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Abstract

In this thesis, different optical methods utilising visible light for characterization of
tissue have been developed and evaluated. The feasibility of many of these methods
has been demonstrated in the laboratory or in animal experiments. However, the goal
is naturally to develop methods useful in the clinic, and thus the emphasis in this thesis
has been put on 7 vivo examinations.

Raman spectroscopy is an optical method that can provide information regarding
vibrational modes in molecules and concentrations of tissue constituents. The Raman
spectra contain sharp peaks and are suited for multivariate evaluation since one
specific peak represents a vibrational mode that can be present in many different
molecules. The Raman signal is weak and is often hidden in the strong fluorescence
emission from tissue. The main challenge lies in the development of clinical Raman
spectroscopy systems that are capable of recording Raman spectra with high resolution
and low noise in a short accumulation time. This problem is discussed together with
applications of Raman spectroscopy in cardiology and dermatology.

Fluorescence spectroscopy is another technique used for tissue characterization and
detection of lesions. The application of fluorescence spectroscopy for the delineation
of borders between normal and malignant tissue in oncological dermatology and
neurosurgery is discussed as well as the potential of classification of myocardial
biopsies from patients with transplanted hearts. The construction and usefulness of a
small clinical system is also discussed. In the development of models capable of
correlating fluorescence spectra with clinical diagnosis, the problem of biopsy location
and biological variability within the biopsies has been addressed in a study of protocols
for histopathological evaluation in the field of gynaecology.

The use of light for treatment of malignant tumours is often associated with the
thermal impact of laser ‘knifes’ employed during excisions. However, light can also be
a constituent in non-thermal photochemical reactions where light, together with a
tumour-seecking photosensitizer and tissue oxygen, react and lead to cell death, which
kills tumours. This treatment modality is called photodynamic therapy and some of the
involved mechanisms have been explored in the thesis. Due to the limited penetration
of visible light, a system for interstitial delivery of treatment light has been developed
to be able to treat thicker and deeply located tumours. The dosimetry is important and
the photodynamic threshold dose has been estimated.



Sammanfattning

Denna avhandling handlar om hur ljus kan anvindas for att detektera, diagnosticera
och behandla olika medicinska sjukdomstillstind. Det vi dagligen kallar ljus 4r bara en
liten del av det elektromagenetiska spektret, nimligen den del vi kan uppfatta med vara
ogon. Elektromagnetisk strilning med andra vaglingder anvinds i stor utstrdckning
tor klinisk diagnostik. Rontgenstrilning, mikrovagor och gammastralning dr andra
exempel pi strilning som anvinds f6r behandling av olika sjudomstillstind, men det 4r
det synliga ljusets interaktion med vdvnad som denna avhandling handlar om.

Genom att sidnda in ljus i vivnad och med hjilp av kinsliga ljusdetektorer mita ljuset
som kommer tillbaka kan man fa kunskap om vivnadens dmnesinnehdll och pé sa sitt
gbra en diagnos. Lasrar dr praktiska att anvinda di dessa har en vilspecifierad
emissionsviglingd (firg), en hog uteffekt och ljusstrilen utbreder sig ritlinjigt i en
smal strile. Ljus fran en laser gar litt att sinda in i tunna optiska fibrer och pa si sitt
kan man mita i hdlrum inuti kroppen genom endoskop och nilar. De ljusenergier som
anvinds dr smd och leder inte till ndgon nimnvird uppvirmning av vivnaden. Istillet
ar det ljusets interaktion med molekylernas energinivaer som it det intressanta.

Alla har vi nagon giang férsékt lysa genom handen med en vanlig ficklampa. D4 kan
man observera tvia fenomen; man ser inga skuggor av ben i1 handen och ljuset som
kommer ut dr rott. Vivnad bestir av celler vars cellmembran och inre organeller
fungerar som sma ytor dir ljus kan reflekteras och byta riktning. Synligt ljus (till
skillnad fran rontgenstrilning) studsar omkring i vivnad och pd andra sidan handen
kommer ljuset ut diffust. Detta fenomen kallas f6r spridning och vivnad, i likhet med
dimma, moln och mjélk, benimns som ett spridande material.

Vid vanlig (elastisk) spridning bevaras ljusets energi och det spridda ljuset har samma
vaglingd som det inkommande. Det finns dven en mer sillsynt spridningsprocess,
Ramanspridning, da det spridda ljusets vdglingd foérindras nigot dé ljuset sprids mot
en vibrerande eller roterande molekyl. Genom att analysera energiskiftet 1 det spridda
ljuset, kan man fa information om vilka vibrations- och rotationsenergier som finns.
Frin dessa energier kan man dra slutsatser om molekylerna som ingir i vivnaden
vilket ger en uppfattning om vivnadstyp. Denna metod beskrivs i avhandlingen och
ett mobilt system har konstruerats for kliniska studier. Mitningar har utforts pa
patienter for att forséka sirskilja olika typer av hudtumdorer och i syfte att underséka
om man kan karakterisera de ingdende molekylerna i hjirt- och kirlvivnad.

Hemoglobin dr det protein i de réda blodkropparna som transporterar syre frin
lungorna ut till resten av kroppen. Det dr en stark absorbator som tillsammans med
melanin (hudens pigment) och andra svagare absorbatorer absorberar grént och blatt
ljus vilket leder till att ljuset ser r6tt ut pa andra sidan handen.



En del dmnen har f6rméga att fluorescera, dvs. sinda ut synligt ljus 1 olika firger da de
belyses med osynligt ultraviolett eller blitt ljus med kort vaglingd. I vivnad finns det
ett fatal molekyler som har denna f6rmdga, bl a kollagen, elastin, NADH, B-karoten,
tryptofan och porfyriner. Genom att analysera fluorescensen fran vivnad kan man se
skillnader mellan olika vivnadstyper. Inom ramen f6r avhandlingen har utrustning f6r
att mita vivnadsfluorescens konstruerats och utvirderats. I avhandlingen har studier
for att skilja tumorer i huden, pd livmoderhalstappen och i hjirnan fran normal vivnad
utforts. Studier f6r att se skillnad pa avstott hjdrtvivnad fran normal hjirtmuskel hos
personer med transplanterat hjirta har genomférts och dven forsék att karakterisera
olika grader av aderférkalkning i kirlvivnad.

Bdde Raman och fluorescensspektroskopi dr potentiella optiska metoder som utan att
orsaka skada kan diagnosticera vivnad i realtid. De kan anvinds for tidig detektion av
pre-cancerogena forandringar och som hjilp vid biopsitagning i vivnader dér det inte
ir uppenbart var man skall ta vivnadsprov fér mikroskopisk analys, t ex i lungan eller i
urinblisan. Avbildande fluorescens system dr till stor hjilp i de fall didr en
biopsitagning tar bort viktig vivnad, t ex vid stimbandscancer.

Genom att ge patienterna en viss aminosyra, ALA, kommer stora mingder av ett
fluorescerande dmne, protoporphyrin IX (PpIX), att ansamlas i hégre grad i malign
vivnad 4n i normal pd grund av enzymatiska skillnader. Da PpIX fluorescerar starkt i
tott dr det ldtt att skilja den frin den bli-gréna fluorescensen frin vivnadens egna
molekyler. P4 sa sitt blir cancerdetektionen mer kinslig.

PpIX kan dven anvindas for behandling av tumorer. ALA ges dé i en stérre dos och
efter 3-4 timar kan patienten behandlas. Omradet belyses vid behandling med en r6d
laser med samma vaglingd (635 nm) dir man tidigare mitte fluorescensen, och
energin absorberas da av PpIX. Energin omférdelas i PpIX sa att dess energitillstind
matchar en energiéverging i syre som finns i vivnaden. Vid kollision 6verfors energin
och syret blir en syreradikal som oxiderar allt i sin ndrhet. D4 PpIX finns i cellens
membran gir dessa sonder och cellen dor. Efter detta férlopp dr PpIX 1 sitt
ursprungstillstind och kan absorbera nya ljusfotoner. Hela processen dr fotokemisk
och benimns fotodynamisk tumérterapi eller Photodynamic Therapy (PDT). Da PpIX
ansamlas 1 storre grad i tumérvivnad dn 1 normal, dr behandlingen selektiv och man
kan alltsd belysa ett stort omrade och dnda bara déda tumorceller.

En del av avhandlingen ir studier av de olika mekanismerna som finns vid PDT. D4
hudtumérer behandlas genom att belysa vivnaden frin ytan med laserljus har
mitningar gjorts av hudens temperatur med hjilp av en virmekamera. Aven om
patienten kan uppleva PDT behandlingen som brinnande och stickande dr det i
princip ingen virme inblandad eftersom det 4r en rent kemisk process. En liten del av
behandlingsljuset absorberas av hudens melanin men ger alltsd inte upphov till nagon
nimnvird virme. For att PDT skall fungera krdvs det syre som transporteras ut i
vivnaden med blodet. Mitningar har gjorts med ett svepande lasersystem som mater
Doppler skiftet pa en del av ljus som reflekteras mot blodkroppar i rérelse. Man kan
da erhilla en bild 6ver blodflédet i tuméren och utanfér. Mitningar utférdes fore,



direkt efter och en timme efter behandlingen, och intressanta skillnader uppvisades.

Som beskrivits ovan, dr det réda behandlingsljusets intringningsdjup i vivnad
begrinsad till ett par millimeter. Fér att kunna behandla tjockare tumérer och tumorer
inbdddade 1 vivnad, har system for interstitiell PDT (IPDT) utvecklats. Ljuset skickas
genom tunna optiska fibrer som sitts in i vivnaden med hjilp av nalar. P4 sa sitt kan
en storre tumoérmassa behandlas. For att kontrollera behandlingen krivs en god
kunskap om dosimetrin, dvs hur ljuset férdelar sig. Experimentella f6rsék har gjorts
pa rittor med inplanterade tumorer pa bakbenen, for att fa kunskap om den ljusdos
och koncentration av det sensibiliserande amnet som krivs for att vivnaden skall dé.
Tekniken har dven anvinds vid klinisk behandling av tjocka tumorer.
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1 Introduction

The vision is perhaps the most important sense of humans for the interpretation of
the environment we live in. The ability to detect and interpret electromagnetic
radiation into shapes and colours is resulting in pattern recognition and awareness
after processing by the brain. In the field of medicine, the visual examination of a
patient provides information that can be used to suggest the diagnosis by
interpretation of colours, textures and shapes of suspicious malighant conditions.
Radiation in other wavelength ranges, invisible to the eye, is widely used in X-ray
imaging, CT scans, MR imaging and isotopes detection. In this thesis, visible light has
also been used for the characterization of tissue; however, the visual perception by the
eye has been replaced by light sensitive detectors. Basically, light is sent into the tissue
and the light that returns is detected and interpreted in terms of tissue constituents,
which provide indication on the tissue type and diagnosis. Visible light can also be
utilised for the treatment of malignant tumours. The process (photodynamic therapy,
PDT) is non-thermal and involves photochemical reactions, which lead to selective
tumour destruction.

This thesis deals with the optimisation of optical spectroscopical techniques for tissue
characterization and comprises development of systems and methods for Raman and
fluorescence spectroscopy together with the evaluation in several clinical trials in
various specialities. Some of the mechanisms of PDT have been investigated in the
thesis and a system for treatment of massive tumours has been tested experimentally
and clinically.






2 Interaction of light with tissue

This thesis focuses on the use of fluorescence and Raman spectroscopy to characterise
tissue and provide methods for optical medical diagnostics. Photodynamic therapy is a
method to treat malignant tissue and some of the action mechanisms have been
investigated. None of these processes involve any heat formation, which often is
associated with the use of lasers in medicine. Instead, the mechanisms are of
photochemical nature, involving energy exchange between the quantised levels of
atoms and molecules present in tissue.

To fully understand the principles of the interaction of light with tissue, an overview
of the general properties of light and molecules is given in this chapter before the
specific tissue-light interactions are described.

2.1 Properties of light

Light is dualistic in nature. It can be described as an electromagnetic wave or as a
package or quantum of energy - a photon. The aspects ate equally valid and often one
or the other is chosen to describe a specific phenomenon. The electromagnetic
spectrum ranges from radio waves through infrared and visible light to X-rays and
gamma radiation. The wavelength, A, or the frequency, v, are used to describe the
radiation when the wave nature is considered, and the energy, E, is used when light is
regarded as a stream of photons. These quantities are easily connected by the speed of
light, ¢, and the Planck constant, h.

E:h-\/:h-% ] c=Av [m/s]

In the experiments described in this thesis, light in the visible and near infrared range
has been used. In this region, the wavelength, A, is the most common quantity used to
represent the light energy. In the field of Raman spectroscopy, energy differences are
often described in wave numbers, G, which can be calculated as:

6=——— [em]]

7\'1 }\‘2

The advantage of this approach is that wave numbers are directly proportional to
energy.

The light fluence rate is another important parameter. It can be represented in many
ways and by many symbols, but the one used in this thesis is ¢, which often is
expressed in mW/cm?2. The unit can be considered as the light energy per second
passing through the cross section area of an imaginary infinitesimal sphere.



2.2  Properties of atoms and molecules

During the first decades of the 20:th century, the theories of atomic physics and
quantum mechanics were developed by Bohr, Schrédinger and others. These eatly
theories are fully capable of describing energy levels and transitions in atoms and
molecules, and only the fundamentals are required for the understanding of this thesis.
Quantum mechanics and atomic physics have continued to develop and for a more
detailed description, the reader is referred to textbooks, e.g. Refs!:2.

2.21 Energy levels in atoms and molecules

The hydrogen atom with one electron circulating around the charged nucleus is the
simplest atomic system. Solutions to the Schrodinger equation in a Coulomb potential
yield electronic states. The energy of these states can be calculated by the use of the
Rydberg formula and the primary quantum number, n. For all other atoms, the
interaction between multiple electrons and the interaction between electrons and the
angular momentum give rise to the need of additional quantum numbers to describe
the energy levels?.

According to the Pauli exclusion principle, there cannot be more than two electrons
occupying any state, one with electronic spin up and one with spin down. Basically, the
states of the atom are filled from the lowest state and upwards. The configuration of
electrons in various shells is described by many parameters, for instance triplet and
singlet states. There are several quantum mechanical rules that determine allowed
transitions between electron configurations. In Fig. 1, a schematic picture of energy
levels in a hydrogen atom is shown.
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Figure 1. Energy levels of the hydrogen atom. The
numbers 1,2,3 etc are the principal guantum numbers
and s,p,d cte. corresponds to the subshells. The lines
between the levels indicate allowed transitions. Taken

from Ref?.



The distribution of atoms in specific states is described by Boltzmann’s law

hv
N, o

=l
N,

where Ny and N, is the number of atoms in two different states (N is the lower lying
state), hv is the energy difference between the states, T is the absolute temperature and
k is the Boltzmann constant. For an electronic transition in the visible range (typically
A=500 nm, T=300 K), the exponent is about 100 and thus practically all atoms are in
the ground state.

When atoms bond together to form molecules, the total energy is lower than the sum
of energy of the constituents. The description of energy levels becomes more
complicated than for atoms, since energy states due to vibration and rotation motion
are added. In Fig. 2, the schematic picture of electronic levels and the addition of
vibration and rotation levels is shown.
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Figure 2. Energy states in a molecute. Modified from Ref?.

The simplest calculation of vibrational energy levels for a diatomic molecule involves
the approximation of the potential by a parabola as in a harmonic oscillator. This
results in a simple expression of vibration frequency and energy

E, =@+ ), v=012,..,

where v is the classical vibrational frequency given by the expression

1 |k
V.=—_.—,
2n | p

where 1 is the reduced mass and k is a force constant. Thus, the vibrational levels are
equidistant and there will always be a non-zero lowest vibrational energy.



The degree of complexity increases for polyatomic molecules and there can be
numerous modes of vibration. An atom has 3 degrees of freedom and put together in
a molecule, an N-atomic molecule has 3N degrees of freedom. The translation
directions and rotation around the mass centre are not vibrations; thus there can be
3N-6 vibration modes for an N-atomic molecule.

There are two types of vibrational modes: stretching modes, where the distances
between the atoms or groups of atoms are altered; and bending modes, where the
angles between atoms or groups of atoms are altered. Some examples of vibrational
modes can be seen in Fig. 3.

Stretching Bending
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Figure 3. Vibrational modes for atoms or groups of atoms.
The + and - signs indicate movement ont of and into the
plane of this page. Modifzed from Ref?.

Molecules in general can rotate around three different axes. For the simple case of a
diatomic molecule, it rotates around the mass centre and the rotation energy can be
calculated as

E,=BJ(J+1) J=0,1,2, ..,
with

2
p=""

21

where I is the moment of inertia with respect to the rotation axis. If the bond between
the atoms is not completely rigid, the molecular bond will be stretched out in higher
rotational states and I will increase, leading to a downshift of higher levels. In
polyatomic molecules the theory becomes much more complex, and also here
symmetry aspects are important. In large biomolecules, the rotational structure, in the
energy level diagram, is often lost and the energy levels are smeared out into a band.



2.2.2 Transitions between levels

The configuration of the energy levels of a molecule determines many of the
properties of that molecule. For instance, the energy separation between the electronic
states determines the visible wavelengths that can be absorbed and thus the colour of
the molecule. The transitions between the levels are the origin of many interesting
phenomena like laser action, phosphorescence and fluorescence.

The energy separations between close-lying electronic levels often correspond to
visible wavelengths. Vibration transitions occur in the infrared range, while transitions
between rotational levels in the same vibrational mode fall in the far infrared range.
There are rules for radiative transition within vibration and rotational levels. For

vibration, Av = £1 must be fulfilled and for rotation A] = *1.

Light impinging on a molecule can, if the energy corresponds to the energy sepatation
between two levels, be absorbed and an electron is transferred to a higher level. The
molecule only remains in this state for a short period of time given by the lifetime of
that state. On the way back to the ground state, none or several intermediate levels
may be involved. However, there are some restrictions on the possible transitions
between energy levels, set by the selection rules of quantum mechanics.

The transition between a singlet and a triplet state including emission of light is
forbidden, since the electron spin cannot be changed in such a process. If an atom,
with a singlet ground state, is in its lowest lying triplet state, it can only release the
excess energy due to other interactions, for instance collisions. Such a transition is
called inter-system crossing. Thus the triplet state is a metastable state with a long
lifetime. In a so-called Jablonski diagram, Fig. 4, the transition from state S; to T is
shown. In this state, the molecule can stay for long times since the transition to the
ground state Sp is forbidden. If it returns to the ground state, the emission is called
phosphorescence.

There are several ways for an atom to return to its ground state from an excited state.
Due to interaction with other molecules, the electron is transferred to the lowest lying
vibrational and rotational state within the excited state. This is called internal
conversion. When the molecule returns to any of the levels in the ground state,
fluorescence light can be emitted. The wavelength of the fluorescence will always be
longer than the excitation light. Fluorescence light in solids and liquids is broad-
banded due to the strong interaction between molecules and due to the large number
of vibration and rotation levels. The excited molecule can also return non-radiatively
through collisions and internal conversion. Together with inter-system crossing, these
possibilities compete with fluorescence emission.
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Figure 4. Jablonski diagram showing the absorption of a
photon and some of the possible relaxation processes.

IC, internal conversion; T, fluorescence; IX, intersystem
crossing; P, phosphorescence. Taken from Ref*.

The time an average electron stays in a specific energy level is called the lifetime. The
natural radiative lifetime of a free atom or molecule is a result of quantum mechanics,
which can be expressed by the Heisenberg uncertainty principle. The lifetime may be
drastically shortened by collisions.

2.3  The interaction of light with tissue

In the previous chapter, the general features of light and molecules were described. In
this chapter the focus is on the interaction between light and the cells and molecules
present in tissue.

2.3.1 Absorption
Light incident on tissue can be absorbed by various chromophores. The absorption

coefficient, W, is the parameter used to describe the probability of absorption. It is

defined as the probability of absorption per unit length and is normally expressed in
cml. The absorption of light in tissue is strongly dependent on wavelength. In Fig. 5,
the absorption spectra of the most abundant absorbers in tissue can be found.
Haemoglobin and melanin absorb strongly in the blue and UV ranges, while water is
the strongest absorber in the infrared range.

As can be seen, some of the absorbers have absorption spectra with prominent peaks.
In the wavelength region between 650 - 1300 nm, the total absorbance is the lowest.
This region is called the tissue optical window since it is in this region of the
visible/NIR range where tissue is most transparent.

After absorption, the energy can be teleased by emission of light (fluorescence and
phosphorescence) or the molecules can be non-radiatively transferred back to the
ground state. Fluorescence emission is further discussed in Chap. 4.
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Figure 5. The absorption coefficient is plotted versus wavelength for the major absorbers in tissue and in
addition the absorption spectrum of Photofrin, a photosensitizer drug commonly used for photodynamic
treatment of tumonrs is given. The dotted lines indicate the limits of the visible range. The grey area
corresponds to the wavelength range where the total absorption is low. The region is referred to at the fissue
optical window. The emission wavelengths of the Nd:YAG and CO lasers are indicated. Fignre adopted
from Boulnois’.
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The energy absorbed in a molecule can also generate heat, which can be used as a
treatment modality in itself®’. In between 41-47°C, malignant tissue is slightly more
sensitive to heat than healthy tissue®” and this can be used for selective treatment.
Above that temperature interval, all tissue is equally sensitive and at 60°C, the proteins
are coagulated. For all these methods, a feed-back control of tissue temperature for
treatment monitoring is crucial, since the cooling blood perfusion can vary
substantially.

2.3.2  Scattering

Light incident on tissue will be scattered around and rather than travel in straight
paths. This scattering is called elastic, since there is no energy loss, only a change in
direction.

Macroscopically, tissue has a refraction index of about n = 1.410 and some of the light
incident on a tissue surface will be reflected according to the Snell law. However, on
the microscopic scale, tissue is highly inhomogeneous with a varying refraction index.
Tissue is thus highly scattering and it is also called turbid media. The cell nucleus, the
membranes of the cells!! and cell organelles like mitocondrial?, lysosomes and the



10

Golgl apparatus are considered to be the dominant scatterers together with lipid
vesicles in fatty tissue.

There are two types of elastic scattering; Rayleigh and Mie scattering. If the size of the
scatterers is considerably larger than the wavelength, the light will be Mie scattered.
Strict Mie theory refers to spherical particles, but generalisations can be made. The
probability of Mie scattering is a very complex function of wavelength, the refraction
indices of the particle and the surrounding medium, and the probability for
absorption. In general, the intensity of the scattered light increases with shorter

wavelengths and follows approximately a A2 dependence.

Rayleigh scattering occurs when non-resonant light interacts with scatterers smaller
than the wavelength, for instance molecules. The varying electric field creates a
polarisation in molecules, which act like antennas and re-emit the light in a new
direction. The probability for Rayleigh scattering increases with shorter wavelengths
and follows a L4 dependence.

If the incoming light interacts with vibration and rotation levels of molecules and
cause a transition between such levels, the scattering will be inelastic, since the
scattered light has a different wavelength (energy) than the incoming light. If the
energy of the incoming light does not match the electronic level energy separation,
then Rayleigh and Raman scattering can occur. In these cases the molecule is excited
to a virtual level and from there, light may be emitted. Depending on the initial and
final states, energy is gained, preserved or lost. If it is preserved, it is called Rayleigh
scattering. If energy is lost or gained we talk about Stokes and Anti-Stokes Raman
scattering, respectively. The energy of vibration modes is normally expressed in
wavenumbers. Since the Raman vibration energy is calculated as the difference in
wavenumber of the excitation and emission, and since wavenumbers are proportional
to energies, Raman spectra recorded with different systems and thus excitation
wavelengths, can be compared directly. A summary of scattering processes involving

the electronic states can be found in Fig. 6. Raman spectroscopy is further discussed in
Chap. 3.

The scattering coefficient, W , is used to describe scattering in turbid media. It is

defined as the probability of scattering per unit length and is often given in inverse
centimetres, cml. The wavelength dependence of the scattering coefficient in tissue is
not as strong as for absorption. Scattering in tissue is not isotropic, but strongly
forward directed. The scattering anisotropy is often described by the g-factor, which is
related to the average scattering angle by the relation

g= <cos(9 )> .
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Figure 6. Raman scattering.
The reduced scattering coefficient defined as

wo=p(-g)

is a measure of the effective mean free path between two scattering events for an
assumed case where all scattering events are isotropic (l.e. g = 0). It can thus be
interpreted as the inverse of the average distance a photon travels before the
accumulated resulting scattering effect can be considered isotropic. The reduced
scattering coefficient is very useful in tissue optics, since many methods, which
measure tissue optical parameters, only measure the reduced scattering coefficient.
The g-factor and the scattering coefficient cannot be separated once the light is
scattered a sufficient number of times to be considered diffuse.

By sending in light into tissue and detect the emerging licht, the scattered light might
be useful for diagnostic purposes. The multiple scattered light is sensitive to tissue
absorbers and to the size of scattering structures, such as cell organelles. These may be
different in malignant as compared to healthy tissue. The method can be performed
both with continuous light utilising optical detection fibres located at fix distances
from the source fibre, usually referred to as diffuse reflectance spectroscopy!'? or
elastic scattering spectroscopy!'*!>; or with time resolved techniques!-19.

Light incident on tissue may also scatter towards moving objects like blood cells. By
measuring the Doppler frequency shift of the scattered light, the perfusion can be
imaged using a scanning instrument?. This type of instrument was employed in Paper
X for the measurement of superficial blood perfusion during photodynamic therapy.
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2.4  Models for light distribution in tissue

In some of the work presented (Paper XII), an analytical expression has been used to
calculate the light distribution in tissue when light is injected from an optical fibre
inserted into the tissue. Using the diffusion approximation?!, the expression for the
fluence rate becomes

2
(1) _ Poueﬁ‘ e—p(,/fr” ‘: W :l

T A 2
4, 7, cm

at a distance 7, away from the source. The equation originates from the radiative

transport theory, which is a model to describe the light fluence in terms of individual
particles that travel straight until scattered or absorbed. Since most of the wave
characteristics of light like polarisation and interference phenomena etc. are lost when
light travels through tissue, this model with light considered as a stream of individual
particles with an individual quantum of energy is adequate. The diffusion theory is an
approximate solution and it is valid when the scattering is much stronger than

absorption, typically expressed as L, (1 - g) >>U,.

Numerical methods like Monte Carlo?? and the adding doubling method?* can also
be used for calculating the light distribution in tissue.
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3 Raman spectroscopy for tissue
characterization

Raman spectroscopy probes the vibration modes of molecules in a sample and the
resulting spectrum contains multiple narrow peaks, which correspond to specific
vibrational modes of the molecules and provide direct information on the biochemical
composition. The peaks ate narrow, and sensitive to molecular concentration,
structure, conformation and environment, and taken together, all different peaks from
a molecule provide a spectral ‘fingerprint’.

Almost all molecules exhibit Raman scattering. However, Raman scattered light is
weak and it is often hidden in the fluorescence emission. Together with a possible
requirement of using fibre optics to access not only the skin, but also other tissues
inside the body, complicated and expensive instrumentation is needed for medical
characterization of various tissue types.

The discovery of the Raman scattering process has been attributed to the Indian
physicist C.V. Raman, who in 1928 observed a new scattering process. Raman
spectroscopy was not extensively employed as an analytical tool until the invention of
the laser in 1960. Raman spectroscopy was first adopted by the chemists to study
chemical analytes. The eatly attempts to measure Raman spectra of cells and tissue
were obstructed by the facts that there was no way to suppress the fluorescence and
that the instruments had a limited performance. The first Raman spectra from tissue
were reported in 1988 by Clarke e a/?5 and in 1989 by Alfano ¢/ 2/2°. Raman studies of
biological tissue have been facilitated over recent years by advancing technology,
particular in the areas of lasers and detectors. To get a real success of providing insight
into the molecular basis of a disease and showing the potential for medical diagnostic
applications, the methods for analysing Raman spectra should rely on the full Raman
spectra, not just the prominent peaks, in order to extract useful reliable diagnostic
information. Thus, there is a great interest in different multivariate techniques for
evaluating Raman spectra.

Today, Raman spectroscopy is still mostly used in the field of chemistry, and Raman
spectroscopy for medical applications is in the proof-of-concept stage. The potential
of Raman spectroscopy for tissue characterization and diagnostics has been
reviewed?”2? and requirements for the clinical implementation are discussed in Ref..
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3.1 Vibrational transitions in tissue

In the following sections, the origin of tissue Raman peaks is discussed and the
presentation largely follows the discussion given in Refs?7:2,

3.11 Proteins

Proteins give rise to many vibrational modes and many Raman peaks originate from
the amide (peptide) bond linking the amino acids to form the protein. The exact
location of these peaks (the energy of the vibrational mode) is dependent on the
secondary structure of the protein, i.e. the three-dimensional structure.

Various amino acids can be characterised by their vibrational peaks, e.g. tyrosine (830
and 850 cm'1), tryptophan (1014, 1338, 1361 and 1553 cm'!), and phenylalanine with a
peak at 1006 cm™L. The secondary protein structure significantly influences the Raman
spectrum of the peptide backbone. The amide linkage between amino acid residues
has four normal modes, two of which are active in Raman scattering, the amide I and
IIT modes. The amide I mode is largely due to C=O stretching and the amide 1II
mode is due to C-N stretching and N-H in plane bending. The positions of the amide
I and amide I1I peaks as well as the skeletal C-C vibrations near 900-980 cm™! can be
used to characterise the secondary structure of proteins.

The C-H deformation vibration mode at 1448 to 1459 cm! originates from methylene
groups and the peak intensity is relative insensitive to conformation and can be used
as an intensity standard. Disulfide bridges, which are important in tertiary structure of
a protein, exhibit Raman signals at 500 to 550 em L,

Collagen and elastin are the principal structural proteins of human tissue. For instance,
collagen shows a strong amide 1 peak (1650 cm™) and two amide III bands at 1271
and 1248 cm! which attribute to amide vibrations in the polar (proline-rich) and non-
polar (proline-poor) regions of the triple helix conformation?’. Elastin shows strong
amide III (1250 cm!) and amide 1 (1660 cm™) vibrations and weak skeletal C-C
spectral feature characteristic of disordered protein conformations.

The bands at 1108, 966 and 529 cm! are not present in collagen nor in globular
proteins and have been attributed to its unique amino acids, desmosine and
isodesmosine.

312 DNA

Nucleic acids, such as DNA, are built from nucleotids, which consist of a
phosphorylated sugar attached to a purine (adenine or guanine) or pyrimidine (cytosin
or thymine) base. Hydrogen bonds between complementary base pairs together with
additional interaction between bases along the axis stabilise the double-stranded helical
forms of DNA. The B-form of DNA cortresponds to a right-handed helix and is the
most abundant form of DNA. It has been shown that Raman spectroscopy can be
used to determine the conformation of DNA and also probe subtle changes in the B
form.
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In general, vibrations of either the sugar backbone or the bases give rise to Raman
peaks. Vibration in the cyclic rings within the bases gives rise to several peaks in the
regions 500-800 cm! and 1100-1700 ecm-!. The strongest peaks are at 670, 770, 800,
1240, 1480 and 1570 cml. The sugar backbone gives rise to weak bands from 800 to
1100 cm™! as well as contributions to the strong CH> deformation peak around 1460
emL.

3.1.3 Lipids

Cellular and subcellular organelles are surrounded by membranes, which are built up
of a bilayer of phospholipids. The Raman spectra of phospholipids contain vibration
modes both from the hydrophilic head and the hydrophobic hydrocarbon tail. The C-
N vibration in the polar head of the phospholipid gives rise to a 720 cm™! peak and
the hydrocarbon chain exhibits C-C skeletal vibrations between 1000 and 1150 cm-!
which are sensitive to membrane conformation.

3.1.4 Differences in Raman signals from normal and malignant tissue

A Raman spectrum contains numerous peaks originating from tissue compounds that
are present in all types of tissues. The individual peaks are easily identified with known
molecular vibration modes; however, the interpretation of the peaks in molecular
constituent concentrations and the subsequent interpretation to malignant or healthy
tissue requires a rather complete understanding of the molecular, microscopical and
macroscopical origin of observed Raman peaks. Results from measurements of Raman
spectra 7z vitro from different tissue types suggest that Raman spectroscopy is a
powerful method?’?8. However, the question weather information from peak
intensities and positions can be converted to consistent and robust diagnostic critetia,
useful for 7z vivo studies, still has to be answered?. Work along these lines has been
performed to determine the molecular concentration of human artery material’'-3* and
to determine the molecular concentrations as a function of tissue depth in normal
skin®. Raman spectroscopy has also been shown useful for the measurement of
concentrations of multiple analytes in human serum’® and in whole blood¥ and to
qualitatively analyse the cholesterol and cholesterol esters in atherosclerotic plaques.

Differencies in Raman spectra recorded from wvarious benign and malignant skin
lesions have been reported’®®* and iz witro studies have shown success of
discriminating basal cell carcinoma from normal skin*#2. The ability of Raman
spectroscopy to correctly classify normal breast tissue samples and benign and
malignant breast tumours has been shown®. The spectral differencies in normal and
diseased breast tissues have been attributed to the fact that normal tissue is mostly
composed of lipids and proteins and diseased tissue is composed of proteins.

In a survey conducted in 1996 by Manoharan e# a/?7, the usefulness of near-IR Raman
spectroscopy for characerizing malignant tissue in the colon, urinary bladder, breast
and other soft tissue carcinomas is questioned. The results suggest, that Raman
spectroscopy is less useful for probing cancerous alteration restricted to the epithelial
surface. This is due to the fact, that Raman spectroscopy is a less sensitive method
than fluorescence or absorption, even though it provides much more information, and
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that the penetration depth is in the order of 1 mm. Early changes in epithelial tissues
are very shallow and the Raman spectra can be completely dominated by the signal
from underlying normal tissue.

However, promising results of epithelial changes have been recorded from studies
using Raman spectroscopy in the detection of cervical pre-cancers* and for the
investigation of various gastrointestinal tissue types*.

Within the present thesis (Paper I), clinical application of Raman spectroscopy has
been performed and is discussed more in detail below.

3.1.5  In vitroversus in vivo studies

Many Raman spectroscopy studies on tissue have been performed iz vitro. Normally,
fresh tissue samples are snap frozen and stored in liquid nitrogen or deep frozen at
-80°C. The tissue is thawed in room temperature before measurements and is kept
moist with phosphate buffered saline. This method has been proven not to induce any
artifacts in the Raman spectra®.

3.2 Instrumentation and evaluation

The Raman signal from tissue is extremely weak. Therefore many groups have used a
Nd:YAG laser at 1064 nm and a Fourier-Transform (FT) spectrometer to obtain
Raman spectra in the infrared region, where the fluorescence is almost completely
suppressed. However, these early systems required long data collection times of 3 to
30 minutes*+ and were not compatible with fibre optics. The signal-to-noise ratio
was limited due to the reduced scattering cross section at 1064 nm and the large noise
in the detectors in the range 1100 to 1350 cm™l. When the CCD detectors sensitive in
the NIR region were developed, the first systems employing a NIR excitation and a
CCD detector were built by different groups*50-32, These systems were developed and
are now capable of collecting a Raman spectrum in a few seconds using fibre optical
probes?5:53-55,

3.21 Excitation wavelength

NIR excitation is chosen as it reduces the fluorescence background and noise in
Raman spectra. The proper excitation wavelength has to be chosen by balancing the
fluorescence reduction for a longer wavelength with the quantum efficiency drop for
the detector at longer wavelengths. In reality this means that systems with excitation
wavelengths between 700 to 850 nm are preferred. It should be noted that it is mainly
the shot noise level from fluorescence that has to be reduced; the baseline from
fluorescence can be subtracted by different techniques. This is clearly illustrated in a
study where the Raman spectra from breast samples were measured using several
different excitation wavelengths in the range 406 to 830 nm>. The ratio of Raman
signal to fluorescence intensity is higher for 830 nm. Actually, the spectra reported
from the group in Rotterdam3 using 850 nm excitation do not show any large
fluorescence background compared to spectra recorded with similar equipment using
excitation wavelength at 785 nm (Paper I, Ref.#).
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An alternative way of reducing tissue fluorescence is to employ UV excitation at
wavelengths below 270 nm, which can match electronic energy states. In biological
materials, the high-lying electronic states excited by UV light often rapidly relax via
non-radiative process to lower-lying levels, thereby eliminating fluorescence or causing
it to occur at much longer wavelengths. Raman-scattered light is generated before the
relaxation process and is emitted in the UV region. The method is called UV
resonance Raman (UVRR) spectroscopy and has been used for studies of biological
material>’. However, UV light can induce mutagenesis and the tissue penetration depth
is small leading to small probe volume. The method can be used 7 vitro but it is not a
candidate for 77 vivo tissue characterization.

The use of a near-infrared excitation wavelength leads to a fairly large penetration
depth and thus a relatively large probe volume. For 785 nm excitation, the reduced

scattering is approximately M; = 11 ecm™! for skin38. The effective penetration depth is

estimated to 3-4 mm. Thus, the probe volume of Raman spectroscopy is large
compared to other spectroscopy methods like, for instance, fluorescence spectroscopy.

3.2.2 Temperature considerations

Since the Raman signal is inherently weak, quite high powers of laser irradiation are
needed (~100-300 mW). Fibre probes ate used for iz wvivo and in vitro Raman
spectroscopy and focused beams are used in iz vitro set-ups. Large power densities are
created at the tissue surface, which leads to heat generation and there is a possibility
that the heat can induce tissue damage and/or alter the Raman signal. Shim es a/4¢
examined the effects of tissue heating 7 vifro with a focused beam (wavelength 1064
nm, power 450 mW, 0.5 mm diameter, 30 min illumination) with the result of no
alterations in the Raman signal and no visible damage, but there have been very few
other examinations with other parameters. It would be interesting to perform the same
study for wavelengths in the range 750-850 nm.

3.2.3 Spectrographs

The choice of the spectrograph is also important. The spectrograph should have a
high numerical aperture and be compatible with an imaging CCD detector. Dispersive
spectrographs with a holograpic grating have a large throughput, compact design,
reasonably flat image field and can easily be matched to a fibre. Sharp holographic
notch filters are used in the spectrograph to suppress the strong Rayleigh scattered
excitation light entering the spectrograph. The optical layout of a typical system
(HoloSpec £/1.8i-NIR, Kaiser Optical Systems Inc., Ann Arbor, MI) is shown in Fig.
7.
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Figure 7. Optical layout of HoloSpec ] 1.84.

3.24 Detectors

An appropriate CCD detector has to be chosen. Back-thinned CCD detectors have
higher quantum efficiencies than front-illuminated ones. However, a fixed sensitivity
pattern can be introduced, since the thin silicon wafer acts like an etalon. In addition,
by using a deep-depletion CCD, one obtains an increased quantum efficiency in the
NIR region. The detectors are cooled to reduce the noise. Liquid nitrogen has been
and still is used for cooling. However, during the last few years, CCD detector
technology has improved and it is now possible to use Peltier cooling without much
detector noise.

The choice of detector temperature is a trade-off between low detector noise and high
quantum efficiency, since the quantum efficiency is slightly higher at higher
temperatures. For the detector we have been using for Raman spectroscopy
(LN/CCD 1024 EHRB, Princeton Instruments Inc., Ontatio, Canada), the optimal
detector temperature should be between -70°C and -90°C®.

3.2.5 Optical fibre probes

For most medical application, fibre probes guiding excitation and Raman scattered
light are needed to be able to measure on remote internal organs inside the body
through endoscopes, needles and other clinical devices. To be able to comply with
safety precautions, the instrumentation should be situated away from the patient; thus
the fibre has to be several meters long. An optical fibre probe should also be
compatible with standard sterilisation procedures. It is not trivial to fulfil these
specifications of fibre probes for Raman spectroscopy.

Fibre transmission in the NIR region is quite good using special low-OH quartz fibres.
However, the main problem with fibres is the strong silica Raman scattering signal.
This is generated both in the fibre transmitting the excitation light to the tissue and in
the collection fibre, where scattered excitation light enters the fibre and generates
Raman scattered light on the way to the spectrometer. In fibres of several metres, the
fibre Raman signal can be much stronger than the tissue Raman signal.
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To solve the problem, optical filters are needed. These must be positioned at the distal
end of the fibre probe, actually in the tip of the fibre. One narrow-banded filter is
needed in the excitation fibre to clean the output from fibre emission. In front of the
collection fibre, a sharp notch filter or cut-on filter, blocking the scattered excitation
light is necessary. The filters are small and have to be manufactured in a quartz
substrate. Many groups have developed their own Raman probes for various clinical
applications®1>>0,

There are commercial fibre probes available. The Enviva Biomedical Raman probe
(Visionex Inc., Atlanta, GA, USA) has been used zz vivo for Raman spectroscopy of
gastrointestinal tissue* and to determine the molecular composition of the artery
wall’. The probe consists of one 400 um emission fibre surrounded by seven 300 um
collection fibres. This probe utilises beam-steering (Gaser Fiber Optic Light
Management Technology, Visionex Inc., Atlanta, GA, USA), which improves the
overlapping region between emission and collection volumes in the probe; see Fig. 8.
Further, the internally incorporated filters in the probe tip reduce the influence from
silica fibre Raman and fluorescence emission significantly and improve the
performance of the fibre probe®. Unfortunately the probe is not compatible with
autoclavation and has to be steralized by soaking in glutaraldehyde, which is toxic.

Beam steering
Figure 8. The left picture illustrates the
‘ T ‘ T normal overlap between excitation light and
VTl VT collection geometry. To the right, the beam-

steering and internal filters in the 1 isionex
probe for Raman spectroscopy are shown.

Filters in
the fibertip

3.2.6 Background subtraction
The fluorescence from tissue is much stronger than the Raman signal and contributes
a lot to the noise in the spectra. There are a number of different spectroscopy
techniques and post-recording computer analysis techniques that can suppress the
fluorescence background. These are all based on the differences in the scattering
process of Raman and fluorescence.

The fluorescence background is normally broad and the Raman peaks are sharp and
thus the background can potentially be eliminated from recorded spectra by the use of
shifted spectra techniques and edge detection®’. Another technique is to Foutier
transform the spectrum, apply a high pass filter removing the lowest frequencies and
then apply the inverse transform. Perhaps, the most common method is to subtract a
low-order polynominal fitted to the raw spectrum. The result is a Raman spectrum
with both negative and positive values.
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The fluorescence rejection method employed in Paper I was developed during a
Master Thesis project in co-operation with the Department of Mathematical
Statistics®?. A non-parametric Kernel regression technique was developed to filter the
spectra obtained. The original spectrum Y(x) is modelled as Y(x) = m(x) + 6(x)&(x),
where m(x) is the signal without noise, 6(x) is the standard deviation of Y(x) and £(x)
is white noise. m(x) is the sum of the fluorescence signal, m(x)r, and the Raman signal
m(x)r. The procedure can be seen in Fig. 9. m(x) is estimated by non-parametric
Kernel regression with local bandwidths. m(x)r is estimated by non-parametric Kernel
regression with a large and global bandwidth. The Raman signal m(x)r is then
estimated as m(x)r = m(x) - m(x)r . The method shows good fluorescence background
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3.2.7 Multivariate methods

Figure 9. The Kernel regression method is
tllustrated for a Raman spectrum.

A Raman spectrum contains a vast number of peaks, which represent vibration modes
present in many different molecules. The relative intensity between different peaks and
the absolute vibration frequency are clues to which molecules are present and in which
environment. In order to build a model for characterization and classification of tissue,
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multivariate methods are required due to the complex problem.

The multivariate methods of Principal Component Analysis (PCA) and Partial Least
Squares (PLS) are commonly used methods. These methods were first employed in
chemical analysis and are often referred to as Chemometrics.

Often the principal components or the partial least squates components are used as
input to some classification algorithm. In cases, where the spectra from the suspected
constituents in the sample are known, a hybrid linear analysis using the PLS
components from the training set and the spectra from the species of interest can give
a more precise prediction than the pure PLS prediction®. The use of neural networks
is a different approach, which in some cases have proven to be successful*.

In the development of methods for concentration analysis and tissue discrimination,
two sets of data are needed. The first set is a calibration set, where spectra taken from
known compositions or diagnoses are used to build the model. Then, an independent
test set is required to determine the prediction ability of the model. Also here the
composition or diagnosis has to be known. These sets require a large quantity of data
and a way to use a single set is to apply cross-validation. In this method, one spectrum
is left out and tested using the model built on the remaining spectra. Then the
procedure continues by removing the next spectrum, etc.

3.3  Clinical applications

Raman spectroscopy probes the biochemical composition of a biological material and
is thus a potentially useful method for non-invasively biomolecular detection of tissue
malignancies and other changes. In this section, applications in the cardiovascular and
skin are discussed. However, Raman spectroscopy also has applications in breast
cancer detection®356, measurements of analytes in human serum36 and whole blood?,
brain tissue®* and for the detection of cervical lesions*.

3.3.1 Cardiovascular applications

There has been an intense interest to use NIR Raman spectroscopy to gain
information concerning the biomolecular changes with the progression of
atherosclerosis. Several studies have been conducted 7 vitrg?531-33.38:47.6566  and in vivo
work in an animal model has also been performed3*.

During eatly atherosclerosis the intima thickens due to smooth muscle cell
proliferation and migration into the intima of the vessel, and collagen accumulation.
Elastin breakdown, lipoprotein accumulation and calcification follow. The build-up of
necrotic material and crystallisation of calcium apatite lead to complex bulky
atheromas, which can result in major complications. Lipids, mostly cholesterol and
cholesterol esters, account for roughly 60% of the dry weight of the intimal layer of an
atheromatous plaque. Raman spectroscopy may be able to measure all these
constituents and provide the clinician with information for evaluating the type and
degree of severity of the disease, which is needed to initiate the proper treatment
strategy.
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Studies of minced and intact arteries showed that it is possible to build a model of
Raman spectra and determine the composition of the sample32. Using an animal
model, this method has been used 77 vivo, and detailed information about the chemical
composition of the blood vessel wall can be obtained3+.

The first Raman spectroscopy study on vessels was performed by Clarke e a/2> using
visible excitation at 514.5 nm. Raman peaks could be observed, but the intense
fluorescence produced significant interference.

During the years 1997-1999, the Lund group was involved in a joint European
collaboration project program called Laser Assisted Investigations in Cardiology
(LAIC). The aim was to evaluate the potential of optical methods for the
characterization of cardiovascular tissue. Fluorescence, reflectance and Raman
spectroscopy systems were constructed and used in clinical campaigns. In 1997, in vitro
Raman measurements of cardiovascular tissue samples wetre petformed in London,
and in 1999 in wivo measurements of cardiovascular tissues were performed during
open heart surgery and surgery of peripheral vessels.

The equipment used has been discussed previously in this thesis and the set up for
clinical measurements can be seen in Fig. 10. The emission from a tuneable diode laser
emitting at 785 nm was coupled into an Enviva Raman probe. The laser emission out
from the probe was about 15-55 mW. The Raman scattered light was transported
through the probe into the spectrometer and captured by a nitrogen cooled CCD
detector. The integration time for the iz vivo measurements was 10 s. A picture from
the measurements can be seen in Fig. 11.
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Figure 10. The setup for clinical measurements.
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Figure  11. In wvivo  Raman  spectroscopy
measurements during open beart surgery. The author
of this thesis is filling out the protocol in the back.

Measurements were performed on 11 patients. A representative spectrum recorded
from the inside of an abnormal femoral artery can be seen in Fig. 12.
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Figure 12. Raman spectrum recorded from the inside of the arteria
femoralis. The top curve represents the raw data and the lower curve is the
filtered sional.

Many of the observed peaks can be identified as seen in the figure.
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Comparing several spectra did not provide any clear indication of any distinct
differences between spectra recorded from various tissue types. The spectra show
indeed Raman peaks. However, the fluorescence background is high and small low
intensity peaks cannot be resolved. These results were presented at a conference in
1999¢7 but have not been published elsewhere, due to the relatively low number of
patients and recorded spectra.

3.3.2  Oncological dermatology

The skin is a complicated organ, which comprises different layers, all with different
morphology and molecular composition. Outermost, the dead horny layer of stratum
corneum forms an important barrier. Below this is the epidermis, which is a thin layer
primarily consisting of keratinocytes, which are cells that prevent the entry of toxic
substances from the environment and the loss of important constituents from the
body, mainly by the tight intercellular adhesion. The dermis is a thicker layer, which is
largely composed of collagens. Hair roots, glands, nerves and a vast network of
capillaries are located within the dermis.

There has been some interest to use Raman spectroscopy for the characterization and
classification of skin lesions. NIR-FT Raman spectroscopy has been used for the
characterization of normal and diseased skin*’%8, In the studies by Caspers ¢/ a/3>>2, the
qualitatively variations of composition of different skin layers could be measured 7
vivo in a straightforward non-invasive rapid manner. The molecular abnormalities in
benign and malignant skin lesions have also been investigated®-#!. The same group has
also used Raman spectroscopy for the investigation of protein structure in aged skin®,
the structure of water, protein and lipids in human skin™ and investigation of
mummified skin’!.

In Paper I, an in vivo study of skin lesions is presented. For this work, our Raman
system was modified into a mobile clinical system. The equipment was put on a trolley
covered by a light proof hood; see Fig. 13. In this way, clinical recordings could be
performed without any fibre optic probe, even if the patients had to position
themselves into awkward positions in front of the 3 centimetres wide opening, where
the measurements were performed. The skin surface was illuminated from the inside
with a white-light halogen lamp. A small RGB camera recorded the skin for easy visual
alignment and a 600 um quartz fibre collected reflected light to record the reflection
spectra from the centre position of the skin in the opening; see Fig. 14.

Even if the recorded spectra clearly exhibited several Raman peaks, subsequent
multivariate analysis showed that there is not any diagnostic information in these
strong peaks (Paper I). Minute differences in molecular composition between normal
and malignant tissue might not influence the strongest peaks, which are present in all
tissue types. These conclusions put high demands of a clinical system to be able to
produce high resolution, low-noise Raman spectra in a few seconds.
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4 Fluorescence spectroscopy for tissue
characterization

Fluorescence spectroscopy is a method with potential to non-invasively characterise
different tissue types and to classify tissue. Of special importance is the ability to
delineate the borders between normal and malignant tissue and to guide biopsy
sampling to the most likely diseased tissue section during the clinical examination.
Especially in those clinical specialities, where malignant tissue cannot be visualised
easily by the eye and random sampling can be necessary, fluorescence guiding is
valuable.

The instrumentation for fluorescence spectroscopy is relatively simple compared to
Raman spectroscopy, since the fluorescence signal from tissue is much stronger.
However, to be able to measure in a clinical environment, optical fibre probes are
required for easy access through endoscopes or needles, and time-gated detection is
often required for the elimination of ambient light. In addition, a clinical system
should be small for easy transportation and use.

The information from a fluorescence spectrum can be difficult to interpret since the
fluorescence emission is dominated by a few fluorophores with broad and overlapping
spectra. Mathematical multivariate tools are often required to separate the fluorescence
from different fluorophores and to build models for tissue classification. A thorough
review of different methods for analysis of fluorescence spectra can be found in Ref*.

The use of externally applied fluorescent tumour-seeking sensitizers can enhance the
discrimination substantially. Further, different fluorophores have different absorption
maxima and fluorescence instruments utilising multiple excitation wavelengths may
provide additional information.

Clinical fluorescence spectroscopy of tissue was introduced as a diagnostic tool for
malignant lesions by Profio ef a/72 in the 80:s and since then, several studies have been
conducted pertaining to many various clinical applications.

4.1  Autofluorescence

Tissue that is illuminated with light in the UV/blue spectral range normally
fluorescences in the blue-green region of the visible spectrum. This is called the
autofluorescence or the endogeneous fluorescence and originates from a number of
fluorescent proteins, flavins and porphyrins. These fluorophores all have individual
absorption and emission maxima; see Table 1.

The emission spectra from these compounds are normally broad due to the large
number of vibrational levels and the interaction between neighbouring molecules. The
fluorescence spectra from some of the most abundant fluorophores can be seen in

Fig. 15.
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Table 1. Wavelengths for excitation and emission
maxima for the most abundant fluorophores in
tissue. Laken from Ref.7>.

4.1.1  Collagen

Collagen is a strongly fluorescent protein that is abundant in connective tissue. There
are several different types of collagen which have slightly different absorption and
emission characteristics. Collagen I is the most abundant type and it forms long fibrils.
It can be found in the connective tissue in the skin and in tendon, bone and dentin.
Collagen IV forms sheets and can be found in the basal membrane of epithelial
tissues.

Figure 15. Fluorescence emission from some tissue fluorophores,
excited at 337 nm. Adopted from Refs7374.

4.1.2 Elastin

Elastin is another protein, which is the major part of elastic fibres. These elastic fibres
impart extensible and resiliant character to tissues such as the dermis, lung and large
blood vessels.

413 NADH/NAD+

Nicotinamide adenine dinucleotid (NADH) is the reduced (electron-energy rich)
coenzyme form of vitamin B3, while NAD+ is the oxidized (burned) form. NAD+
and NADH are converted into each other in numerous different metabolic activities
and carry the energy in the electron transport chain, where much of the ATP
bioenergy, that runs every biological process of our body, is formed. NADH/NAD+
is most abundant in the respiratory unit of the cell, the mitochondria, but is also
present in the cytoplasm.

In tumours, where an intense oxygen-consuming metabolism is present, the oxygen
level might be lower, leading to a reduced pH-value that will influence the redox
balance between NADH/NAD++ concentrations. NADH is highly fluorescent while
NAD+ is not seen when the tissue is excited above 300 nm. If the equilibrium is
pushed towards a lower concentration of NADH, this might lower the blue-green
fluorescence originating from NADH. The blue-green autofluorescence from
malignant and pre-malignant lesions has been reported lower than in healthy tissue in
many 7 vivo studies’¢-80,
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4.1.4  Other fluorophores

Tryptophan is an essential amino acid, which is the precursor of one of the most
important antidepressant neurotransmitters, serotonin. Tryptophan is a strong
fluorophore for excitation wavelengths below 300 nm and it might be a useful
discriminator, since strong fluorescent levels have been seen in cervical epithelial
cancer cells8!. Other endogenous flurophores include flavins®283, lipofuscin®4, B-
carotene’” and porphyrinsss.86,

4.1.5 Absorbers

The presence of absorbers like haemoglobin and melanin drastically alters the
recorded fluorescence spectrum from tissue. These absorb the excitation wavelength
and can thus drastically lower the over-all intensity of a recorded spectrum. The
haemoglobin absorption spectrum is shown in Fig. 5. Oxygenated (HbO,) and
deoxygenated haemoglobin (Hb) have different absorption spectra. The strongest
absorption peaks can be found at 414, 542 and 577 nm for (HbO,) and at 433 and 556
nm for Hb.

The generated tissue fluorescence emission is absorbed by haemoglobin and thus
‘artificial’ peaks and valleys are created in the resulting fluorescence spectrum. One
way to evaluate fluorescence spectra is to calculate intensity ratios at wavelengths with
equal haemoglobin absorption®” as also used in the double ratio technique®® or to use a
reflectance spectrum to estimate the concentration of haemoglobin and eliminate the
blood interference®.

4.2 Fluorescent tumour markers

Autofluorescence gives a possibility to probe the tissue constituents. In order to
increase the sensitivity of demarkating malignant from normal tissue, fluorescent
tumour-seeking markers are widely used. These are ring-structured molecules that are
to a certain degree selectively accumulated in malignant or pre-cancerous tissue after
administration topically, intravenously or orally. The markers exhibit fluorescence
emission in the red or near infrared wavelength region and can thus be easily
distinguished from the blue-green autofluorescence. The same substances are often
used as photosensitizers for selective treatment of malignant tumours, photodynamic
therapy (PDT), but then administered in higher concentrations as compared to
diagnostic use. PDT is discussed in the next chapter.

Many vatious markers can be used for fluorescence induction and PDT, and an
overview can be found in the thesis by af Klinteberg®. The marker used in the present
thesis (Papers V, IX-XIV) is 5-aminoleuvulinic acid (ALA) induced-protoporphyrin
IX (PpIX), which is perhaps currently the most used and popular fluorescent tumour
marker.



30

PpIX is produced in the haem biosynthetic pathway after the access administration of
5-aminolevulinic acid (ALA). ALA is endogeneous amino acid, which is required for
the synthesis of haemoglobin. Protoporphyrin is the last molecule in the haem cycle
before incorporation of the Fe iron by the action of the enzyme ferrochelatas; see Fig.
16. The normal production of PpIX is regulated by a feedback mechanism. However,
if ALA is given in excess amounts, PpIX will build up temporarily during a couple of
hours. It has been shown that in some premalignant and malignant tissue, the
ferrochelatase activity is reduced, while the activity of the porphobilinogen deaminase
is enhanched®>%. This enzymatic difference leads to that PpIX is built up in a higher
degree in diseased cells as compared to in normal cells.
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Figure 16. Biosynthetic pathway of haem. Adapted from Ref?’.

The kinetics of PpIX build up varies with location and the administration route of
ALA. For oncological dermatological application, ALA is normally mixed into a creme
and applied topically. Actually, the selectivity of ALA uptake in skin lesions is mainly
due to the increased permeability of a skin lesion. For most other applications, ALA is
given orally, diluted in juice. In brain tumours, the selectivity is believed to mainly be
caused by the damaged blood-brain barrier.

PpIX has its absorption maximum at 405 nm and fluoresces with two peaks in the red
region, 635 and 700 nm. After administration of ALA, the maximal PpIX fluorescence
emission is seen after 4-6 hours in skin malignancies® and most of the PpIX is cleared
within a few days or even faster.
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4.3 Instrumentation and evaluation

Fluorescence spectroscopy is technically rather easy to implement in a system due to
the fact that the fluorescence emission is quite strong. However, to build a useful
system requires the fulfilment of many specifications. First of all, the excitation
wavelength has to be matched to the absorption of the compounds of interest. For
autofluorescence, this means an excitation at low wavelengths like the N laser at 337
nm. The absorption band of the commonly used fluorescent tumour markers is often
around 400 nm (405 nm for PpIX), which implies that there should be a possibility of
two excitation wavelengths for optimal results. Further, if the light source is pulsed
with short pulses, the use of gated detection makes it possible to measure in a clinical
environment without disturbance from ambient light. Optical fibres make the system
accessible to all endoscopical sites. Such systems have successfully been built by many
research groups?®?, including the group in Lund®, but there is still no point-
monitoring commercially available system. Fluorescence imaging systems have also
been built by different research groups'-1% and there are several commercial systems
available or under development (HyperSpectral Diagnostic Imaging®, Science and
Technology Int., Honolulu, HI, USA; Cerviscan™, LifeSpex Inc., Bothell, WA, USA;
LIFE, Xillix Technologies Cotp, Richmond, BC, Canada; D-Light/AF system, Karl
Storz, Tuttlingen, Germany). However, the implementation of an automatic real-time
evaluation algorithm is a crucial step towards the acceptance and use in the clinic.
Some systems provide the fluorescence image to be interpreted by the clinician, and
others use complicated algorithms for the delineation of tumour areas and borders. A
recent review is provided in Ref.17,

431 Diode fluorosensor

The development of blue diode lasers and compact spectrometers provide a possibility
to manufacture small and inexpensive systems, which is important for clinical
applications. One such system was constructed and is presented in Paper IV.

The diode fluorosensor is capable to monitor the fluorescence with spectral resolution
enough for evaluation. The measurements can be performed using optical fibres and
the accumulation time is only a few seconds. However, the system does not provide
gated detection, which makes it very sensitive to ambient light. This problem can to
some extent be overcome by measuring the ambient light passing through the tissue
with the fibre in contact and then subtract this background from the recorded
fluorescence spectrum. This technique has been used in the software especially written
for this system'%8. The fluorescence from the optical fibre is measured in darkness and
it is also subtracted.

At the time when the system was built, the shortest wavelength available for blue
diode lasers was 396 nm. This wavelength suits PpIX excitation, but it is perhaps too
long to be able to do discrimination using autofluorescence. Mostly NADH is excited
at 396 nm but no information from i.e. collagen and elastin is gained.
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4.3.2 Spectral evaluation methods

In order to have optical systems that in real-time can analyse and discriminate pre-
malignant or malignant tissue from healthy tissue using the complex information from
recorded spectra, statistical models have to be implemented. By different methods, the
fluorescence (or Raman) spectra have to be evaluated and the information be reduced
to a value that can provide tissue characterization. Tissue consists of a few major
fluorescent molecular species and in addition, other absorbing non-fluorescent
substances and scattering influence the recorded spectrum. The variation in intensity
between individual patients is considerable and some kind of normalisation is often
needed. This is commonly done by atea normalisation.

The evaluation methods used in this thesis are, as already discussed in Sect. 3.2.7.,
mainly Principal Component Analysis (PCA) and Partial Least Squares (PLS). To use
these methods, all spectra are stored in a matrix X. PCA is the same as single value
decomposition to find the eigenvalues (scores) and eigenvectors (principal
components) in the matrix X. Unless the spectra are normalised, the first principal
component, PC 1, will be the average spectrum of all spectra in the matrix and the
score for the first component will reflect the general intensity in the fluorescence
spectra. The information from the first component is then subtracted from the
original matrix and the single value decomposition is performed again to calculate the
second component. The second principal component will be a spectrum representing
the most common deviations from the average spectra. For fluorescence spectra, the
first few components contain useful information, and higher component just represent
noise. In this way, the information from a full spectrum can be reduced to a few
scotes.

To be able to correlate spectra to tissue types, a large set of spectra together with the
corresponding pathology are needed. The set is divided and one part is used to build a
model in which the other spectra are tested. Using PLS, the principal components are
calculated with the influence of the known pathology to create the component, which
corresponds to the vatiation in the pathology vector. In the prediction procedure, the
root mean square error of prediction (RMSEP) is the parameter used to determine the
number of components to be used in the model. A PLS model for prediction was used
in Papers I and IIL
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4.4  Clinical applications

In this thesis several studies have been performed 7 vitro and 7n vivo for various clinical
purposes. Tissue composition and morphology are clearly different for various
applications and a brief summary is given below for the applications suggested in this
thesis.

4.4.1 Cardiovascular

The aim in cardiovascular applications is the identification and molecular analysis of
atherosclerotic plaques, dose adjustment of immunosuppressive medications to
prevent rejection of transplanted organs as well as localisation of subendocardial
ischemic or infarcted myocardium. Measurements of iz vivo fluorescence spectra were
performed on two occasions within the LAIC project. In total, fluorescence spectra
from 24 patients were recorded on various tissues during cardiovascular surgery and
heart transplantation. Both healthy and abnormal vessels were measured and spectra
were recorded from the outside and the inside. The epicardium (outside) of the heart
was measured as well as vessel malformations. In Fig. 17, spectra measured from one
patient with an aneurysm are shown.
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Figure 17. Fluorescence spectra recorded in vivo on the outside and inside of a normal
peripheral vessel and an anerysm.

PCA and PLS were performed on all spectra to identify spectral shapes corresponding
to tissue morphology. The total number of fluorescence spectra recorded was quite
large; however, after separating into homogeneous groups, the numbers are too low to
evaluate statistical findings.
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In Paper III, measurements on endocardial biopsies are described. The results showed
that fibrous tissue could be distinguished from normal endocardium. The real
interesting question if inflammation (a sign of heart tissue rejection) could be detected,
remains unsolved due to the few cases of inflammation obtained in the study.

4.4.2 Skin

Fluorescence spectroscopy can be used to discriminate the border between malignant
skin lesion and healthy skin. The autofluorescence is normally significantly lower in
the lesions and the detection is further enhanced with the use of a fluorescent tumour
marker. In some types of skin lesions, for instance in basal cell carcinoma (BCC), the
border is not always easy to distinguish with the naked eye.

443 Cervix

The uterine cervix is biologically complex and the transformation zone is a very active
area. To help the understanding of Papers VI-VIII, the morphology is shown in Fig.
18. The vagina is covered with squamous epithelium and the inner lining of uterus
consists of columnar epithelium reaching out through the cervical channel to the
cervical area. The columnar epithelium is transformed to squamous tissue and this
region with intense cellular activation is called the transformation zone. The exact
position of the border varies with the menstrual cycle and with age. The cervical
lesions are to more than 90% formed in this region.
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Figure 18. In the left micrograph, thin, columnar epithelinm lining the inside of the cervical channel is
shown and it is transformed to thick squamous epithelium, which covers the cervical area. In the schematic
picture to the right, this transformation one is shown.
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4.4.4 Brain

Malignant tumours in the brain have in general two different origins. Some of them
are metastases from tumours somewhere else in the body. The primary brain tumours,
which are developed from the glia cells in the brain, are more or less impossible to
remove radically during surgery due to the infiltrating growth pattern. The
discrimination between tumour and normal brain tissue is guided by changes in
texture, consistence and colout, but no distinct border is usually seen.

Fluorescence spectroscopy could possibly provide a method for tissue characterization
in this clinical situation and the vision is that an optical fibre probe could be inserted
into the succer used for tumour excision. The removal would then be guided by real-
time analysis of recorded fluorescence spectra. The autofluorescence of normal and
tumour tissue is similar but by the use of a fluorescent tumour marker, the tumour
seems to be clearly visualised. This has been examined in Paper V, and the results are
promising; however, the statistical significance is low.

The accumulation of PpIX in the brain is not related to the metabolism; rather to the
damaged blood-brain barrier in tumours that allows ALA to leak in. However, there is
a non-trivial source of error due to the leakage of ALA to surrounding healthy tissue.
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5 Photodynamic therapy

The first photodynamic therapy (PDT) procedures utilising hematoporphyrin
derivatives (HpD) were performed during the early 1960:s. The field of research in
PDT has since then expanded. Today PDT is an approved method in several clinical
situations and there are commercial laser systems and drugs available. The main
advantages of PDT are the selectivity, the nice healing and the ability to retreat the
same area many times, if necessary. The main disadvantage of PDT is the limited light
penetration, which on the other hand can be improved by development of
photosensitizers active in the NIR wavelength range, and using the concept of
interstitial PDT.

In this chapter the most basic principles of PDT are described together with some of
the biological treatment-related mechanisms investigated in Paper X. A more thorough
description of photosensitizers, technical instruments, the treatment mechanisms of
PDT and clinical applications is given in for instance Refs?*1. An introduction to the
concept of photodynamic threshold dose is given below and an estimation of the
photodynamic threshold for PpIX is presented in Paper XII.

5.1 Principles of action

Basically, the treatment effect from PDT relies on the presence of three reactants,
sensitizer, light and oxygen, all in the proper location and quantity. The photochemical
reaction between these constituents causes crucial damage to the tissue and leads to
tumour cell necrosis, apoptosis, vascular damage and secondary inflammatory
reactions.

PDT has some advantages compared with other tumour treatment modalities
(radiation, excision, cryotherapy). Since the sensitizer accumulation is selective to a
certain degree, healthy tissue can be illuminated at low risk and full treatment can be
given to the tissue just outside the visible tumour margin, where there is a probability
that non-visual pre-cancerous cells are present. Further, the healing is fast and there is
almost no scar formation. If the response of the treatment is only partial, the
treatment can be repeated an unlimited number of times, since there is no memory in
the tissue of the treatment, as in the case of conventional radiation therapy. The
procedure is relatively easy to perform, does not require too much expensive
equipment, and if laser goggles are worn during the whole procedure, there are few
potential hazards. Patients experience pain in various degrees; however, generally no
anaesthesia is required.

As mentioned above, the main disadvantage of PDT is the limited light penetration
depth, limiting the treatment to superficial tumours. With the development of
photosensitizers active in the near-infrared region, the penetration may be increased to
about 4-6 mm or more. To address the problem of penetration, interstitial PDT
(IPDT) is being developed by many groups. Thin multiple optical fibres are inserted
into a larger tumour mass and can thus be used for the treatment of thick tumours
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(see Papers XIII, XIV) and tumours embedded in healthy tissue.

5.1.1 Photosensitizers

Sensitizers are fluorescent tumour-selective compounds that after excitation arrive in a
triplet state, energetically positioned to allow energy transfer to molecular oxygen,
which is promoted from the normal triplet ground state to the biologically very active
singlet state, and becomes highly cytotoxic.

Hematoprotoporphyrin detivative (HpD) was the substance that was almost
exclusively used when PDT first was introduced. HpD is a mixture of different
porphyrins and exhibits an absorption peak at 630 nm. However, HpD has some
disadvantages such as long accumulation time, tumour selectivity of only 2-3 to 1, and
the clearing time of HpD is quite long. Many second- and third-generation sensitizers
are therefore being synthesised and are evaluated and/or used.

Right now, ALA-induced PplIX has attracted a lot of interest as photosensitizer. The
idea of using ALA for PDT was introduced by Malik e @/ and Kennedy ez a/110:111,
This new PDT modality was quickly adopted by the group in Lund’®. The
accumulation of PpIX in tumour tissues was described in Chap. 4.2. The following
discussion will be concentrated on the use of ALA-induced PpIX.

Recently, there has been a strong interest in esterified versions of ALA12113 By
attaching a lipophilic carbon chain to the hydrophilic ALA, it may more easily
penetrate the upper layers of the skin, which would give a deeper penetration depth of
ALA in combination with reduced accumulation time. However, if the attached
carbon chain is too long, ALA might get stuck in the upper layers and in addition
esterases are required to detach the carbon chain before ALA can enter the haem
cycle. Studies have been performed to determine the optimal length of chain and it has
been shown that by attaching esters, the PpIX formation rate is higher for long-
chained ALA esters than short-chained esters'!4. In Paper IX, it is shown that ALA-
ME accumulates more selectively than ALA for basal cell carcinoma.

The stratum corneum acts like a barrier and the penetration of ALA through the
stratum corneum can be enhanched by the use of iontophoresis!'!> or tape stripping.
However, even if the penetration time is reduced, the formation of PpIX still requires
several hours and since the stratum corneum of skin lesions is generally damaged, the
clinical usefulness has to be evaluated.

5.1.2 Light

Any red light at 635 nm can be used for the treatment. High-power filtered lamps may
be non-expensive, but the light economy is poor due to the rather narrow absorption
peak of PpIX. In addition, these lamps produce a lot of heat and if the IR radiation is
not filtered away, it can cause hyperthermic action, which may be a treatment modality
in itself; however, unwanted in this situation.

The use of lasers is more convenient since the radiation can be matched to the
absorption maximum of the photosensitizer and can easily be guided trough optical
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fibres to the treatment site. For superficial illumination, a microlens is attached to the
distal end, creating a homogeneous light fluence at the surface, typically in the order of
100 mW/cm?. The light dose for treatment is calculated by multiplying the fluence
rate with the illumination time used. For the treatment of basal cell carcinomas, a
surface irradiation dose of 60 J/cm? is a commonly used light dose.

There is a potential risk of heating during PDT; however, the results of Paper X, show
that the superficial tissue temperature is increased by only a few degrees for surface
irradiation up to 150 mW/ cm?.

5.1.3 Oxygen

Oxygen is transported by haemoglobin and is a prerequisite for PDT. However,
oxygen is consumed during the process and it has been suggested that by fractionating
the treatment illumination in time, the tissue can be re-oxygenated, which would lead
to a more efficient use of the sensitizer and increase the tumour damage. Fractionation
intervals between milliseconds and several hours have been suggested. In Paper XI, a
few schemes of pulsed and continuous delivery modes were tested, but no significant
difference could be found.

Some of the treatment mechanisms described below include vascular damage, which
could limit further treatment due to restricted blood perfusion in the tumour. Also
fast-growing tumours may be hypoxic. Oxygen is otherwise often assumed to be in
excess. For the purpose of improving the understanding of the PDT mechanisms it
would be interesting to monitor the oxygen content in the tumour during PDT.

5.1.4 Dosimetry

In order to optimise PDT for superficial and in particular interstitial application, the
dosimetry should be fully understood and many reviews on the topic can be found in
the literature!!6-119,

There are many steps involved in the process of creating the cytotoxic damage, which
finally leads to tumour necrosis. In Fig. 19, the different steps involved are outlined.
The light distribution can be predicted by the use of analytical or numerical methods,
see Sect.. 2.4, and for a more complete description, see Ref.®.

The distribution of ALA after topical administration, the conversion to PpIX and the
subsequent distribution of PpIX can be modelled. Thete have been attempts by
Svaasand ef a/1%0 to build a dosimetry model for ALA-PDT of topical lesions. The
distribution of cytotoxic oxygen is predicted from the optical dose, the drug dose and
the accumulation time. There is also another model by Star e a/12! to calculate the
time-dependent PpIX concentration after topical application of ALA on skin. In this
model, realistic boundary conditions are incorporated.
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Figure 19. PDT dosimetry. Adapted from Jacques'?.

The conversion of ALA to PpIX has been modelled by Aalders ¢f 2/123 using a three-
compartment model that takes into account the drug distribution, conversion to PpIX
and the conversion to haem. The result shows that the PpIX kinetics in skin is
strongly dependent on the concentration of ALA.

The distribution of PpIX after topical application of ALA can also be experimentally
verified by fluorescence microscopy!?%. In Fig 20, the fluorescence image of a basal cell
carcinoma, measured with the confocal microscope at the Division of Atomic Physics,
is shown.

! Figure 20. Fluorescence microscopy image of a
\  basal cell carcinoma. The green antofluorescence of
the epithelinm (E) and stroma (S) can be seen
together with the red PpIX fluorescence of the
basal cell carcinoma (B) further down in the
tissue.
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The quantum yield of PpIX and the transfer rate to oxygen are important parameters
and more information can be found in Refs.125126, Oxygen is consumed during the
process and it has been shown that if the capillary density is not high enough, oxygen
cannot be considered homogeneously distributed in excess'?’. Depending on the
cellular location of the photosensitizer, the damage of an oxidative reaction varies.

Normally, a very clear and distinct border between healthy tissue and necrotic tissue
can be observed in micrographic slides after PDT. This has lead to the conclusion that
there must be some specific threshold, for which there has been a certain degree of
damage from cytotoxic singlet oxygen radicals to a cell that causes it to die. However,
this parameter is not easy to measure, instead, the parameter for photodynamic
threshold dose is expressed as the number of photons absorbed by the photosensitizer
per unit tissue volume that leads to cell necrosis. By this definition, only the
distributions of light and photosensitizer are taken into account, the oxygen
concentration is considered to be enough not to limit the process. The parameter has
been estimated for various photosensitizers (mMTHPC!?, Photofrin!?, AIPcSq12%:130,
and AlPcS4'%), and in Paper XII, an estimation of the photodynamic threshold for
PpIX is reported.

52 Treatment mechanisms

The creation of oxygen radicals and its subsequent damage to the cells is the primary
treatment effect of PDT. However, there are also secondary effects, which
significantly contribute to the treatment response.

5.21 Primary photodamage

Due to the short lifetime of the singlet oxygen, the localisation of the photosensitizer
determines the type of damage to the cell. Lipophilic photosensitizers accumulate in
the cell membranes and in the membranes of the cell organelles and photooxidation
may lead to rupture and inactivation of enzymes and receptors. Hydrophilic
photosensitizers are more likely to accumulate in lysosomes and endosomes!31132,
Photooxidation may lead to the release of lysosomal enzymes in the cytoplasm.
Aggregated photosensitizers in the cytoplasm may bind to tubulin and the
photooxygenation lead to de-polymerisation of microtubili which subsequently lead to
cell death, since the cells cannot go into mitosis''. It has been shown that the
probability of cell death per quantum of absorbed energy is higher for lipophilic
photosensitizers, indicating that membrane structures are more vulnerable!33,

5.2.2 Secondary effects

There are several secondary effects of the direct photodamage that contribute to the
treatment efficacy. When systemic (oral or intraveneous) administration of the
sensitizer is used, a large amount will be localised in the endothelial cells of vessels and
the treatment causes permanent damage!3135. In Paper X, perfusion measurements
were performed in connection with PDT of basal cell carcinomas and vascular effects
were seen clearly.

The photooxidation will also lead to inflammatory and immunology responses!3.137
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which may also contribute to the treatment efficacy. In addition, the induction of
apoptosis, i.e. programmed cell death, may contribute to the treatment!3s.

5.3  Clinical applications

PDT has a large number of different applications in several clinical specialities, mostly
involving tumours of different origins, but also in the treatment of age-related macula
degeneration and diabetic retinopathy. A review of clinical treatment results using
ALA-PDT has been prepared by Peng ef al.13.

5.3.1 Topical PDT of skin lesions

Basal cell cancer (BCC) is the most common malignant skin lesion and it is the PDT
response of this lesion type that is described in Papers IX-XI and XIV. Even if BCC is
not considered highly malignant, it can still cause significant problems for the patient.
The conventional treatment methods include excision, radiation, electrocoagulation
and cryosurgery. The treatment choice depends on lesion location and type. In a
randomised Phase III study, PDT was used versus cryotherapy and there were
comparable treatment results but the cosmetic outcome of PDT was significantly
better, and the healing time shorter!40.

The use of methyl-esterified ALA was evaluated in Paper IX. Due to its higher
lipophilicity than ALA, it may penetrate the skin faster and a shorter accumulation
time can be used.

Since oxygen is consumed during the PDT process, it has been suggested that the use
of fractionated light would enhance the treatment effects since the tissue is allowed to
re-oxygenate. This was evaluated using a laser emitting at 652 nm, see Paper XI, and
the light dose was increased to compensate for the lower excitation efficiency at that
wavelength. However, the study showed no significant differencies between CW or
modulated application.

5.3.2 Interstitial PDT

In order to be able to treat thick tumours and tumours embedded deeper in the body,
an interstitial system has been constructed!#!. It has been used for experimental studies
in a rat model (Paper XIII) and it has also been clinically evaluated 77 »ivo on patients
with thick nodular BCCs (Paper XIV).

The present system consists of a beam-splitting unit in which the incoming treatment
light is divided into 6 output fibres. The optimal fibre positions are calculated by a
finite element method that solves the diffusion equation for the given tumour
geometry and tissue optical properties. In the first applications of the system, a
delivered light dose of 15 J/cm3 was considered to be the threshold to induce tumour
necrosis, which determines the illumination time. The system is capable of feed-back
control during treatment since each fibre also can be used for the measurement of the
light fluence inside the tumour. This is done by blocking the input to the treatment
fibres with photodiodes. However, this possibility of treatment control has not been
fully implemented yet.
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Summary of papers

Paper I reports on Raman spectroscopy measurements performed 7 vivo on various
types of skin lesions. The results suggest that the resolution and intensity of the
Raman peak do not allow a classification based on Raman spectra recorded in 5
seconds using 20 mW.

Paper II describes measurements of the optical properties of myocardium that had
been subjected to radio-frequency ablation therapy. The results could aid in the
development of an optical probe to guide such therapy in real-time.

Paper III presents fluorescence spectra recorded on biopsies from patients with
transplanted hearts. Fibrous tissue could be distinguished compared to healthy
myocardium. However, the number of biopsies was too low to allow characterization
of rejected tissue.

Paper IV demonstrates a new fluorescence spectroscopy device based on a blue diode
laser and a compact spectrometer.

Paper V describes fluorescence spectroscopy performed on brain tumours during
stereotactical biopsy. The optical fibre was inserted through the biopsy needle and
fluorescence spectra were recorded on both normal brain and tumour tissue.

Paper VI deals with a detailed histopathological protocol for cervical biopsies. The
orientation, location and pathological variability within biopsies are recorded to allow
correlation with optically recorded spectra.

Papers VII and VIII are connected with Paper VI as they all originate from the same
clinical trial, where a fluorescence and reflectance imaging system was used for
imaging of the cervix. In Paper VII, the correlation between fluorescence spectral
shape and histopathological diagnosis is discussed. In Paper VIII, the spatial variation
in the cervical images is calculated.

Paper IX contains a comparison of the diagnostic and therapeutic outcome when
using topically applied methyl-esterified ALA and normal ALA in PDT of basal cell
carcinoma lesions. Laser-induced fluorescence was used to monitor the build-up of
PpIX and, in addition, the superficial perfusion and temperature was measured.

Paper X reports on measurements, that indirectly provide information on the vascular
mechanisms during topical PDT. An infrared camera was used to measure the
superficial temperature and the superficial perfusion was studied using a laser-Doppler
instrument.



Paper XI describes the use of a diode laser emitting at 652 nm in PDT of skin lesions.
The laser emission was tested in three different modes, continuous, pulsed and in a
special mode developed by the laser manufacturer. No statistically valid differences
were observed for the various treatment modes.

Paper XII reports on an estimation of the photodynamic threshold dose of PpIX.

Papers XIII and XIV report on the feasibility of an interstitial interactive system for
PDT of malignant tumours. The system has been tested both in experimental studies
on rats (Paper XIII) and in a clinical trial involving patients with thick skin lesions

(Paper XIV).
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