Recently,
progress in lamp design permitted the introduction of light sources based on high-
pressure lithium-iodide or neon large-arc lamps.!® These low-cost units provide
very high continuous power levels in a narrow wavelength band.

An alternative light source with a relatively narrow spectral bandwidth, but still
possible to make small and inexpensive equipment can be based on light-emitting
diodes (LEDs). With LEDs the bandwidth of the light source is typically some ten
nanometers, centred around a fix wavelength. The output power is low, but it is
possible to construct arrays consisting of a large number of LEDs that can be
configured in different shapes for particular applications.!®>191 Applicators have
been developed for superficial treatments, such as treatment of skin lesion,
interoperative applications, and even for interstitial use. With the general
development of solid-state components, LEDs are constantly being developed to
give higher output powers at various wavelengths.

Until recently, most PDT sources were designed to be general purpose, allowing
the treatment of lesions at various locations, and often with the possibility of using
different sensitizers. Lately, systems dedicated to a specific treatment have been
developed. One example 1s a turn-key system with pre-set light dose and built-in
calibration, based on blue fluorescent-lamps, designed specially for the treatment
of actinic keratosis of the face and scalp using topical ALA-PDT (DUSA
Pharmaceuticals, Inc., Toronto, Canada).

5.5 Light delivery

The clinical efficacy of PDT is dependent on a number of parameters, such as the
total light dose, the fluence rate, the illumination geometry, ez. In the following
sections, some of these parameters and their effects on the treatment result will be
discussed.

73



5.5.1 Light dosimetry

The most simple form of light dosimetry in PDT is when superficial lesions, such
as skin lesions, are treated. The total light dose is then given as the total light
energy density [J cm?|, delivered to the irradiated area. This is calculated as the
product of the irradiance, or fluence rate [W cm?|, and the treatment time [s]. This
parameter is easily interpreted for monochromatic, or narrow-band, light sources.
When comparing the results from treatments with lasers and filtered lamps, equal
light dose does probably not give the same response, due to variations in the
output from the lamp and the activation spectrum of the sensitizer as functions of
the wavelength. Whitehurst ef a/ suggested that the relative biological efficiency
(RBE) has to be calculated for evaluating different light sources.'®! The RBE was
defined as

[ 1(2)H(4)dA
RBE = W , (5.1)

where I(4) is the lamp intensity as a function of wavelength, and E(A) is the action
spectrum of the photosensitizer.

For the treatment of non-melanoma malignant skin cancers with ALA-PDT, light
doses between 40 and 250 ] cm? for laser irradiation, and between 30 and
540 ] cm? for filtered lamp, have been used.’¥ In Lund, the standard procedure
has been to use a light dose of 60] cm? delivered at a fluence rate of
approximately 100 mW cm? (Paper XI).198 Thus, the treatment time is about
10 minutes, which is reasonable for clinical use. The idea behind the choice of the
light dose 1s to illuminate until most photosensitizer molecules are photobleached.
This can be monitored on-line by studying the fluorescence, ¢.g., at the second
peak of PpIX (around 700 nm) when ALA is used. We have used point-
monitoring LIF spectroscopy to assess the PpIX fluorescence before and after the
therapeutic irradiation of basal cell carcinomas. After the full light dose (60 ] cm2),
approximately 8-10% of the initial fluorescence intensity remained (Paper XIII).
This would thus suggest that further illumination might be beneficial for the
treatment outcome.

Several mathematical models for light and drug dosimetry have been presented in
order to calculate the depth of necrosis. These models need to include light
distribution in the tissue for the illumination geometry used, the concentration of
the photosensitizer, and the yield of cytotoxic oxygen. The dynamic behaviour of
the optical properties during PDT should also be considered. Finally, the
photobleaching and clearance of the photosensitizer from the treated region must
be taken into account. Grossweiner published a model where all the quantities
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above, except for any changes of the optical properties, were included to
determine the depth of necrosis for different illumination geometries.!92

When topically applied ALA is used, the dosimetry gets even more complicated.
The penetration of ALA into the tissue and the subsequent formation of PpIX
must then be included in the model. Svaasand ¢ a/ presented a mathematical
expression for the 7z situ cytotoxic dose, as a function of depth.!93194 The depth at
which the dose was reduced by 50%, after an ALA-application time of two hours,
was estimated to 3 mm for BCCs. The model does not, however, indicate if this is
enough to achieve tissue necrosis.

5.5.2 Wavelength dependence of PDT

When using ALA for PDT, light at 635 nm is often used. This wavelength
matches the absorption peak furthest to the red, which allows maximum
penetration of the therapeutic light. The absorption is, on the other hand, much
higher at the Soret band at approximately 410 nm, where the penetration depth is
of the order of 100 pm. Light at this wavelength could thus be used for efficient
treatment of very thin superficial lesions. Moan ¢f a/ found that light at 410 nm
could be efficiently used for cell inactivation to a depth of 2 mm in human skin,
muscle tissues and BCC lesions, while 635 nm was optimal for larger depths.!84

To optimize the treatment response, it is important to gain knowledge of the
absorption spectrum of the photosensitizing agent. The position of the absorption
peak used for PDT is, however, not always the same for the 7z o situation as in
aqueous solution. When a laser 1s used for irradiation, it is thus important to
choose the right wavelength to get a high photodynamic yield and a maximum
tumour-to-normal contrast. With other light sources, such as filtered lamps, it is
easier to cover the absorption peak, although much light will not be efficiently
absorbed by the photosensitizer, but by the tissue, leading to a temperature
increase. Using a laser tuned to the right wavelength, the temperature increase
could be kept at a minimum.

The absorption spectrum 7z zivo can be shifted due to the functional state,
metabolism, blood perfusion, ef. Several researchers have demonstrated that for
HpD and Photofrin, the absorption spectrum,'%® the action spectrum,'%1°7 and the
fluorescence excitation spectrum!? all have a maximum at 625 nm & vivo, as
compared to 630 nm for the action spectrum 7z vitro.'” In contrast to porphyrin-
based sensitizers, sulphonated metallo-phthalocyanines exhibit a red-shift of the
above mentioned z vivo spectra. Griffiths e/ 4/ have reported an increased PDT-
effect when the wavelength of the activating light was increased from 680 to
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692 nm, using zinc phthalocyanine tetrasulphonic acid.?" Similar results have also
been reported by Cubeddu er a/?! for AlS:Pc, where the 7z vivo absorption
spectrum peaked at 685 nm, compared to 672 nm for absorption in aqueous
solution22 and cell cultures.293 Furthermore, Weersink ¢ 2/2°4 found a red-shift to
about 680 nm of the absorption peak of AlS4Pc in rabbit skin. In Paper IV, we
have studied the iz vivo absorption spectrum of AlS;Pc using time-resolved diffuse
reflectance, as described in section 3.2. These measurements also confirmed the
red-shift of the absorption peak. This shift was larger in tumour tissue than in
normal muscle. We also found that the contrast in the sensitizer absorption
between tumour and normal tissue is dependent on both the wavelength and the
administered drug dose. Thus, to enhance the selectivity in the treatment, these
findings ought to be taken into consideration.

In another study, we have investigated the difference in treatment response of skin
lesions using light at 652 nm compared to the standard treatment at 635 nm
(Paper IX). The PpIX absorption at 652 nm was estimated to be 63% of that at
635 nm,Y7 and the total light dose was increased to compensate for this difference.
In spite of that, the response rate was lower when the longer wavelength was used.
In connection to the treatments, the sensations expetienced by the patients were
studied (Paper X). It was found that the more effective treatment using light at
635 nm was accompanied by increased sensations of pain and dysesthesia. The
pain can, however, be efficiently reduced by spraying the treated area with water.

5.5.3  Fluence rate effects

A large number of studies have been published on the relationship between the
fluence rate and the efficacy of PDT, and were reviewed by Veenhuizen and
Stewart.’> High fluence rates, above 200 mW cm?, are generally considered to
induce a marked hyperthermic effect, and are not discussed in this section. Three
studies reported on cell cultures 7z vitro that were incubated with HpD, AlS4Pc, and
Photofrin, respectively. Chinese hamster ovary cells were used in the two former
studies, while human lung adenocarcinoma cells (A549) were used in the latter
investigation. The fluence rates investigated varied significantly. In the HpD study,
no significant differences were found between the different fluence rates (0.5-
60 mW c¢m?), which could be due to the rather high light fluence. In the two other
studies, lower fluence rates were used, and an increased cell killing was found
when increasing the fluence rate.

Seven studies, in which the effect of the fluence rate was investigated, were

performed on tumour models, using Photofrin (four studies), ALA,
benzophenothiazine, and phthalocyanine. The fluence rates used were usually
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ranging from 50 to 200 mW cm?, but in two cases only fluence rates below
100 mW c¢m? were considered. In five reports an inverse relation between the
fluence rate and the treatments response was found, ze, a lower fluence rate
resulted in a better effect. Calculations by Foster er /26 indicate that oxygen
depletion could occur within 10 s 1 well-perfused tissues at an incident fluence
rate of 50 mW cm? In two of the tumour models, no relationship was found
between fluence rate and PDT response. This was explained with a good perfusion
of the tumour in the model used. In more recent studies an increased tumour
response at lower fluence rates was found in experimental tumour models in rat
and hamster. The animals were injected with mTHPC>*72% or Photofrin.209210
Sitnik and Henderson observed, however, that lower fluence rates required longer
treatment times for equivalent anti-tumour effects; 95 min for 57 ] cm? at
10 mW cm? compared to 11 min for 100 J cm? at 150 mW ¢cm2.2% Unfortunately,
the higher light dose and irradiance also caused a more severe effect in the normal
foot, prolonging the healing time from 8 to 30 days, while the lower fluence rate
induced longer healing time at equal light dose. Thus, if the tumour response is
increased at lower fluence rates and light doses, this would also be favourable for
normal tissue. For PDT to be used in the clinical setting, however, the treatment
time must for most applications be kept rather short.

The effects on normal tissue were reported for rat skin sensitized with HpD and
rodent liver and brain sensitized with Photofrin. No influence of the fluence rate
was reported in any of the three studies. Chen e7 a/ suggested that normal tissues 1s
less sensitive to variations in irradiance due to a better vascular oxygen supply.?!!
This 1s in concordance with the calculations of Foster er /2 Recent reports by
Robinson ef 4/ on the fluence rate effects on normal skin of hairless mice,
sensitized with topical ALA and irradiated at 514 nm, contradicts the other reports
on normal tissue.21223 A seven-fold increase of the PD'T damage was found when
the fluence rate was decreased from 150 to 5 mW cm2 At 50 mW cm?2 the PDT
effect was 2-3 times that obtained with the higher fluence rate. The authors
speculate that this could be due to that the oxygenation of the mouse epidermis is
dependent on the diffusion of oxygen from the dermis, and that oxygen depletion
might occur at high irradiance, reducing the PD'T effect.

554 Pulsed versus continnous wave light

In clinical practice, the laser has so far been the most commonly used light source.
As described in section 5.4.1, the lasers used are emitting either continuous wave
(CW) or pulsed light, with pulse lengths of a few nanoseconds. The photodynamic
efficacy might be affected i two ways by light with a very high peak fluence.
Firstly, the photosensitizer might be saturated, leading to a poorer photodynamic
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effect. Secondly, the light penetration might be increased due to saturation of the
tissue chromophores. The first effect was studied by Pogue e¢f o/, who found that
pulsed light (10 ns pulses at 10 Hz with a peak-pulse irradiance of 3 MW cm?)
could saturate the optical transitions in the photosensitizer (BPD-MA), resulting in
a decrease in the absorption.?!4 This effect reduces the PDT effect higher up, but
may also allow a deeper treatment effect, since the penetration depth increases.
The second effect was studied by LaPlant e7 4/,2"> who showed that the optical
penetration depth was not changed at average fluence rates between 50 and
380 mW cm? from a gold-vapour laser. Several investigations have been
performed in order to compare the efficacy of pulsed and the CW light both 7
vitro and 7z vive. Rausch ef 4/ studied the efficacy of two laser systems in the
treatment of squamous cell carcinoma subcutaneously implanted in nude mice,
using HpD as a photosensitizer.?! They found that a pulsed excimer-pumped dye
laser was at least as efficient as the argon-ion laser pumped dye laser. With similar
laser systems, Okunaka e /. examined the average depth of necrosis from HpD-
PDT in a mouse kidney tumour model. They observed an increase from 4 mm for
CW light to 15 mm for the pulsed light for the same total light dose.?” When
HpD 1s used as a photosensitizer, the pulsed gold-vapour laser, operating at
628 nm, might replace the argon-ion laser pumped dye laser (see section 5.4.1).
Thus, several comparisons of these systems have been made. These studies
showed no significant differences between the two excitation sources in the
treatment of cell cultures, transplantable mouse tumours, virally induced
papillomas in rabbits, and in human tumours.?!8220 Similar results were obtained
when comparing the frequency-doubled Nd:YAG-dye-laser system with the argon-
ton laser pumped dye laser in normal canine oesophagus??! and transplanted
mammary carcinoma in rats??? Flashlamp pumped dye lasers, emitting
microsecond pulses at repetition frequencies below 20 Hz have also been tested.
Pope ¢t /22 found in a cell study using HpD and green light, that a pulse fluence
below 10 m] cm? (or a fluence rate of 104 W cm?) probably would be needed to
achieve cell death. Bellnier ef 4/ treated implanted experimental tumours in mice
using HpD and red light at a pulse fluence of 0.25 and 0.13 ] cm? at 4 Hz
(corresponding to a fluence rate on the order of 105 W cm?). This resulted in a
significant temperature increase, but little PDYT" effect, which was attributed to
saturation of the sensitizer,224

A mathematical analysis on the effect of pulsed lasers on haematoporphyrin
excitation and singlet oxygen yield was presented by Sterenborg and van
Gemert.?? They concluded that the treatment efficacy for pulsed lasers is identical
to that of CW lasers, provided that the peak fluence rate is less than 4x10* W cm2.
For higher fluence rates, obtained from lasers with high-energy pulses and low
pulse rate, the effectiveness drops significantly. Using 100 ns pulses at a repetition
trequency of 5 kHz, eg, from a KTP-dye laser system as the one previously used
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in Lund, at a time-averaged fluence rate of 100 mW cm?, the peak fluence rate is
2x102 W cm2, which is well below this threshold. This is also the case for the
gold-vapour laser, and the dye laser pumped by a coppet-vapour laser. Flashlamp
pumped dye laser systems, on the other hand, are operating at or above this
threshold, due to their high pulse energy and low repetition rate.?23.224

5.5.5 Fractionated light doses

As mentioned above, the presence of oxygen is essential for the PDT process and
thus a reduced fluence rate can be used to minimize the oxygen depletion. An
alternative method would be to split the light dose in one or more fractions. This
would allow the transport of oxygen to the treatment site during the pauses, to
replace the oxygen that was consumed during the irradiation. As a result, the
tumour damage might increase. By varying the duration of the light doses and
pauses also mechanisms other than oxygen depletion could produce different
treatment results. Such mechanisms may be transport of photosensitizer molecules
to the treatment region and also redistribution of the drug within the treatment
region. In structural models it has been shown that fractionation increases the
dose of singlet oxygen to the cells relatively remote from the capillary walls and
fractionating the light dose should result in an improved therapeutic ratio for
PIDT.226 Various light fractionation schemes for PDT have been investigated, both
on cell cultures and on tumours ## wivo. The light fractions, as well as the time
between the fractions, are spanning over large intervals. The dark periods between
the irradiations ranges from 24 hours down to less than a minute. Additionally,
different studies using millisecond light pulses have been reported as fractionated
treatments. The effect of a 24-hour-long dark petiod between two light fractions
on a mouse tumour model was shown to be poorer than that of a single delivery
of the same light dose??” This may be explained by a decrease in drug
concentration due to the long time involved. In an early cell-culture study using
haematoporphyrin, Moan and Christensen found an increased cell-killing using
two fractions separated by 70 seconds, instead of a single irradiation.?2® Berg ef
al? studied human cervix carcinoma cells incubated with TPPS4 and found that a
small initial light dose increased the sensitivity of the cells several hours after the
first irradiation. They also found that an optimal time between the two fractions
would be between 30 and 90 minutes. For a mouse tumour model sensitized with
mTHPC or Photofrin, van Geel ¢ 2/ found that a treatment scheme employing
datk periods of one hour between six fractions of light delivery was superior to a
single fllumination with the same light dose.?’” The use of alternating light and dark
petiods of 30 seconds improved the tumour response even further for mTHPC,
but did not result in any change using Photofrin. During the first fraction some
vasoconstriction occurs which relaxes during the first break, permitting re-
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oxygenation. This suggests that even a single short interruption of the light may
reduce the light dose needed to achieve extensive necrosis. The optimal time for
the pause was found to be after 50 seconds of irradiation.?? Curnow e /. studied
the area of necrosis in rat colon using ALA and various numbers of equal light
fractions, all separated with 150 seconds, and also the influence of different
fraction energles. For a given energy (25 J delivered over an area of 0.03 mm?), and
an initial fraction of 5] followed, after 150 seconds, by the remaining 20 ], the
necrotic area was increased by a factor of three compared to a single fraction. To
achieve the same area of necrosis, only two fractions of 5 | were needed, reducing
the total energy by 60%, but the total time needed was constant.?>! Foster ez a/ also
found a better treatment effect with Photofrin when using 30-second fractions
separated by 30-second-long dark periods and claimed re-oxygenation being
responsible for the enhanced effect?’¢ Similar effects were observed for AlSiPc
when 15-second-long fractions were used and the effect was thought to be due to
the fact that the photosensitizing dye changes the localization in the tumour during
the first seconds of exposure.?? In two recent studies, irradiation fractions of 50
or 100 milliseconds, separated by a dark phase of the same length, at 652 nm were
used to treat cells incubated with mTHPC. An increased cell killing, as compared
to CW illumination, could be found in both cases.!73?3 The authors speculate on
possible photochemical and photobiological phenomena that might be responsible
for such an effect. Busetti ¢ 4/ repeated the experiment, but did not find any
increase in the cell-killing using the pulsed light.!™ In Lund, we performed a
clinical comparison between this pulse-modulated modality and CW irradiation for
ALA-PDT (Paper IX). A third mode, having intensity variations with frequencies
up to 30 Hz according to a predetermined pattern, was used for two lesions. All
modes had the same maximum fluence rate (100 mW cm?), resulting in average
fluence rates of 50% and 67% for the two pulsed modes, respectively. No
significant differences were found between the two former modes, while the
statistical material was too small to allow direct comparison with the latter mode.

5.5.6 Light delivery technigues

Given a suitable light source with adequate power output, the major challenge is to
deliver the light conveniently to achieve optimal irradiation of the tumour target
volume. Ideally, the whole volume should be uniformly irradiated. For skin lesions,
this can be realized with a lamp and a simple lens. Fibre-optics render flexibility
when a laser 1s used as a light source. The output from a fibre is, however, non-
uniform with a high intensity in the centre and radially decreasing. To achieve
uniform illumination over the illuminated area, the distal end of the fibre can be
imaged onto the tissue using a microscope objective, or by a micro-lens attached
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to the fibre. The latter approach is also convenient for localized treatment of
lesions in the body cavities.

To illuminate lesions in body cavities, different types of diffusing fibre tips have
been developed. Spherical diffusing tips can be used to uniformly irradiate
spherical organs such as the bladder. For tubular structures, such as the
oesophagus or the bronchi, different cylindrical diffusing and side-illuminating
fibre tips exist. Inflatable “balloons”, covered on the inside with a strongly
scattering material, formed to fit for example the cavity of the cervix, are
commercially available.

Due to the relatively poor penetration depth of the red light used for most
photosensitizers, it is not possible to treat tumours thicker than a few millimetres
using surface llumination. If thicker tumours are to be treated, the light must be
interstitially delivered through one or more optical fibres inserted into the tumour
mass. The individual fibres do not need to have diffusing tips, since the multiple
light scattering in the tissue will generate a diffuse and approximately uniform light
distribution around the tip. High fluence rates might, however, induce coagulation
which can lead to a destruction of the fibre tip. The light dosimetry 1s especially
complex for this type of treatment. Knowledge on the dynamic changes of the
optical properties during PDT is desirable.17-234 An interstitial light delivery system
for PDT has been developed at the Department of Physics in Lund.?3>23 The
treatment light is coupled from a laser to a box, where the light 1s equally split into
three or six optical fibres by means of beam splitters. The distal ends of these
fibres are inserted into the tumour tissue, and the co-ordinates of the fibre tips are
entered into the controlling computer software. The computer program can also
suggest suitable positions for the fibres for certain geometries. The light in each
fibre can be individually switched on and off by blocking the light just before the
fibre port. When the beam path is blocked, a photo diode 1s placed behind the
fibre to measure the light fluence at the fibre tip. The total light distribution in the
tumour volume can be estimated by transmitting light in one fibre while using the
others for detection, and repeating this process for all combinations. The light
distribution is then calculated using FEM modelling of the diffusion equation, and
a light dose distribution is presented on the computer monitor. New estimates of
the illumination times for each fibre are calculated in order to reach above a
threshold light dose in all parts of the tumour. The therapeutic irradiation then
proceeds, with intermediate dose calculations and corrections, until the whole
tumour has received the required treatment light dose.
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5.5.7 Conclusions

The experimental studies reviewed in the previous sections suggest that
improvements are still to be made in the drug and light dosimetry in order to
optimize the treatment outcome of PDT. Today, such optimization studies requite
extensive investigations, since the treatment response can only be seen some time
after the irradiation. It would be very valuable if an on-line tool to monitor the
PDT effect could be developed. As indicated above, several factors are still partly
unknown, but ongoing and future research will hopefully turn PDT into a largely
accepted treatment modality. To achieve that, an inexpensive and easily handled
light source with adequate output in a spectral band matching the absorption of
the photosensitizer is needed. An ideal photosensitizer should have a good
tumour-selectivity, and preferably absorb light in the near infrared wavelength
region, to enhance the treatment depth. Moreover, it should have short
accumulation and retention times, to minimize the unwanted general
photosensitivity. An optimal treatment protocol must also be settled, which might
include low fluence rates and light fractionation. To be convenient in a clinical
setting, the treatment time must, however, be reasonably short. Preferably, some
kind of on-line monitoring of the therapeutic progress should be included to allow
changes of the irradiation due to differences in response from patient to patient.
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6. Fluorescence diagnostics

Optical spectroscopy techniques have in recent years been investigated in the
search for novel, minimally or non-invasive methods for tissue characterization
and for measurements of various parameters in the tissue. The techniques
developed for tissue characterization are frequently called “optical biopsy”, a term
that 1s somewhat contradictory, since the term biopsy refers to the removal of
tissue, while the word optical implies that tissue is not removed. The ultimate goal
for these investigations is to eliminate the need for surgical removal of tissue
samples by employing real time characterization of tissue 7z sifu based on optical
measurements. This would reduce the cost and time needed to obtain the
diagnostic information. The common basis of all optical techniques is that
physiological, morphological or biochemical alterations, associated with the
physical disorder, affect the interaction between light and tissue. The key problem
1s to find the “fingerprint” of different diseases on the optical signals. During the
development of these techniques, an intermediate goal is to reduce the number of
biopsies needed by guiding the physician to the suspicious tissue areas. A large
variety of techniques have been proposed, based on, e.g, fluorescence and Raman
scattering. The work presented in this thesis will be restricted to fluorescence
investigations. Fluorescence diagnostics 1s a natural counterpart to photodynamic
therapy, since the photosensitizers used in the treatment are highly fluorescent. As
a result of the growing interest of fluorescence for tissue investigations, several
reviews of equipment used and results obtained have been published.121,122.257242
Fluorescence investigations have been performed in several of the papers
presented in this thesis, to find and outline various pre-malignant and malignant
lesions, and to investigate the selective buildup and pharmacokinetics of ALA-
induced PpIX.

6.1 Historical overview

The phenomenon of fluorescence was discovered by Stokes in 1852, who
observed this type of emission in fluorite.?¥ He found that when illuminated with
UV light, such samples emitted radiation at longer wavelengths. This discovery
was not considered to be of any importance for a long time. It was not until the
beginning of the 20% century that the potential of fluorescence for medical
applications was being investigated. In 1911, Stiibel reported that all animal tissues
emitted fluorescent light when exposed to UV radiation.?** The fluorescence was
observed by the unaided eye, and classified according to the colour. The use of
porphyrins as an aid for fluorescence diagnostics was partly covered in section 5.1.
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Figure 6-1 A schematic Jablonski diagram showing the various decay
paths from an excited state of a molecule. The abbreviations are S,
singlet states; Iy, triplet states; Abs, absorption; 1C, internal conversion;
I, fluorescence; IX, intersystem crossing; P, phosphorescence; A, energy
transfer to other molecules.

6.2 Basic principles

Biological molecules are, in general, very complex with a complicated electronic
configuration. Thus, the energy level diagram of such molecules becomes very
elaborate. A simplified Jablonski diagram of a typical bio-molecule is shown in
Figure 6-1. The electronic levels are characterized by the resulting spin vector of
the electrons. If the sum of the electron spin quantum number is zero, the
resulting energy level is called a singlet state, S, while one unpaired electron yields a
triplet state, T. The ground state of most molecules is a singlet state. One
important exception is the oxygen molecule, O, which has a triplet ground state.
In contrast to the sharp electronic levels of an atom, the energy levels of molecules
consist of a large number of vibrational states, which in turn have rotational sub-
levels. The difference in energy between two electronic levels is typically of the
order of a few electron volts, corresponding to light with a wavelength of 0.2-
1 wm. The vibrational energy splitting is of the order of 101 eV (10 um), and the
rotational levels are typically separated by 103 eV (1 mm). For large molecules, the
intervals between the levels are small and the states ovetrlap due to molecular
interactions. When a photon with sufficient energy is absorbed by a molecule in its
ground state, the molecule will be excited to a higher singlet state. Electronic
transitions in molecules occur so quickly that the nuclei do not change their
relative positions in vibrational motion. This leads to an excitation not necessarily
to the lowest vibrational level in the excited state, but often to a higher level. Since
excited states are unstable, the molecule strives to loose its excess energy and to
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return to the ground state. A rapid relaxation to the lowest rotational-vibrational
level of the excited state will follow, a process called internal conversion (IC). The
relaxation time is of the order of 1 ps, due to the high density of energy states. The
energy lost in this relaxation is absorbed by neighbouring molecules, and is
converted to heat.

Following relaxation, the molecule can return to the ground state through
radiationless internal conversion. Alternatively, a photon can be emitted as the
molecule returns to the ground state. This process 1s called fluorescence, and the
emitted light is shifted towards red compared to the excitation wavelength (Stokes
shift) due to the energy lost by internal conversion. In accordance with the excited
states, the ground state also consists of a broad band of sub-levels. Thus, the
fluorescence light will have a broad wavelength distribution, often without any
significant structures. The shape of the fluorescence spectrum will reflect the
transition probability to the lower electronic state.

The average time a molecule stays in the excited state 1s called the fluorescence

lifetime, 7, and depends on the decay rates as

1:i+2é, (6.1)
T()

T

where 2£ is the sum of all processes competing with fluorescence and % is the
intrinsic lifetime, Ze., the lifetime when fluorescence 1s the only decay process. The
fluorescence lifetime is of the order of nanoseconds.

An excited molecule can also, although it is spin forbidden, be transferred to the
triplet system. This transition is termed intersystem crossing (IX). Following
internal conversion, the molecule will relax to the ground-state. Since this again is a
spin-forbidden transition, it occurs at a much lower rate. This process is called
phosphorescence, and has a lifetime in the range of 10-¢ to 1 s. Phosphorescence 1s
seldom observed at room temperature.

6.3 Tissue autofluorescence

When exposed to UV or near UV light, mammalian tissue emits fluorescence light
in the blue-green wavelength region. This fluorescence i1s often called tissue
autofluorescence, and origins from the endogenous tissue fluorophores. Much
effort has been spent on investigating these fluorophores, and many of them have
been identified using various spectroscopic techniques, such as excitation-emission
matrices®*>247 and time-resolved fluorescence spectroscopy.?® Fluorescence

85



microscopy and microspectrofluorimetry have also been used in the identification
of tissue fluorophores, as well as their localization and distribution.?4%2% The
fluorescence properties of most aromatic molecules present in tissue are well
known in solution.?®1-252 Despite that, it 1s difficult to get a detailed interpretation
of the fluorescence signals from tissue, due to the composite, and usually
unstructured, spectra and their dependence on the # »ivo microenvironment. The
wavelength-dependent optical properties of the tissue chromophores also
influences the recorded spectra. The strong absorption from haemoglobin can
strongly affect the measured fluorescence spectra of the tissue. Haemoglobin can
absorb the excitation light and thereby drastically reduce the overall fluorescence
signal, acting as an attenuation filter. Another possibility is that the emitted
fluorescence is absorbed by haemoglobin, which induces distortion in the recorded
spectra. Due to strong absorption at certain wavelengths, this can lead to dips or
illusory peaks in the spectrum.

The most important tissue fluorophores have been found to be tryptophan,?3
collagen and elastin, 24624 reduced nicotinamide adenine dinucleotide (NADH) and
its phosphate (NADPH),?+2% flavins and flavoproteins,?’-2% beta-carotene,?* and
porphyrins. 2423 The wavelengths of the main excitation and emission peaks and
the fluorescence lifetimes for some of the major tissue fluorophores are shown in

Table 6-1.

Tryptophan 1s mainly located in proteins in the mitochondria and dominates the
autofluorescence when the excitation wavelength is shorter than 300 nm. For
longer excitation wavelengths, the contribution 1s smaller. Collagen and elastin are
assoclated with the structural matrix of tissues, and are present in, e.g., tendons and
tissue stroma. When excited with a nitrogen laser (337 nm), the tissue fluorescence
spectrum 1s dominated by collagen and elastin, while NADH dominates when the
autofluorescence is excited at 365 nm. NADH is present in the cytoplasm and in
the mitochondria of the cells, acting as a co-enzyme in the citric acid cycle. As
malignant tissue is assoclated with an increased metabolism, the NADH
fluorescence might be different as compared to normal tissue. Moreover, the pH is
not the same for malignant and normal tissue, leading to a change in the redox
balance between NADH and the less fluorescent NAD®. Consequently, the blue
fluorescence from malignant and pre-malignant tissue has been reported to be
lower in a number of /7 vivo tumours.255260
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Fluorophore Aexc (nm) Aem (nm) 7 (ns)
Tryptophan 275 350 28,15
Collagen 340 395 9.9,5.0,0.8
270 395
285 310
Flastin 460 520 67,14
360 410 7.8,2.6,05
425 490
260 410
NADH 350 460 0.6,0.2
Beta-carotene 520 9.6,2.0,0.3
Lindogenous 400 610, 675
porphyrins

Table 6-1 The most important fluorophores in tissue, together with their
main excitation and emission wavelengths and fluorescence lifetimes.'?!

6.4 Excitation light sources

The excitation light sources used for fluorescence investigations can be divided
into two main groups; lamps and lasers. The choice of light source 1s dependent
on several factors. First of all, the appropriate wavelength for the application must
be considered. Other aspects, especially for clinical work, are the detection
technique used and the portability and operability of the system. In eatly work,
Wood's lamps were used, but have later been replaced by high-pressure mercury
lamps and xenon lamps. The xenon lamp has a broad spectrum in the near-UV
region, and needs to be filtered with an optical filter or a monochromator to give
an appropriate excitation wavelength. By changing filters, or turning the grating of
the monochromator, the wavelength can be arbitrarily chosen. The mercury lamp,
on the other hand, has a discrete spectrum with a number of relatively narrow
emission lines. One of these lines (405 nm) coincides with the Soret band of
porphyrins, and is thus of special interest for medical fluorescence applications.
The line at 365 nm is suitable for excitation of the tissue autofluotrescence,
especially from NADH.

Lasers have several advantages over lamps for many applications. First of all, high
Intensity emission over a narrow wavelength region can be achieved. Moreover, a
highly parallel beam, allowing efficient coupling of the light into optical fibres, is
an advantage. A large variety of lasers have been used for fluorescence
investigations. The continuous wave (CW) krypton-ion laser has several lines,
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ranging from UV to IR. The lines at 337 nm and 407 nm are of special interest in
the excitation of tissue autofluorescence and porphyrin fluorescence, respectively.
The CW helium-cadmium laser has also been used for these kinds of
investigations, with suitable emission lines at 325 and 442 nm.

A variety of pulsed lasers can also be used for fluorescence excitation. The high
peak powers of many pulsed lasers make them suitable for frequency doubling or
tripling. The near-infrared light from a Nd:YAG laser (1064 nm) can be frequency-
tripled to 355 nm, a wavelength appropriate for autofluorescence excitation.
Currently, there is a development of compact diode pumped solid state lasers, such
as Nd:YAG and Nd:YLF lasers. The third harmonic of these lasers can be used to
excite fluorescence. It is also possible to use them together with optical parametric
oscillators (OPOs), instead of dye lasers, to get a tuneable light source. The Soret
band of porphyrins can be approximately matched with, eg, light from a
frequency-doubled Alexandrite laser (390 nm). The excimer lasers constitute a
class of pulsed lasers operating in the UV region. Very high pulse energies can be
obtained, and thus they can be used as excitation sources for fluorescence imaging.
It is also possible to use them in combination with dye lasers to obtain a tuneable
excitation light source. Because of their size and inconvenient operation, they have
not been widely used. Furthermore, their use involves handling of hazardous
gases.

A very convenient pulsed laser is the nitrogen laser. This is an easily operated laser,
emitting light at 337 nm, in very short pulses, approximately 3 ns. Moreover, it can
be made very small and only needs little electrical power, typically 12V DC. It is
possible to use this laser in combination with a compact dye laser to select other
excitation wavelengths.

Presently, much research is put into the field of developing semiconductors
emitting light in the blue and near-UV wavelength region. One major driving force
1s the possibility to use blue diode lasers to achieve higher data capacity of
compact discs. Also for fluorescence investigations, these light emitting diodes, or
diode lasers, would be of great interest. They would allow the construction of even
more compact and easily operated systems.

6.5 Detection principles

Equipment used for fluorescence investigations are usually divided into two
categories, point-monitoring and imaging systems. The first category includes
systems that are used to characterize the sample in a single point from recordings
of the fluorescence intensity, spectrum, or lifetime. Usually, only a small area
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(typically of the order of 1 mm?) 1s investigated, which makes an investigation of a
larger area very time consuming. For clinical use, imaging systems are generally of
more interest. For these purposes, the amount of data collected in each spot must
be reduced to present an image of the investigated area. Both point-monitoring
and imaging systems can be used to record the itensity as a function of
wavelength, or as a function of time, on a nanosecond time-scale. These two
approaches can give complementary information on the composition of
fluorophores, and on changes due to the microenvironment. Most systems used
for zn vivo investigations are based on the emission spectrum obtained from one or
a few excitation wavelengths. For ex ziwo and in vitro studies, it 1s also possible to
investigate the fluorescence excitation spectrum. This can be of interest to find the
optimum excitation wavelength, and also to determine the composition of
fluorophores in the sample.

6.5.1  Point-monitoring systems

Point-monitoring systems are usually relying on fibre-optics to guide the excitation
light to the tissue, and to collect the emitted fluorescence. The simplest
instrumentation only uses a single detector, such as a photomultiplier tube or a
photo diode to measure the signal. In many cases, however, the spectroscopic
information in the fluorescence light will improve the tissue characterization. To
detect the red fluorescence from a photosensitizer, a band-pass filter can be used.
In this way, also a fraction of the tissue autofluorescence will be detected. By
placing several filters on a wheel in front of the detector, the fluorescence in
various wavelength bands can be sequentially recorded.??! Similarly, if a lamp 1s
used as a light source, the excitation wavelength can be chosen by means of
different filters. Lock-in techniques can be used to make the measurements less
sensitive to ambient light, which otherwise might severely affect the detected
signal.

To increase the spectroscopic information further, a scanning monochromator can
be placed in front of the detector. This is not very practical for clinical
applications, since the scanning procedure will require substantial acquisition
times. A better approach 1s to use a linear diode array or a CCD camera attached
to a spectrometer. Such a system, consisting of some optical coupling
components, a spectrometer, a multichannel detector, and a computer, 1s usually
referred to as an optical multichannel analyser (OMA) system.?> The detector is
preferably equipped with an image intensifier, which 1s used to amplify the faint
optical signal. Another advantage of image intensifiers is that they can be used as
very fast electrical shutters. Conventional image intensifiers of today can be
switched on and off within a few nanoseconds, and even gating times of fractions
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Figure 6-2 A schematic representation of the OMA-system used for i
vivo fluorescence investigations.

of nanoseconds can be achieved. When combined with pulsed laser excitation,
they can be used to efficiently suppress the influence of ambient light. A
commonly used pulsed laser for fluorescence investigations 1s the nitrogen laser,
having nanosecond pulse duration and a repetition rate of tens of hertz. Since the
fluorescence lifetime is of the order of nanoseconds, there will not be any signal to
detect most of the time. Immediately after the excitation light pulse, the collected
light will be dominated by the fluorescence emission. If the detector is switched on
only during, eg, 100 ns in connection to the excitation pulse, and the laser is
operating at 10 Hz, the influence of the ambient light will be reduced by a factor
of 106,

In Lund, the first clinically adapted OMA system was presented in 1991.265 This
system has been widely used in many pre-clinical and clinical applications, as well
as for investigations of fluorescence from vegetation and oil, see eg Refs. (264-
260). The system 1s schematically described in Figure 6-2. In short, the system uses
a nitrogen laser (3 ns pulses at a rate of 10 Hz), alone or in combination with a dye
laser tuned to 405 nm, as an excitation light source. The selection of wavelength i1s
made by two flip-in mirrors. A 600-um-diameter optical quartz fibre is used to
guide this light to the sample under mnvestigation. The emitted fluorescence light 1s
collected with the same fibre. A dichroic mirror and an optical filter are used to
separate the fluorescence from scattered excitation light. The fluorescence light is
spectrally dispersed in the spectrometer, and detected with an image-intensified
linear diode array. A computer controls the equipment, and also presents and
stores the recorded fluorescence spectra. The entire equipment 1s mounted on a
mobile trolley, to facilitate the use at different locations.
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Figure 6-3 The new, portable OMA system for fluorescence
investigations. A nitrogen laser, located at the bottom part of the picture,
can be used alone or in combination with a dye laser module. A turn-
plate is used to choose filters and beam splitters for the different
wavelengths. At the top is an image-intensified CCD camera coupled to a
spectrometer. As a probe, a single optical fibre is used, which is
connected at the middle of the left side.

A second version of this system was presented in 1994.267 This system is a little
smaller than the previous. The sensitivity is also increased by the use of an
intensified CCD camera as a detector, instead of the linear diode array. Recently, a
third generation has been developed?® (Paper VI). This system has several
improvements compated to the two predecessors. The size of the system has been
largely reduced, and is now of the order of a catry-on luggage (Figure 6-3). The
switching between the two excitation wavelengths is made automatically to allow
measurements at the same spot. A bright halogen lamp has also been incorporated
in order to study the reflectance spectrum. This spectral variations of the reflected
light can be taken into account when evaluating the fluorescence data. Finally, the
equipment can be operated in a time-resolved mode in order to evaluate the
lifetime of the recorded signal. A lap-top computer is used to control the
equipment, using a software developed in LabVIEW™., The user interface can be
individually designed for different operators and applications.

6.5.2 Imaging systems

The systems described in the previous section provide much information from a
small area. In order to investigate larger areas of clinical relevance, and thus to
avoid random sampling, an imaging technique is needed. Imaging also facilitates
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the interpretation of the signal, as spatial variations are better visualized. The
simplest “imaging” system is to use the eye to directly observe the emitted
fluorescence. This 1s feasible when, eg, porphyrin-based fluorescent tumour
markers are excited by violet light2270 The first clinical fluorescence
bronchoscope was presented in 1979.271.272 This system was based on a mercury
arc lamp, and later a CW krypton-ion laser, for excitation and an image intensifier
to amplify the faint fluorescence signal. In this system, it was not possible to make
normal white light bronchoscopy at the same time, an option later implemented
through rapid switching between white light and fluorescence modes.?’? In general,
the detection of light in a single wavelength band seriously limits the reliability of
the fluorescence diagnosis.?”? A number of approaches have been used to
circumvent this limitation. Hirano e @/ incorporated a point-measuring device into
the imaging system, to allow spectroscopic investigation of suspicious areas.>™
Alternatively, sequential or parallel imaging at several excitation or emission
wavelengths, followed by image processing to subtract the autofluorescence
contribution or to form wavelength ratios. One system, based on parallel detection
of two image in different wavelength bands, has been developed into a commercial
product for endoscopic applications (Light-induced fluorescence endoscopy,
LIFE, Xillix Technologies Corp., BC, Canada). The excitation light source of this
system is either a high-pressure mercury lamp (405 and 436 nm) or a helium-
cadmium laser (442 nm). The fluorescence is detected in a red and a green
wavelength region by two cameras and the signal from these cameras are fed to the
red and the green channel of a colour monitor, to produce a pseudo-colour image.
The system has provided useful information in various clinical specialities, such as
investigations of the bronchi, and for the detection of cancers in the head and
neck region and in the gastro-intestinal tract.

A more sophisticated multi-colour fluorescence imaging system, that can be used
together with fibre-optical endoscopes, has been developed in Lund.?”>277 This
system uses beam-splitting optics to produce four spatially identical images,
individually filtered in different wavelength bands (Figure 6-4). The four images
are captured on the same image-intensified CCD camera. The gating of the camera
1s synchronized with the excitation light source, a frequency-doubled Alexandrite
laser tuned to 390 nm. This detection scheme allows the use of a colour video
camera to record the ordinary white light reflection image. The multi-colour
imaging system has been used in combination with a photosensitizer (HpD or
ALA-induced PplX) to investigate malignant tumours in a variety of organs.?’
Usually, three wavelength bands have been detected. The sensitizer-related
fluorescence (called _4) was detected in the red wavelength region, the
autofluorescence (B) was detected around 470 nm, and one band (D) in the green-
yellow part of the spectrum was used to subtract the part of the autofluorescence
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Figure 6-4 The set-up of the multi-colour fluorescence imaging system.

that overlapped the photosensitizer spectrum. For each corresponding pixels in
the different sub-images, an optimized contrast function, defined as

p=2AD 6.2)
4,B

1s calculated. Here 41 and A are constants, assigned to different values for
different applications. This function results in a high value for malignant tissues, as
the sensitizer fluorescence increases and the tissue autofluorescence decreases. The
result of the calculation is mixed with the ordinary image, and a threshold value
can be set to only mark suspicious areas. The image is updated in real-time at a rate
of up to eight images per second. Results from this system in connection with
ALA-PDT is presented in Papers VII-VIII. An example of an image is given in
Figure 6-6.

A very advanced and powerful device for multi-spectral fluorescence imaging of
tissue was presented by Malik e 2/ in 1996.27 This imstrument is based on a
Fourier transform spectrometer, that records the full fluorescence emission
spectrum 1n every pixel. With such a system coupled to a microscope, local
variations in the fluorescence emission due to changes in the microenvironment
can be studied. There is, however, a trade-off between the spectral resolution and
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Figure 6-5 The principle of a time-resolved fluorescence imaging system.
The gate of the image-intensified is opened at various delays following
the excitation light pulse. The fluorescence lifetime is calculated for each
pixel from the sequentially acquired images.

the acquisition time, making high-resolution investigations restricted to z# vitro and
ex vivo Investigations.

A conceptually different approach to fluorescence imaging 1s to make images of
the fluorescence lifetimes. Cubeddu e7 g/ have constructed a system based on this
technique,® for the detection of tumours after administration of photosensitizers
at very low doses (Figure 06-5). The excitation light source is a pulsed (1 ns)
nitrogen laser-pumped dye laser (405 nm). The fluorescence light is detected by a
gateable image-intensified CCD camera, having a gate rise time of approximately
2 ns. The camera 1s equipped with a cut-off filter to suppress most of the blue-
green autofluorescence, and only transmit the red fluorescence light. To form the
lifetime images, sequential fluorescence images are recorded where the gate is
opened at various delays with respect to the excitation pulse. For each pixel, the
fluorescence lifetime 1s calculated from the different images by assuming a mono-
exponential decay. The lifetime distribution 1s then presented in a pseudo-colour
image. This system has been used to visualize transplanted tumours in a mouse
model following administration of AlS;Pc,?8! and to show that the fluorescence
lifetime of HpD 1s up to 20% longer in tumours as compared to the surrounding
normal skin.?8? The latter finding was believed to be induced by changes in the
microenvironment of the sensitizer.

The fluorescence lifetime imaging system was used in parallel with the multi-

colour imaging system developed in Lund in connection with ALA-PDT of
various skin lesions (Papers VII-VIII).28 Figure 6-6 shows a superficial basal cell
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carcinoma on the neck of a 84-year-old man. A photograph of the lesion 1s shown
in the top of the figure. Below to the left is a grey scale image from the multi-
colour fluorescence imaging system, and to the right is the output from the
fluorescence lifetime imaging system. The lesion is clearly outlined with both
imaging techniques. For the multi-colour fluorescence image, the fluorescence
intensity in the red channel 1s divided by that obtained in the green channel. In the
centre of the fluorescence lifetime image, the lesion can be seen as having a longer
effective fluorescence lifetime. The immediately adjacent normal skin also shows
an increase in the fluorescence lifetime, due to a certain uptake of ALA and the
subsequent synthesis of PpIX. ALA was not applied to the normal skin further
away, which has the shortest lifetime in the image. The increase in the lifetime
obtained in the lesion might be due to a change in the microenvironment of the
sensitizer. The relative contribution of the long-lived PplIX fluorescence compared
to the small amount of short-lived autofluorescence in the red wavelength region
also affects the effective lifetime. The normal skin is characterized by a higher
short-lived autofluorescence and a lower long-lived PpIX fluorescence, resulting in
a relatively short effective lifetime, whereas the opposite relation holds for the
lesion.

With the introduction of ALA-induced PpIX for fluorescence investigations, the
technique has been clinically accepted. Due to its strong fluorescence, simple
endoscopically adapted imaging systems have been constructed. A commonly used
approach is to go back to the early techniques, using a normal white light
endoscope with the possibility to switch to a UV or near UV light source for
fluorescence investigations. An optical filter is used to block the scattered
excitation light, and thus only the fluorescence can be seen.
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Figure 6-6 A basal cell carcinoma (25x12 mm), located below the car of
an 84-ycar-old man in connection with ALA-PDT. (a) A photograph of
the lesion. (b) An image obtained with the multi-colour fluorescence
imaging system. The investigated arca is indicated by a circle in the
photograph. The lesions is clearly outlined, having a high red-to-green
fluorescence ratio. (c) A fluorescence lifetime image of the same area.
The lesion is characterized by a longer effective lifetime. The area where
ALA was applied (lesion and immediate adjacent skin) has a longer
lifetime than the normal skin without ALA.

6.6 Evaluation of fluorescence spectra

The data obtained from the fluorescence investigations are, of course, dependent
on the type of equipment used. A single detector seeing only the red fluorescence
emission can be used to investigate the accumulation of a photosensitizer. The
detected signal can then be used as a measure on the concentration of the
sensitizer. Several factors might, however, influence the signal, resulting in erratic
interpretations, eg, vatiations in measurement geometry and excitation light
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Figure 6-7 Fluorescence spectra recorded in (a) the normal skin and (b) a
superficial basal cell carcinoma (Paper XII). The measurements were
performed 6 hours after topical application of ALLA. The lesion has a
higher PpIX fluorescence (635 and 705nm) and a lower
autofluorescence (around 500 nm) than the normal skin.

intensity, the presence of absorbers such as haemoglobin, e/ To minimize the
influence of the tissue optical properties, a double-ratio approach has been
developed.284285 A ratio between the fluorescence intensities in two bands (660-
750 nm and 550-600 nm) was formed for two excitation wavelengths (405 and
435 nm), for which the tissue optical properties are similar. By dividing the two
ratios with each other, the influence of absorption and scattering was more or less
cancelled out. This method has been shown to accurately quantify the
photosensitizer concentration, also in pigmented lesions.

Another approach to avoid artefacts in the data, is to record the full spectrum.
Figure 6-7 shows fluorescence spectra recorded in a basal cell carcinoma and in the
surrounding normal skin six hours after topical application of ALA, using the
OMA system described previously. The PpIX fluorescence show up as two peaks
at about 635 nm and 705 nm. At these wavelengths, there is also a certain
contribution from the tissue autofluorescence that must be taken into account in
order to estimate the concentration. This contribution can be estimated by an
exponential curve. Using a single fibre for both excitation and collection,
variations in the tissue absorption will result in an overall attenuation of the
intensity, without major influence on the spectral shape. Occasionally, imprints of
the haemoglobin absorption peaks can be seen in the recorded spectra, which
might appear as illusive emission peaks.28¢ The problem of quantifying the » vivo
concentration of the photosensitizer remains, though. A solution could, again, be
to incorporate two excitation wavelengths.

A technique that has been extensively used in Lund for tissue characterization

tollowing the administration of fluorescent tumour markers, is to form
fluorescence ratios. This technique was briefly described in section 6.5.2. One

97



important aspect of ratios is that the resulting value 1s independent of variations in
the system, such as fluctuations in the excitation light, the illumination geometry,
ete., since these variations affect all wavelengths similarly. By forming the ratio
between the fluorescence from the fluorescent tumour marker and the
autofluorescence a “contrast enhancement” between normal and diseased tissue is
obtained.?8” This is the combined result of an increased concentration of the
fluorescent tumour marker and a decreased autofluorescence intensity in diseased
tissue, as compared to the surrounding healthy tissue. The ratio can, e.g., be used to
guide the physician to the optimal site to take a biopsy for histopathological
examination. When used in an imaging system, the ratio can be presented in a
pseudo-colour image and mixed with an ordinary white light image to mark
suspicious areas. This approach is specially useful for fluorescence investigations
after administration of low-dose ALA, since this does not lead to any general
photosensitization. It is, however, not the ideal solution for routine screening
purposes since the administration of an exogenous drug is essentially an invasive
process, which can result in concomitant side effects. It is also associated with a
substantial cost.

For a good excitation of porphyrins, a wavelength around 405 nm should be used.
This is, on the other hand, not an optimal wavelength for investigations of the
autofluorescence, since most of the tissue fluorophores have their main excitation
wavelength at shorter wavelengths, below 360 nm (see Table 6-1). Thus, the
nitrogen laser (337 nm) offers a better excitation wavelength for investigations
without any fluorescent tumour markes. Also in these studies, the formation of
ratios can be used for evaluation. For instance, by dividing the intensities recorded
at two wavelengths, equally absorbed by haemoglobin, a “blood-free” criterion for
the characterization of atherosclerotic plaque can be obtained.?>

Several other techniques have been proposed for the evaluation of fluorescence
spectra. One statistical approach 1s to use stepwise multivariate linear regression
(MVLR). This method relies on the shape of the normalized spectra. On a training
set, the intensities at a number of wavelengths are multiplied with different weights
to obtain a score +1 for normal and -1 for diseased tissue. The weights are then
applied to the data set. This kind of analysis has been successfully applied, e.g., to
differentiate between normal mucosa and adenomas in the colon.?88-2% Principal
component analysis (PCA) has also been used in the evaluation of fluorescence
and near-infrared reflection spectra.?912% The idea of PCA is to reduce the data
into a smaller set of linear combinations of the original variables that account for
most of the variance of the original data set. PCA may not, however, provide
direct insight to the morphologic and biochemical basis of the spectra. Instead, the
spectral information is condensed into a few manageable components, with
minimal loss of information. Moreover, this approach does not require any a priori
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Figure 6-8 The three fluorescence contributions used for fluorescence
investigations of basal cell carcinomas in connection with ALA-PDT
(From Paper XII11).

knowledge on the signals. Various pre-processing techniques, such as
normalization with respect to the peak-intensity, mean-scaling, and a combination
of the two, have been evaluated in combination with PCA.291.22 Mean-scaling
means that an average of all spectra recorded in one patient is subtracted from
each individual spectrum in the same patient. The statistical evaluation is then
performed on these difference spectra. With this technique it is important to
investigate approximately the same number of suspicious and normal tissue areas.
The combination of normalization and mean-scaling has also been used with good
result for fluorescence investigations of the oesophagus.2942% In these papets, the
method has been termed differential normalized fluorescence (DNF).

As PCA does not require any a priori knowledge, the largest variances might be
due to differences not related to the pathological condition of the tissue, but rather
to variations between different patients, and different measurement sites. In partial
least squares (PLS) analysis, a PCA algorithm is used to describe the maximum
variance of both the measured data and the known diagnosis. This procedure is
petformed on a learning set, and can then be applied to other data.

A technique similar to PCA was used in Paper XIII to investigate the
accumulation of PpIX in basal cell carcinomas following topical application of
ALA. In PCA the principal components are determined from mathematical
operations to describe the variance of the data with decreasing significance. In
Paper XIII, the contributions were chosen by making the assumption that the
recorded  spectrum  consisted of three different contributions; the
autofluorescence, the PpIX fluorescence, and the fluorescence emission from the
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photoproducts appearing as a result of the photodynamic reactions in the tissue
(Figure 6-8). The average spectra associated with these three contributions were
calculated from the measurements performed in the centre of the lesion at
different occasions, as described in the paper. Linear combinations of these
“principal components” were then fitted, together with an offset value, to the
spectra recorded in the lesion and in the normal skin.

6.7 Summary

Fluorescence diagnostics attracts increased interest both on a research level, and in
the clinics. Several point-monitoring and imaging systems have been developed,
and some have also turned into commercial products. Some of these systems rely
on the tissue autofluorescence, while others are combined with the administration
of fluorescent tumour markers. The former approach is more suited for screening
purposes, since the use of fluorescing compounds can be associated with side
effects, and are usually quite expensive. The use of fluorescent tumour markers
with no or little photosensitivity effects, such as ALA-induced PpIX, has increased
the clinical acceptance since rather simple instrumentation can be used, a UV lamp
and a filter for the detection. Since the detection is based only on fluorescence
intensity, there is a risk for misinterpretation, due to variations in the tissue optical
properties and the relatively low selectivity in the PpIX buildup. In order to make
a better classification of the tissue, imaging systems based on spectral or temporal
variations of the fluorescence can be used. Most prototypes for fluorescence
imaging systems presented so far are expensive and complex. A constant
development of light sources and detectors will most likely make the construction
of systems better suited for the clinical situation.
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7. Laser-Doppler flowmetry

Laser-Doppler flowmetry 1s a non-invasive technique, based on quasi elastic
scattering, that can be employed for continuous measurements of the tissue blood
flow. A local, abnormal increase in the superficial perfusion indicates an increased
activity caused by for example an inflammatory response. Studies on the
microvascular blood perfusion iz vivo can provide information on the response to
various stimuli, such as mechanical or electrical skin stimuli, changes in
temperature, ¢#.296297 The laser-Doppler technique can also be used to study
responses to various agents?%-30 and the immediate response and healing time
following various treatments301,392 (Paper XIV). Various diseases, such as diabetes
and arteriosclerosis also affects the microcirculation. Point-monitoring systems
have been developed for clinical use. Due to the significant spatial variations in the
microcirculation, the average perfusion over a larger area has to be sampled to give
a representative measurement. Furthermore, point-monitoring systems are usually
based on contact measurements, which also might influence the perfusion. Finally,
laser-Doppler flowmetry cannot be used for absolute measurements and thus only
variations, either temporal or spatial, can be measured.’> To better meet the needs,
a non-contact imaging system would be advantageous. Such a system, clinically
adapted, has been developed,®* and is commercially available (Lisca Development
AB, Linkoping, Sweden). This system has, e.g., been used to monitor the perfusion
in skin flaps in plastic surgery,®> and to map the myocardial perfusion in
connection with coronary by-pass surgery.’%° It has also been used to study the
perfusion in port-wine stains following laser treatment,? and to evaluate the

response of PDYT 3"

We have used this LDI system to investigate the healing time following ALA-PDT
and cryosurgery in the treatment of basal cell carcinomas (Paper XIV). The
system, thoroughly described elsewhere4 uses laser light with a wavelength of
633 nm (from a helium-neon or diode laser). The probe beam is step-wise scanned
over the tissue by means of two computer-controlled scanning mirrors. At each
measurement site (up to 064x64), the beam is halted for 50 ms, and the
measurement is petformed. The probe depth of the measurement has been
estimated to a couple of hundred micrometers.37 A photo diode, mounted next to
the scanning mirrors, is used to record a fraction of the diffusely backscattered
light. When the light is scattered by moving blood cells, a fraction of the kinetic
energy is transferred to the photons. This leads to a change in frequency of the
scattered light, which is known as the Doppler shift. The change in frequency is
very small, only about 101! times the frequency of the incident light.3% It can be
shown that the frequency shift at a single scatteting event is
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Afzé(ks—ki)-v, (7.1)

where k; and k; are the wave vectors of the scattered and the incident light,
respectively, and v is the velocity vector of the scattering blood cell. Since both the
blood cells and photons are moving in all directions, a distribution of frequency
shifts will be obtained, which can be used to calculate the velocity distribution of
the blood cells.?* Furthermore, the amplitude of the frequency-shifted signal is
related to the concentration of blood cells. The perfusion 1s then calculated as the
product of the concentration of moving particles and their average velocity. The
spatial variations of the perfusion is then presented as a pseudo-colour image on
the computer monitor. The resulting images can be statistically evaluated in a
commercially available computer program (LDISOFT 1.0, Lisca Development AB,
Linkoping, Sweden).

From the measurements performed in connection with the two treatment
modalities, the perfusion was evaluated before and immediately after the
treatment, and during a follow-up period of 1-2 years. At each occasion, the ratio
in the perfusion of the lesion and of the surrounding normal skin was calculated.
By forming ratios, the influences on the evaluation caused by variations in
perfusion due to temperature, stress, and other irrelevant factors are minimized.
Before treatment, the perfusion was on average 3 (SD = 2) times higher in the
lesion as compared to the normal skin. Both treatment modalities induced an
immediate increase in the superficial blood flow. During the follow-up period, the
ratio approached unity for successfully treated lesions. Normal perfusion was
reached two months after PD'T, compared to approximately one year after
cryosurgery. For recurrent tumour growth, the perfusion remained elevated. Thus,
it can be concluded that LDI can be used as an objective tool at the follow-up
visits to aid the physician in evaluating the treatment response.
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Summary of papers

Papers I-IV are describing a time-resolved technique to determine the optical
properties of tssue over a large spectral region in a single measurement.
Femtosecond pulses from a near-infrared high-power laser were used to generate
very short white light pulses. A streak camera was used in combination with a
spectrometer to achieve time- and wavelength resolved detection of the diffusely
scattered light. In Paper I, this technique was used on a tissue phantom to detect
an inclusion with different absorbing and scattering properties. In Papers II-111,
the optical properties of breast tissue i vivo and 7n vitro are studied. From the i
vitro studies, differences between normal tissue and tumours are investigated. In
Paper IV, the same technique is used to determine the zz vivo absorption spectrum
of a photosensitizer. Differences in the scattering and absorption spectra between
tumour and normal muscle tissue in rat are being examined.

Paper V reports on an investigation using laser-induced fluorescence from the
female genital tract, especially the cervix. The investigation was performed using
two excitation wavelengths (337 and 405 nm). Most of the patients were given an
oral dose of ALA prior to the investigation.

Paper VI describes the construction of a new, compact OMA-system, which is
intended to be used for laser-induced fluorescence spectroscopy, complemented
with white light diffuse reflectance measurements. Two different excitation
wavelengths (337 and 405 nm) can be employed. The system can be used for both
time-integrated and time-resolved fluorescence spectroscopy. A flexible software
allows the use of user-defined interfaces. The size of the system is of the order of
a carry-on luggage.

Paper VII presents probably the first use of a diode laser system at 635 nm for
ALA-PDT. This laser was used to treat various skin lesions. The therapeutic
efficacy was, as expected, comparable to that of a dye-laser system, pumped by a
frequency-doubled Nd:YAG-laser. In connection with the treatment, two
fluorescence imaging systems were used. One system displayed false-colour images
of the fluorescence lifetimes, while the other was based on image processing of
fluorescence images simultaneously acquired in different wavelength bands.

Paper VIII reports on a comparison between fluorescence lifetime imaging and
multi-colour fluorescence imaging of basal cell carcinomas following topical
application of ALA.
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Paper IX describes the use of a diode laser system, emitting light at 652 nm, in the
treatment of skin lesions following topical application of ALA. The computer
controlled diode laser allowed the use of various amplitude modulation schemes of
the light. Three modes were tested and compared; continuous wave, pulsed
(alternating dark and light periods of 100 ms), and a mode called TSO by the
manufacturer (pre-determined intensity variations in the order of 0-30 Hz). No
significant differences were found between the to former modes, while the
statistical material was too small in the third group.

Paper X presents a study on pain experienced during ALA-PDT. The treatment
was carried out at two different wavelengths, 635 and 652 nm. The shorter
wavelength matches the absorption peak of PpIX, and more sensations of pain 1s
expetienced by the patients. The clinical outcome is also better at this wavelength.
A simple, but effective, way of reducing the pain is by spraying the treated area
with water.

Papers XI-XIV present the results obtained in a prospective, randomized
Phase III clinical trial comparing ALA-PDT with ctyosurgery in the treatment of
basal cell carcinomas. In total, 88 patients were included in the study. The clinical
outcome, with regard to recutrence rate and tolerability, Ze., the time of healing,
the pain in connection with the treatment, and the final cosmetic result, is
presented in Paper XI. A comparable efficacy of the two treatment modalities was
found, with a tendency of a small advantage for cryosurgery. A significantly
shorter healing time and a better cosmetic outcome was, however, in favour for
ALA-PDT. Laser-induced fluorescence measurements were performed in
connection with the ALA-PDT measurements. The pharmacokinetics of the ALA-
induced PpIX synthesis was studied in 15 patients. The result of this study is
presented in Paper XII. In Paper XIII, the fluorescence pre ALA, pre PDT, and
post PDT was investigated in all patients in the ALA-PDT-arm of the clinical trial.
The average fluorescence spectra of the endogenous tissue fluorophores, PpIX,
and the photoproducts are derived. Linear combinations of these spectra are fitted
to the data, and the average weights are determined. The fluorescence information
was not found to give any significant indication on the resulting treatment efficacy.
Laser-Doppler perfusion imaging was used to evaluate the healing time after the
treatment, as reported in Paper XIV. Prior to the treatment, an elevated superficial
petfusion was found in the lesions, as compared to the adjacent normal tissue.
During a follow-up period of 13 to 24 months, the perfusion-ratio between the
lesion and normal skin decreased towards unity. The healing process was found to
be significantly faster following ALA-PDT. The ratio could also be used as an aid
to evaluate the treatment response, since residual or recurrent tumour growth
could be seen as increase in this ratio.
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