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Abstract 

This thesis deals with the development and evaluation of some different optical 
techniques for tissue characterization. The main aim has been to improve and 
evaluate such investigative techniques in in vivo studies. In this attempt a key issue 
has been to gain understanding in the underlying mechanisms of laser-based diag-
nostics of premalignant and malignant lesions and to evaluate methods for efficient 
analysis of acquired data. In particular, photon migration-based methods, aiming at 
the characterization of thick tissues such as the female breast, and laser-induced 
fluorescence for detection of superficial malignant and premalignant lesions have 
been studied.  
 
Novel time and frequency domain techniques have been employed to determine 
the optical properties at multiple wavelengths in healthy breast tissue of volunteers. 
These techniques have proven to be capable of simultaneously determining the fat, 
water and haemoglobin concentrations in the tissue. This might be essential in the 
effort to find a reliable intrinsic contrast for optical breast cancer detection. An-
other technique, based on interference between photon density waves, is improved 
and its potential for detection of small inhomogeneities in turbid media is evalu-
ated.  
 
The potential of laser-induced fluorescence (LIF) spectroscopy to distinguish be-
tween malignant, premalignant and benign lesions in vivo in the colon and in the 
larynx has been studied. This is an interesting technique, since it could provide in-
formation about tissue pathology in real-time during endoscopic examination, thus 
reducing sampling error in the biopsy procedure. LIF could also help the physician 
characterize and demarcate lesions for optimal therapy. The technique is shown to 
be a powerful tool during colonoscopy – fluorescence could to a high degree of 
accuracy distinguish neoplastic polyps from non-neoplastic polyps and normal mu-
cosa. Also the results from the larynx are promising, lesions could be distinguished 
from normal, and different lesion types could to some degree be separated. Both 
autofluorescence and the characteristic fluorescence from δ-aminolevulinic acid 
induced protoporphyrin IX have been studied. Different statistical tools for evalua-
tion of fluorescence emission spectra have been used. In particular, multivariate 
analysis tools such as multivariate linear regression and partial least squares analysis 
have been employed. Fluorescence imaging of basal cell carcinomas on the skin, 
using a multi-wavelength and a fluorescence lifetime system has been performed. 
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Nomenclature 
SYMBOL DESCRIPTION DEFINITION UNIT 
a' reduced albedo a'=μs'/(μ +μa s')  
c speed of light in medium c=c /n m⋅s-10

m⋅sc speed of light in vacuum  -10

mol⋅mC concentration  -3

D=(3μD  diffusion coefficient tr) m -1

f frequency  s-1

( ) Ω= ∫ dtLt ssrrF
π4

,,),(  W⋅mF(r,t)  photon flux -2

( )∫ Ω⋅=
π

θθ
4

coscos dpgg  anisotropy factor, average 
cosine of scattering angle 

 

k wave number   m-1

W⋅m ⋅srL(r, s ,t) radiance  -2 -1

<L> average path length  m 
M modulation   
n  refractive index   
N(r, s ,t) number of photons per unit 

volume and unit angle  
 m ⋅sr-3 -1

p(s,s') phase function   
W⋅m ⋅srQ(r,s,t) source term  -3 -1

r position   
R(ρ,t) W⋅m diffuse reflectance, backscat-

tering 
-2

R   see Haskell et al effective reflection coefficient    1eff

s, s' unit vectors   
W⋅mS(r,t)  source term  -3

t time  s 
T(ρ,t) W⋅mdiffuse transmittance  -2

=(μz z0 mean free path of isotropic 
scattering 

0 s') m -1

⋅molextinction coefficient  mε  2 -1

ϕ(r,t)  W⋅mfluence rate  -2

phase angle  rad φ 
wavelength  m λ 

μ absorption coefficient  m-1a

μ    effective attenuation   eff

μ scattering coefficient  m-1s

μ μs'  reduced scattering coefficient s'=μs(1-g) m-1

μ μtr transport coefficient tr=μα+μs' m-1

solid angle  sr Ω 
distance  m ρ  
(scattering) angle  rad θ   

ω=2πf rad⋅sangular frequency ω -1
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Abbreviations and acronyms 

 
AC  alternating current    23
ALA  δ-aminolevulinic acid     58
CCD  charge-coupled device    60
CIS   carcinoma in situ     51
DC  direct current     23
DPDW   diffuse photon density wave    25
EEM  excitation–emission matrix   53
FAD  flavin adenine dinucleotide   54
FDPM   frequency domain photon migration   42
Hb   deoxygenated haemoglobin   29
HbO2  oxygenated haemoglobin    29
HpD   haematoporphyrin derivative    58
IR  infrared      28
LIF   laser-induced fluorescence   15, 47
MVLR   multivariate linear regression   66, 70
NAD+   oxidized nicotinamide adenine dinucleotide  55
NADH  the reduced form of NAD+   15, 55
NIR  near-infrared     30
OMA   optical channel analyser    60
PCA   principal component analysis   66, 71
PCR  principal component regression    66
PDT   photodynamic therapy     58, 63
PLS  partial least squares     66, 72
PpIX   protoporphyrin IX     58
UV  ultraviolet     28
 
 
 
 



 

Chapter 1  
Introduction 

Light has been used both for detection and therapy of cancer since the beginning 
of the century.2-4 Almost as soon as the first laser was operated by Maiman in 1960, 
the new possibilities for its application in medicine were recognized. The possibility 
to choose a laser source with a particular wavelength to target some specific type of 
molecule, often water or haemoglobin, is very valuable. The light intensity and du-
ration can also be varied to achieve certain effects. The use of light to identify ma-
lignancy is an appealing approach in many clinical specialties, since molecular 
changes can be detected, and not only tissue morphology as in most conventional 
techniques. In this thesis some optical methods for the characterization of biologi-
cal tissues, in particular of malignant and premalignant lesions, are studied and 
evaluated. Two types of techniques are considered: photon migration based meas-
urements, mainly aiming at detecting and characterizing lesions in the female 
breast, and fluorescence measurements, which identify superficial tissue lesions. 
The use of optical fibres enables fluorescence measurements during endoscopic 
examinations inside hollow organs of the body. All techniques presented in this 
thesis use light at sufficiently low intensities and long wavelengths to be harmless 
to the tissue.  
 
The thesis consists of an introduction and ten original scientific papers. The intro-
duction describes some of the theories used and gives a background to the papers, 
since these often focus more on the new findings than on the theoretical frame-
work. The data presented in the papers were collected in physics laboratory envi-
ronments at the Lund Institute of Technology and at the University of California, 
Irvine, as well as in clinical settings at the Lund University Hospital and the Karo-
linska Hospital in Stockholm. 
 
The work described in this thesis has mainly been of applied nature, focusing on 
the analysis of measured data. However, the theory of light absorption and scatter-
ing in tissues is the basis for all work within the biomedical optics field, and is 
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therefore outlined in Chapter 2. Transport of near-infrared light used in this work 
can in most tissues be described as a diffusion process. The optical properties of 
tissue, i.e. the scattering and absorption, vary depending on light wavelength, tissue 
type and status. Variations in optical properties can hence be used for tissue diag-
nostics, e.g. as an indication of tumour tissue or internal bleeding. The optical 
properties can be measured noninvasively by different techniques, and some of 
these are described in Chapter 3. Specifically, the time- and frequency-resolved 
methods used in Papers I-V are described. These methods have been used to de-
termine the optical properties of female breast tissue, by sending in light through 
the skin. In the work of this thesis, mainly healthy breast tissue has been examined, 
in order to study what variations in optical properties can be expected between 
individuals and depending on age, hormonal status, etc. There are also indications 
that the breast optical properties will vary depending on the pathological state of 
the tissue.5,6 If the variations due to malignant transformation are found to be lar-
ger than the normal variations, optical techniques could prove to be valuable com-
plements to x-ray based mammography examinations. Although optical methods 
have the potential of extracting information not available with other currently used 
diagnostic methods, they also have some limitations for detecting deeply located 
tumours. Firstly, light is heavily attenuated and only weak signals are available. Sec-
ondly, the main attenuation is caused by scattering, meaning that all detected light 
will be diffuse, and the spatial resolution will be very poor. These aspects are dis-
cussed in Chapter 2. 
 
As early as 1929, Cutler performed optical transillumination of female breast tissue 
for the purpose of detecting tumours.2 He sent visible light from a lamp through 
the breast of a patient sitting in a totally dark room. The transmitted light was ex-
amined directly by the eye. He observed that solid tumours often were opaque to 
the light. However, malignant lesions could not be distinguished from benign le-
sions. Later studies were performed with continuous light sources and video detec-
tion,7 but the results from different studies were conflicting. However, research in 
the area was pursued, since the conventional method for breast screening, x-ray 
mammography, has its limitations in that potentially harmful ionising radiation is 
used. X-ray mammography has also some other weak points. It does not have a 
very high sensitivity for certain breast tumour types, for example the aggressive 
necrotic comedo cancers, and it has limited sensitivity for tumour detection in x-
ray dense breast tissue of younger women. The issue of screening is a constant 
source of controversy in the research community, at least concerning women under 
50 years of age.8 Optical methods might offer an alternative for young women, 
especially for those who have increased sensitivity to ionizing radiation or who 
have hereditary breast cancer in the family.9 They could also be used as comple-
ments to conventional mammography. Optical methods cannot yield a spatial reso-
lution comparable to that obtained by x-ray mammography or ultrasound, but they 
can provide additional sensitivity and specificity to the diagnostic procedure by 
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indirectly measuring physiological information not measurable by other techniques. 
By making measurements at several wavelengths, physiological properties of the 
tissue, such as blood volume, haemoglobin oxygenation and fat and water concen-
trations in the tissue can be determined (Papers IV and V).  
 
The other main subject studied in this thesis is fluorescence spectroscopy of tis-
sues. Fluorescence techniques usually measure only the most superficial cell layers 
in the tissue, as opposed to the techniques for breast measurements presented 
above, which can probe several centimetres into the tissue. Different biomolecules 
in tissue emit fluorescence when illuminated with blue or ultraviolet light. The 
measured fluorescence signal depends on the concentration of these molecules, but 
also on tissue optical properties, i.e. on microscopic and macroscopic tissue archi-
tecture.10-12 The aim is a noninvasive measurement technique, which is able to 
characterize tissue in real-time during an examination. The use of lasers as light 
sources offers the possibility of efficiently guiding the light through optical fibres. 
The fibres can be inserted through endoscopic instruments, enabling fluorescence 
measurements inside most hollow organs of the body.  
 
In 1911, one of the first studies of fluorescence from tissue was performed13. In 
1924, it was noted that endogenous porphyrins could be responsible for red fluo-
rescence from animal tumours3. The major substances responsible for the fluores-
cence from tissue at near-ultraviolet excitation were later identified as collagen, 
elastin, tryptophan, flavins and reduced nicotinamide adenine dinucleotide 
(NADH)14-16. Laser-induced fluorescence (LIF) studies employ either the differ-
ences in UV-induced intrinsic fluorescence (autofluorescence) from tissue in dif-
ferent pathological states,17-19 or the fluorescence following administration of a 
fluorescent tumour marker.20-23 The present gold standard for diagnosis is based on 
histopathological methods, where tissue samples are collected, thoroughly prepared 
and analysed under a microscope.  
 
The search for a complementary method that could discriminate between lesion 
types and find the margins of lesions in real-time is clinically highly relevant. Fluo-
rescence techniques are described in Chapter 4, giving a medical and physical back-
ground to Papers VI to X. Clinical measurements made in the colon and on the 
vocal folds, looking at autofluorescence or using a fluorescent tumour marker, are 
reported in Papers VI to IX. Two fluorescence imaging techniques have been used 
for measurements on skin lesions in Paper X. Different evaluation techniques have 
been employed in these studies. Paper IX reviews different multivariate analysis 
methods available for the evaluation of fluorescence spectra. The background to 
these multivariate data analysis methods and some other possible spectral analysis 
tools is given in Chapter 5. 
 
 





 

Chapter 2  
Light transport in tissue 

If light is sent into biological tissue, different processes can occur. While most of 
the light enters the tissue, a small part of it can be reflected off the tissue surface. 
The amount of reflected light depends on the angle of incidence and the index of 
refraction. Inside the tissue, the light can be absorbed or scattered. Both processes 
are highly wavelength dependent. In the lower part of the visible wavelength re-
gion, the scattering probability is comparable to the absorption. In the red and 
near-infrared wavelength region light penetrates tissue better. This region is called 
the optical window. In this wavelength range the absorption is low and scattering 
dominates. Most diagnostic applications use light in this wavelength region. Based 
on measurements of optical properties, physiological or structural information 
about the probed tissue can be extracted. This chapter will outline the mathemati-
cal basis of light transport in tissues and describe the tissue features that affect this 
transport. 

2.1 Light transport theory  

The process of light transport in turbid media may be described mathematically 
either by analytical theory, based directly on Maxwell's equations, or by transport 
theory. Maxwell's equations can describe the interaction between light and tissue as 
an electromagnetic wave propagating through a medium with random dielectric 
fluctuations. However, due to the complex structure of tissue it is in principle im-
possible to obtain a formulation that takes all its dielectric properties into ac-
count.24  
 
Transport theory, on the other hand, treats the problem as a flow of power 
through a scattering medium. Transport theory is less mathematically rigorous than 
electromagnetic theory and does not in itself include effects such as diffraction or 
interference. However, it has proven useful for calculating photon transport in tis-
sue. It is usually expressed for the radiance L(r,s,t) [Wm-2sr-1], which is the radiant 
power per unit area and unit solid angle in direction s, at a position in space r. It is 
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obtained by multiplying the light distribution function, N(r,s,t) [m-3sr-1], with the 
speed and energy of the photons in the medium. Radiance is the quantity used to 
describe the propagation of photon power. The transport equation can be formu-
lated as 

( )

( ) ( ),,,',),,(
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/n where cwhere c is the speed of light in the tissue, c=c0 0 is the speed of light in 

vacuum and n is the refractive index of the medium. The scattering and absorption 
coefficients μs and μa describe the probability of a scattering or absorption event 
per unit length. The phase function, p(s,s') denotes the probability that a scattered 
photon initially travelling in direction s' continues in direction s after the scattering 
event. The integral of the probability density function over all solid angles dΩ' is 
equal to one. The transport equation describes the energy balance in an infinitesi-
mal volume element in the tissue. The left-hand side of Equation (1) is the change 
in number of photons at position r, with direction s at time t. On the right-hand 
side, the first two terms describe the loss of photons, due to escape over the vol-
ume boundaries, scattering into other directions or absorption. The third term 
represents the gain through photons that are scattered from other directions into 
direction s, while the last term is gain due to a light source. It is assumed that all 
photons have the same energy and that all scattering is elastic.  
 
It is further assumed that the scattering is symmetric about the incident wave, 
which means that the phase function is a function of the scattering angle alone, 
such that p(s,s')=p(θ), where θ is the angle between the incident and the scattered 
photon. It is often useful to have an analytic expression for the phase function. 
The most popular phase function for light transport in biological tissue is the Hen-
yey-Greenstein function25 
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where g, the anisotropy factor, is the mean cosine of the scattering angle θ. For 
nearly isotropic scattering, the value of g is close to zero, while a g close to unity 
indicates a strongly forward directed scattering. Tissue is in general highly forward 
scattering.  
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Analytic solutions to the transport equation are only known for a few special 
cases26. In practise, either numerical methods such as Monte Carlo simulations or 
expansion in spherical harmonics, leading after truncation to the diffusion equation 
discussed in chapter 2.2, are used. The Monte Carlo method simulates a migration 
of photon packages in a scattering and absorbing medium. The simulated interac-
tion events of these photon packages are based on random samplings from prob-
ability distributions of the step size between interaction events and scattering 
angles. For each scattering event, the light is also attenuated due to absorption. The 
trajectory of the photon package is followed until it exits through a boundary or is 
totally lost by absorption. The Monte Carlo method is useful in that it can be used 
for any geometry, including layered and inhomogeneous media, and for any optical 
properties. The main disadvantage is that, due to the statistical nature of the 
method, a large number of photon packages have to be simulated, requiring long 
computation times. 

2.2 Diffusion 

One way of solving the transport equation analytically is to simplify the problem 
further using an expansion method. The radiance L(r,s,t), the phase function p(s,s') 
and the source function Q(r,s,t) are then expanded in spherical harmonics. The 
lowest order (P1) approximation is a truncation of the series expansion and in-
cludes just the zeroth and first terms in the infinite series. The radiance can then be 
expressed as  

( ) ( ) ,,
4
3

,
4
1

srFr ⋅+≈ ttL
π

ϕ
π

   (3)

  
where ϕ(r,t) [Wm-2] is the fluence rate and F(r,t) [Wm-2] is the photon flux. The 
fluence rate is defined as the radiant power incident on a small sphere divided by 
the cross-sectional area of that sphere 

( ) .,,),(
4

Ω= ∫ dtLt
π

ϕ srr     (4) 

 
In a totally isotropic light field, L=ϕ/4π, corresponding to the first term on the 
right hand side of Equation (3). The flux describes photon energy transfer per unit 
area 

( ) .,,),(
4
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π

    (5)
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The P1 approximation is only valid if the higher order terms in the series expansion 
are negligible. The radiance is then approximated to an isotropic term (ϕ) plus a 
perturbation (F). The flux can be related to the fluence rate through Fick's law 

     

(6) ,ϕ∇−= DF
 
which states that the photon flux is proportional to the gradient of the fluence rate. 
The proportionality factor D is called the diffusion coefficient, given by 

( ) ( )( ) 11 '33 −− +== satrD μμμ

   

(7)

  
where μs', called the reduced scattering coefficient, is given by μs'=μs(1-g). This is in 
principle the result of a transform from nonisotropic to isotropic conditions, yield-
ing a coefficient for the effective isotropic scattering. The reduced scattering μs' is 
smaller than μs, indicating that a number ((1-g)-1) of nonisotropic scattering events 
can effectively be seen as one single isotropic scattering event. The transport coef-
ficient μtr corresponds to the inverse of the effective mean free path, i.e. the mean 
distance travelled by a photon between interactions (absorption or effective iso-
tropic scattering). If we insert the spherical harmonics of the radiance, phase func-
tion and source function into Equation (1) and use Fick's law, this yields the 
diffusion equation 

( ) ( ) ( ) ( ),,,,,
1 2 tSttDt
tc a rrrr =+∇−

∂
∂ ϕμϕϕ

  

(8)

  
where S(r,t) is a source term. A homogeneous tissue, hence a constant diffusion 
coefficient, has been assumed. The diffusion approximation implies a substitution 
of the radiance with an isotropic distribution and a small directional perturbation, 
and is only valid if the light distribution can be considered as diffuse. The require-
ments are thus that the reduced scattering coefficient must be much larger than the 
absorption, i.e. μs' » μa, and that the point r, where we are looking, is far from 
sources and boundaries. The first requirement is true for most tissues in the red 
and near-infrared wavelength region. The diffusion coefficient D as defined in 
Equation (7) can in the diffusion regime (μs' » μ ) be approximated to a

( ) ,'3 1−≈ sD μ

     

(9)

  
as discussed by Yamada et al.27 The scattering coefficient μs and the anisotropy fac-
tor g do not appear separately in the diffusion equation. Different combinations of 
μs and g give the same solution as long as μs' is constant. This relationship is known 
as the similarity principle.28 The two properties are therefore combined in μs', 
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which will be uniquely defined by the diffusion equation. The diffusion equation 
can be solved analytically for an infinite homogeneous medium. For other geome-
tries the solution has also to fulfil the boundary conditions. Such solutions can be 
found for special cases, such as homogeneous media in certain simple geometries 
(see Chapter 2.3). More complex geometries, such as media containing absorbing 
or scattering bodies, have to be solved numerically.  

2.3 Time domain solutions 

For a short light pulse from an isotropic source, the transport through a turbid 
medium will cause a temporal broadening (Fig. 1). By measuring this broadening, it 
is possible to extract information about the tissue optical properties. Alternative 
measurement techniques to obtain these properties include frequency domain and 
spatially resolved steady-state measurements. Below, the mathematical tools to de-
rive the optical properties from these types of measurements will be described.  
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Fig. 1 Optical reflectance measurements of three types. (a) time domain, 
Chapter 2.3. (b) frequency domain, Chapter 2.4. (c) steady-state (spa-
tially resolved) measurements, Chapter 2.6. 

If the source is described as a delta function in time and space, S(r,t)=δ(0,0), the 
solution to the diffusion equation (8) in an infinite medium is 
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This Green's function can be used to determine the fluence rate in other simple 
geometries such as semi-infinite medium and homogeneous slab. If the light source 
is a collimated beam incident on the tissue surface, which is the case for most prac-
tical applications, we cannot assume an isotropic source on the surface. Patterson et 
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al.29 have proposed that the source term in this case can be described as an iso-
tropic source at a depth equal to the mean free path of isotropic scattering, 

( ) 1
0 ' −= sz μ      (11) 

 
Assuming that all incident photons are initially scattered at this depth will not yield 
any significant inaccuracies in fluence rates far from the source. We also have to 
specify an appropriate boundary condition for the interface between the tissue and 
air. The boundary condition should be that there is no photon flux from the sur-
rounding air back into the tissue. It has been shown that setting the fluence rate to 
zero at an extrapolated boundary outside the real boundary is a convenient way of 
approximately fulfilling the boundary condition for an air–tissue interface.1,24,30,31 
This boundary is located a distance z  above the surface, where zb b depends on the 
tissue diffusion coefficient D and the Fresnel reflection at the surface.30 For an air–
tissue interface, z  is approximately 2z .1b 0  However, the solution to the diffusion 
equation far from the source is insensitive to the exact location of the extrapolated 
boundary.29 Hence, assuming a zero fluence rate on the actual surface (zb=0) is a 
good approximation for such a situation. The boundary condition can be satisfied 
by adding a negative image source outside the tissue at a distance 2z +zb 0 above the 
surface (Fig. 2).  
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Fig. 2 Simplified boundary condition for a semi-infinite geometry. Isotropic 
point source z  into the medium an a negative image source at z0 0 above the 
actual surface (z  is here assumed to be zero). b
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The reflectance, R(ρ,t) at an air–tissue boundary can be derived as29 

( ) ( ) ( ) ,
4

expexp4,
2
0

2
2/5

0
2/3

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ +
−−= −−

Dct

z
cttzDctR a

ρ
μπρ

  (12) 
 
where ρ is the source-detector distance. In a clinical situation, it is often interesting 
to measure the transmittance through a slab of tissue by placing the source on one 
side, e.g., of a compressed breast, and measuring the light transmitted on the other 
side. In this case, the boundary condition at the two tissue surfaces could be met 
by adding an infinite number of dipole sources mirrored in the two tissue bounda-
ries. Retaining four dipoles will give the transmittance29 
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where d is the thickness of the slab. Fitting the analytical solution of Equation (12) 
or (13) to a measured reflectance or transmittance curve will provide an estimate of 
the optical properties μ  and μa s'. This is often a quick and easy way to determine 
these properties in vivo on tissue or directly on a phantom in a laboratory environ-
ment (Papers I, II and III).  

2.4 Frequency domain solutions 

In the frequency domain, we instead consider a source which is intensity modu-
lated with a sinusoidal signal at frequency f, angular frequency ω=2πf. The detected 
light at a distance ρ away from the source will be both phase-shifted and amplitude 
demodulated with respect to the source. The phase shift φ and modulation M of 
the detected signal are related to the absorption and scattering characteristics of the 
tissue.  

+SIf the source varies in time as S =SDC ACexp(iωt), the fluence rate will have a DC 
and an AC component. In an infinite medium, the fluence rate can be expressed as   1
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 and Awhere ADC AC are the DC and AC components of the source amplitude and 
μ   is the DC effective attenuation defined by  eff
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The complex wave number of the photon density wave launched by the source is 
k= kr+i⋅ki
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The real part of the wave number, kr , governs the AC attenuation, while ki is the 
phase lag per unit length. For the semi-infinite case, the modulation and phase shift 
have been derived, after applying an appropriate boundary condition, by Haskell et 
al. as   1
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where r  and r0 0b are the distances from the detector to the positive and negative 
image source centred around an extrapolated boundary. Reff is the effective reflec-
tion coefficient for the boundary.1 These equations have been used to evaluate the 
recorded data in Papers IV and V, dealing with frequency-resolved measurements 
at multiple frequencies. 

2.5 Photon density waves 

The similarities between the time and frequency domain methods to derive the 
optical properties is very relevant in this work (Paper II) dealing with photon den-
sity waves. Theoretically, there is a perfect correspondence between the time and 
frequency domains, and transitions from one domain to the other can be obtained 
through the Fourier transform.  
 
When performing experiments in the time domain, an ultra short laser pulse is sent 
into the tissue. The pulse detected at some distance from the detector will be tem-
porally broadened due to multiple scattering in the tissue. In the frequency domain, 
the light source is sinusoidally intensity modulated at some chosen modulation fre-
quency. The group of travelling photons can be described as a diffuse photon den-
sity wave (DPDW), i.e. a wave of travelling light energy density inside the tissue. 
Microscopically, the photons are scattered back and forth inside the tissue and co-
herence is quickly lost, but macroscopically the photon density wave is travelling 
spherically out from the source, maintaining coherence many centimetres into the 
tissue. This wave will have a well-defined wavelength, amplitude and phase at all 
points. The detected signal will still be a sinusoidally varying light intensity at the 
initial modulation frequency, but the phase will be different and the amplitude 
lower. In the time domain, this would correspond to a delayed peak and reduced 
peak intensity, respectively. The amplitude and phase delay will be dependent on 
the optical properties of the tissue. It is important to keep apart the wave proper-
ties of the actual light and those of the photon density wave. The modulation fre-
quency of the photon density wave is typically chosen to some hundreds of MHz, 
and its wavelength will in a typical tissue be in the order of a few centimetres.32 The 
optical wave might have a wavelength somewhere in the optical window, for ex-
ample at 800 nm, which corresponds to a frequency of 2.7⋅1014 Hz. This wave is 
multiply scattered in the tissue, while the photon density wave is not. Thus, while 
travelling through the tissue, the photon density wave maintains coherence for a 
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reasonably long distance, in the order of a wavelength, and spatial information 
about the medium can be extracted.  

2.6 Steady-state solutions 

The optical properties of solid tissue can also be determined from steady-state dif-
fuse reflectance measurements. The steady-state case of the diffusion equation (8) 
is given by 

( ) ( ) ),(2 rrr QD a =−∇ ϕμϕ

 

  (25)

  
where Q(r) is a modified source term. The Green's function describing the fluence 
at a distance r from a point source at the origin in an infinite medium is 
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where μeff is the effective attenuation coefficient of the tissue defined by Equation 
(15). The reduced albedo, a'=μs'/(μ +μa s') can be determined by measuring the total 
diffuse reflectance in steady-state, but the values of μ  and μa s' cannot be sepa-
rated.33 However, if the scattering coefficient is known or assumed to be constant, 
relative variations in μa with time or wavelength can be estimated. To determine 
absolute values of μ  and μa s', measurements of the local diffuse reflectance R(ρ ) at 
different distances ρ can be made (Fig. 1). In a semi-infinite medium, the local dif-
fuse reflectance, being the flux out from the tissue surface, is given by Fick's law30 

( )
( ) ( ) ( )

.
exp1

2
exp1

4
1

2
0

0

0
02

0

0

0
0

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ μ−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

μ−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

∇−=

b

beff

b
effb

eff
eff

r

r

r
zz

r

r

r
z

DR

μμ
π

ϕρ

 
  (27)

  
Here, an extrapolated boundary condition has been employed, and r  and r0 0b are the 
distances from the detector to the positive and negative image source, given by 
Equations (22) and (23). For small distances from the incident beam, ρ on the or-
der of a few transport mean-free path lengths, the magnitude of the diffuse reflec-
tance is determined primarily by the transport scattering coefficient, μ's . This can 
be seen in Equation (27) as μ  « 1/r =(μ (and 1/r ), and by recalling that zeff 0 0b 0 s')-1. 
The interpretation of this can be that the absorption will not influence this light to 
a great extent, due to the short optical path lengths involved. For large distances (ρ  
» μtr), the radial local diffuse reflectance curve, Equation (28), is primarily deter-
mined by µ  and μ' , which is a function of both µeff a s. The scattering and absorption 
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can be determined by combining the measured μeff , with the reduced albedo a' 
from a total diffuse reflectance measurement. Alternatively, the shape of the local 
reflectance curve in Equation (28) can be used, either by fitting the solution to a 
reflectance curve or by comparison to a data set of known reflectance curves. This 
data set can consist of either experimental or Monte-Carlo simulated reflectance 
curves.34  
 

2.7 Absorption 

The probability of light absorption by tissue molecules is described by the absorp-
tion coefficient μ [m-1a ]. As mentioned earlier, the absorption of light in tissue is 
strongly wavelength dependent, since different absorbing molecules, called chro-
mophores, absorb in different wavelength regions. The absorbed energy is most 
often converted to heat, but can also be re-emitted as fluorescence or be used for a 
photochemical reaction. The wavelength dependence of the absorption coefficient 
for typical breast tissue is illustrated in Fig. 3. The spectrum in the figure was calcu-
lated by adding the absorption spectra of the contributing chromophores at realis-
tic concentrations. The curve shape of absorption spectra measured in vivo on 
female breast tissue (Paper I) correspond well to in this figure. 
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Fig. 3 Absorption spectrum of typical breast tissue as calculated using the 
absorption spectra of the contributing chromophores. In this case, oxy-and 
deoxy-haemoglobin concentrations of 20 μM and 10 μM, respectively, a 
fat concentration of 30 % and a water concentration of 70 % have been 
assumed. 
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Between approximately 600 nm and 1300 nm, the absorption is relatively low. At 
shorter wavelengths, haemoglobin absorption is large, and at higher wavelengths 
the strong water absorption drastically reduces light penetration. Light in this wave-
length region, often referred to as the tissue optical (or therapeutic) window, is 
used for many diagnostic and therapeutic purposes, offering a possibility to reach 
targets deep into the tissue.35 The most important absorbers in the visible and near-
infrared wavelength region will be discussed in the following subchapters. 

2.7.1 Water 

Water is present in most soft tissues, in varying abundances. In skeletal muscle, for 
example, the water concentration is on an average 75 %, and in adipose (fatty) tis-
sue it is approximately 20 %.36 Water has a high absorption in the ultraviolet (UV) 
region up to about 200 nm wavelength. Further up in the UV, the absorption is 
low. At visible wavelengths up to approximately 600 nm, the absorption coefficient 
is even lower, less than 0.0001 mm-1. Above that, it starts rising, with absorption 
peaks at approximately 975 nm, 1200 nm, 1440 nm and several more peaks further 
out in the infrared (IR). 37 Above approximately 950 nm, water dominates the ab-
sorption spectrum of most soft tissues. 
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Fig. 4 Absorption spectrum of pure water.37,38 

2.7.2 Haemoglobin 

Haemoglobin, which is the iron-containing pigment serving as the oxygen-carrier 
in the red blood cells, has a very high absorption in the visible wavelength region. 
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The binding of oxygen to the haemoglobin molecule markedly changes its three-
dimensional structure and this, in turn, affects the light absorption. Haemoglobin is 
the strongest absorber in human tissue. However, the concentrations in soft tissues 
is usually only in the order of a few percent of volume. The absorption of the oxy-
genated (HbO ) and deoxygenated (Hb) forms have different spectral features (2 Fig. 
5). Oxy-haemoglobin has its highest peak at approximately 414 nm, and two lower 
peaks at 542 and 577 nm. The absorption peak of deoxy-haemoglobin is shifted 
towards a longer wavelength, 433 nm, and a single peak at 556 nm replaces the 
double peaks in the green wavelength region of the oxy-haemoglobin spectrum. 
Deoxy-haemoglobin also has a small absorption peak at 760 nm not found in oxy-
haemoglobin. These differences in spectral features between oxy- and deoxy-
haemoglobin can be used to measure changes in haemoglobin saturation, as is now 
routinely done in clinical practise by pulse-oximetry.39-41 It is worth noting that at 
some wavelengths, the absorption of oxy- and deoxy-haemoglobin are equally 
strong. These so called isobestic points are at approximately 390, 422, 452, 500, 
530, 545, 570, 584, and 797 nm, and they can serve as reference points in tissue 
oxygenation measurements.  
 
Myoglobin is a haemoglobin-like pigment, which serves as an oxygen carrier in 
muscle tissue. Deoxygenated myoglobin has an absorption spectrum that is virtu-
ally indistinguishable from deoxygenated haemoglobin. Oxygenated myoglobin is 
very similar to oxygenated haemoglobin in the near-infrared, but differs strongly in 
the wavelength region between 500 and 650 nm, where it lacks the two absorption 
peaks of oxy-haemoglobin.42 
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Fig. 5 Absorption spectra of oxy- and deoxy-haemoglobin, both at a con-
centration of 150g/liter of blood.38 
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2.7.3 Lipids 

Lipids have a low absorption in the visible wavelength region, but in the NIR re-
gion it cannot be neglected in all tissues. The percentage body adipose tissue aver-
ages to approximately 18 % and 29 % in the normal male and female, 
respectively.43 Female breast tissue, considered in Papers I, V and VI, consists to a 
large extent of adipose tissue. The amount of adipose tissue in breast varies consid-
erably between individuals, depending on age, hormonal status and general build of 
the woman. Adipose tissue consists to about 70 % of lipids, stored as fat droplets 
that occupy most of the volume of the large adipose cells. The absorption spec-
trum of fat as measured with a spectrophotometer can be seen in Fig. 6. It has a 
high peak at approximately 930 nm and a lower at 760 nm, where also deoxy-
haemoglobin absorbs, as mentioned above. The fat contents of breast tissue can be 
estimated by taking advantage of the high absorption of fat above 900 nm, as de-
scribed in Paper IV. White adipose tissue, which is the most abundant type of adi-
pose tissue in the body, varies in colour from white to yellow. This depends in part 
on carotenoids, which accumulate in the lipid droplets of the adipose cells. The 
shape of the absorption spectrum of β-carotene is also shown in Fig. 6. β-carotene 
has a high absorption around 450 nm, but the absorption drops off at about 500 
nm and stays low and almost constant between 600 and 1000 nm.  
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Fig. 6 Absorption spectra of soy bean oil and β-carotene, as measured 
with a spectrophotometer. The β-carotene spectrum shown is not to scale. 
From Paper IV. 
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2.7.4 Melanin 

Melanin is a dark pigment which accounts for most of the light absorption in (and 
thus gives the colour to) hair, skin, and the iris in the eye. Two groups of melanin 
exist, eumelanin, which is a black-to-dark-brown pigment, and pheomelanin, which 
is a yellow-to-reddish-brown pigment found in red hair. Melanin is synthesized in 
the melanosome, an organelle of roughly 1 µm diameter. Melanosomes may con-
tain a variable amount of melanin, and variation in absorption values of melanin 
can be tenfold. The spectrum shows no sharp features, and the attenuation de-
creases exponentially with the wavelength. This attenuation spectrum may be due 
to a combination of Rayleigh scattering and absorption. The measurement of light 
extinction in melanin is difficult, since it is insoluble and one cannot extract it from 
the skin without changing its properties. However, an approximate attenuation 
spectrum of melanosomes in skin can be seen in Fig. 7.44 
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Fig. 7 Attenuation spectrum of melanosome in skin. After Jacques et 
al.44 

2.7.5 Other chromophores  

At wavelengths in the ultraviolet and blue region, proteins and amino acids absorb 
strongly.35 Some also exhibit fluorescence. Collagen, for example, which is a family 
of fibrous proteins abundant in most organs, absorbs light in the ultraviolet and 
fluoresces in the blue. Other chomophores may also absorb light, but they contrib-
ute only very little to the total light absorption of tissue, due to low abundance or 
absorption cross section. 
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2.8 Scattering 

The wavelength dependence of the scattering properties of tissue is not as strong 
as for the absorption. The scattering coefficient μs [m-1], which is the probability of 
scattering per unit length, decreases with light wavelength, and the spectrum has no 
sharp features as can be seen in Fig. 8. In soft tissue μs is typically in the order of 10 
mm-1, so that the scattering mean free path is in the order of 0.1 mm. As men-
tioned above, tissue scattering is not isotropic, but strongly forwardly directed, and 
typical values of the anisotropy factor g measured in vitro in mammalian tissues are 
in the range 0.7–0.95.45 A typical value of g in the wavelength region of the optical 
window is 0.9. Hence, the reduced scattering coefficient, μs' is usually in the order 
of 1 mm-1.  
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Fig. 8 Reduced scattering coefficient of typical tissue as calculated by linear 
extrapolation of an exponential fit to data from Paper IV. 

2.8.1 Microscopic contributors to light scattering in tissue 

Whereas absorption depends on biomolecules in the tissue, scattering is due to 
larger microscopic structures such as spatial variations in refractive index. The 
macroscopic average refractive index of most tissues lies in the 1.38-1.41 range at 
633 nm wavelength, with an approximate decrease of 1 % per 100 nm in the visible 
region.46,47 Adipose tissue is an exception, having a refractive index of approxi-
mately 1.46. However, looking at the tissue on a microscopic level, the refractive 
index varies spatially, with lower refractive index in the cytosol, which mainly is an 
aqueous solution of salts and proteins, n=1.38, and higher in the membrane struc-
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tures, n=1.48, which consist of phospholipid bilayers.48 Possible scattering centres 
in tissue are the cell nucleus, the mitochondria, the cell membrane or other cell 
organelles such as lysosomes or Golgi apparatus. It has been shown that the major-
ity of the scattering is due to structures within the cell rather than the cell mem-
brane.49 The size of the scattering centres can be estimated by comparison with 
Mie scattering theory,50-52 or by examining the spatial variations in refractive index 
by phase microscopy.48 The cell membrane has been found to be responsible for 
the scattering at small angles, the nucleus is responsible for scattering at slightly 
larger angles, while more isotropic scattering is due to smaller organelles within the 
cell, such as mitochondria.51 Hepatocytes in liver tissue have a very high mitochon-
drial content, and a correlation between reduced scattering coefficient and mito-
chondrial content has been found.49 The large scattering contribution from the 
mitochondria in liver tissue has been confirmed by comparing Mie theory to inte-
grating sphere measurements.52 Fibrous structures such as collagen and elastin also 
influence the scattering,53 as well as lipid droplets.49,54 The scattering properties of 
fat have been shown in Paper IV to be highly dependent on tissue temperature, 
and the reduced scattering coefficients obtained in vitro will most probably not 
agree with values measured in vivo. 
 





 

Chapter 3  
Optical diagnostics using  
photon density waves 

For the planning of both diagnostic and therapeutic laser methods, it is important 
to know the optical properties of the tissue at the chosen wavelength. There are 
different methods available for determination of the scattering and absorption 
properties of a turbid medium, among them integrating sphere measurements for 
thin in vitro samples,55 spatially resolved measurements,34 and time- or frequency-
resolved transmittance or reflectance measurements.29,56 As seen in the previous 
chapter, it is impossible to extract the μs and g factors independently if the light has 
been diffusely scattered before detection. In practice, only integrating sphere meas-
urements can determine both μa, μs and g, but not always with high accuracy. Inte-
grating sphere measurements require thin samples, and can thus usually only be 
performed in vitro. The other methods mentioned measure diffuse light, and thus 
yield μa and μs’ only, but can be performed both in vitro and in vivo and on thick 
samples. Studying the propagation of photons in tissue can yield information about 
optical properties and, indirectly, sense the presence and possibly the type of tu-
mours or detect haemorrhage.57 The main applications are today envisioned to be 
detection of breast tumours, certain brain injuries, and measurements of tissue 
physiology such as blood volume and haemoglobin oxygenation. The projects pre-
sented in this thesis have aimed at breast measurements. Imaging techniques are 
best suited for breast tumour detection, while spectroscopy using one source and 
one detector might be sufficient for measurements of tissue physiology. This chap-
ter outlines the medical background and describes some techniques for in vivo 
breast measurements, in particular those used in Papers I-V. The time-correlated 
single photon counting technique used in Papers II and III is not discussed in the 
manuscripts, and is therefore described in more detail here.  
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3.1 Medical background 

Breast cancer is the most common cancer among women, accounting for more 
than 25 % of all female cancers. It is estimated that 10 % of all women will develop 
a breast cancer at some time during their lives.58 Today, there is a need for im-
proved detection of breast tumours. Early diagnosis of breast cancer increases the 
chances of successful treatment.59  
 
The parenchyma, or functional part, of a breast consists of lobules, where milk is 
secreted during lactation, and a branching duct system leading from the lobules 
radially in to the nipple. The lobules and the ducts are supported by fibrous tissue, 
and all this is distributed within the adipose tissue of the breast (Fig. 9). The 
amount of breast adipose tissue varies greatly between individuals and in one indi-
vidual depending on age, hormonal status, etc (Paper V).60 However, the difference 
between the right and left breast in the same woman seems to be smaller (Paper I). 
In a clinical situation, using the contralateral breast as a control could therefore be 
a good approach. Younger women have more fibrous breasts whereas elder 
women usually have predominantly fatty breasts. Tumours in fibrous breasts are 
usually more difficult to find by x-ray mammography than tumours in fatty breasts. 
One niche of optical tomography could therefore be the examination of young 
women. Women who are sensitive to x-rays or who are genetically predisposed for 
breast cancer could be examined more often with a harmless optical technique.61 
Optical diagnostics of breast tissue is based on variations in the diffusely reflected 
or transmitted light, possibly due to differing optical properties of the tumour itself 
but more probably to the host response to the cancer.60 An in vitro study shows that 
the differences in optical properties between normal and different types of diseased 
tissue are not significant.6 However, since these measurements were performed in 
vitro, absorption is underestimated. The study showed significant differences in op-
tical properties between healthy and diseased tissue in the same patient. Again, this 
indicates that a baseline for each individual could be established by measurements 
on the healthy breast. Invasive ductal carcinoma is the most common form of 
breast cancer.59 Carcinomas are often surrounded by inflammatory cells and new 
blood vessels, which form a network around the tumour periphery. In addition, the 
cancer cells are usually surrounded and supported by dense fibrous tissue, which is 
rich in collagen, water and haemoglobin but with almost no fat. These host re-
sponses are believed to be the most probable source of contrast for optical tech-
niques.60 It has been shown that the contrast can be improved by using 
indocyanine green (ICG) as a contrast agent.41 It can be given intravenously and 
shows a preferential uptake due to the vasculogenesis of tumours. It has an absorp-
tion maximum in the near-infrared at 805 nm, and emits fluorescence at approxi-
mately 835 nm.  
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Fig. 9 Anatomy of the female breast. Glandular tissue (lobules and ducts 
supported by fibrous tissue) is embedded in adipose tissue.  

Since the variability in normal breast tissue optical properties is so large, it is im-
portant to understand these variations before attempting to detect tumours. The 
breast measurements presented in this thesis are almost exclusively on healthy tis-
sue. 
 
When performing pre-clinical studies of optical diagnostic methods, it is often 
practical to work with a tissue phantom instead of real tissue. White Delrin plastic 
has a high scattering, approximately 2.3 mm-1 at 670 nm, and a low absorption, 
0.002 mm-1 at the same wavelength.62 It is durable and easy to handle. The disad-
vantages are that the optical properties are fix and that it can be difficult to insert 
tumour phantoms. Another common tissue phantom is Intralipid, which is a white 
fat emulsion, normally used as an intravenously administered nutrient. It can be 
diluted to the required scattering properties and ink can be added for absorp-
tion.63,64 Tumour phantoms can easily be immersed, and agar powder can be added 
to make the Intralipid phantom more solid.65 Clear resins with absorbing dyes and 
scattering silica or quartz spheres have also shown to be reproducible and optically 
accurate.66,67 Other substances, for example milk and polystyrene microspheres, can 
also be used as optical tissue phantoms.  

3.2 Determination of optical properties by time-resolved  
measurements 

Diffusion theory in the time domain has been described in Chapter 2.3. After 
pulsed irradiation, the time of photon escape from the tissue is related to photon 
path. By observing the time distribution of detected photons, inhomogeneities bur-
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ied in the tissue can be detected. In most realistic tissue geometries, there is no bal-
listic, or nonscattered, component. In a transmission geometry, the first arriving 
photons can be considered as quasi-ballistic, i.e. less scattered than the later ones. 
A sharper image of objects hidden inside the tissue can be accomplished by look-
ing at the quasi-ballistic photons only, so called time-gated viewing.57,68,69 It has 
been shown that time-gated viewing is more sensitive to changes in scattering than 
to absorption properties.70 In the time dispersion curve, an increased scattering will 
mainly affect the time to maximal signal, tmax, while an increased absorption will 
give a steeper exponential slope at longer times. In a reflectance geometry, the first 
arriving photons have not penetrated as deeply into the tissue as the later ones. 
Photons going deeper into the tissue arrive later, and different depths can be 
probed using time-gated detection. 
 
The time-correlated single photon counting technique, used in Papers II and III, is 
based on a short-pulsed high repetition-rate laser light source and a photon-
counting detector setup.69,71 Fig. 10 shows the time-correlated single photon count-
ing system used in Papers II and III. The light source is an Ar-ion laser pumped 
mode locked Ti:Sapphire laser (Coherent Mira 900) operating at 790 nm with ap-
proximately 100 fs long pulses. Optical fibres are used for delivering light, both 
from the source to the sample and back to the detector. The light pulse is sent into 
the medium, and the time delay between the first detected transmitted photon and 
a reference pulse is measured and converted by a time-to-amplitude converter 
(TAC) to a voltage proportional to the time delay. In a multi-channel analyser, the 
count in the channel corresponding to this voltage (or time difference) is increased 
by one. The procedure is repeated, yielding statistics for the time delay of the 
emerging photons. The histogram obtained is equal to the time dispersion curve. 
The drawback of this technique is that it is relatively time consuming. As the detec-
tion is based on statistics, a sufficient number of photons has to be detected to give 
a reasonably noise-free curve. However, only a limited number of photons can be 
detected per second due to pile up. This can occur when the probability of detect-
ing one photon per excitation pulse is close to 1, and thus, the probability of re-
ceiving two photons from the same excitation pulse at the detector is not 
negligible. In that case the electronics can handle only the first arriving photon and 
the second will not be registered. This will introduce an error in the photon statis-
tics.  

3.3 White light examination of tissue 

Time-resolved measurements can be used to determine the absorption and reduced 
scattering coefficients in a wider wavelength range if a pulsed white light source is 
used (Paper I).72 Ultra-short white light pulses were created by focusing pulses 
from a high-power laser into a cuvette of water. The nonlinear part of the refrac-
tive index of water caused a frequency shift in the light pulses. This shift is  
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Fig. 10 Time-correlated single photon counting setup, used in Papers II 
and III. 

proportional to the time derivative of the light intensity, and will thus vary during 
the pulse. White light, containing light in the entire visible and near-infrared wave-
length region, was created.73 This process is called self-phase modulation. The 
short pulses of white light were used to perform back-scattering measurements in 
vivo on the female breast (Paper I). A polychromator and a streak-camera were used 
for detection. This detection system yielded time dispersion curves in a broad 
wavelength region. By fitting solutions to the expression for the diffuse reflectance 
R(r,t), given by the diffusion equation, to these curves as described in the previous 
chapter, the absorption and reduced scattering in the tissue can be determined for 
all wavelengths of interest from one single recording. In Paper I, white light meas-
urements were performed in vivo on female breast tissue, to determine its optical 
properties in a wide spectral range. These recordings covered the wavelength re-
gion from approximately 670 to 830 nm. 
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3.4 Interfering photon density waves 

Highly sensitive detection of small inhomogeneities in scattering media can be ob-
tained by exploiting the destructive interference between two light sources (cancel-
lation technique). This technique was suggested by Knüttel et al.74,75 and has been 
explored further and used for imaging by Chance et al.76,77 Images can be obtained 
by a phased array setup, where an array of sources of different relative phase is 
used. A similar technique is used for medical ultrasound, where the signal can be 
focussed in a particular spot by changing the relative phase of a large number of 
sources.  
 
In the studies presented in Papers II and III the cancellation technique was used in 
a transmission geometry. The measurements were performed in the time domain, 
using a time-correlated single photon counting setup, as shown in Fig. 10, but the 
analysis was performed in the frequency domain, following Fourier transformation. 
The method is based on the principle of two intensity-modulated light sources 
placed on the surface of a homogeneous turbid medium, such as a perfectly homo-
geneous tissue. The detected signal in any point in the tissue will be the sum of the 
contributions from the two sources. Consider that these sources are modulated 
with the same intensity and at the same frequency, but at 180° phase difference. 
Assume now that there is a detector placed in a point equidistant from the two 
sources. At this position there will be destructive interference at the modulation 
frequency, and the amplitudes will add up to zero due to the 180° phase difference. 
The detector placed midway between the sources will thus be very sensitive to 
small asymmetries or changes in the optical properties of the medium. If the whole 
arrangement with sources and detector is scanned over a tissue slab, an object with 
optical properties different from those of the tissue, such as a tumour, will cause an 
amplitude minimum and an abrupt 180° phase shift as it passes the detector. The 
results from such a measurement can be seen in Fig. 11. 
 
In Papers II and III, measurements of interfering photon density waves performed 
in the time domain are described. The Fourier transform links the two domains 
together, and an infinitely short light pulse can be transformed to a wave contain-
ing all frequencies. In addition, a time shift in the time domain corresponds to a 
phase shift in the frequency domain. If two light pulses, with a well-defined time 
shift corresponding to 180° at some chosen modulation frequency, are sent 
through the tissue, the resulting time dispersion curve can be Fourier transformed 
to yield the same result as if a frequency-resolved setup was used. However, the 
signal-to-noise ratio is worse, since only part of the available light is used for this 
modulation frequency. 
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Fig. 11 Results from a scan across an Intralipid and ink sample (μa= 
0.06 cm , μ-1 s’=7 cm-1), containing a 4 mm cylinder of Intralipid, ink and 
agar. The sources are placed at x=10 mm and x=40 mm. The absorber 
has 4 times the absorption but the same scattering as the surrounding liq-
uid. The frequency is 200 MHz. (From Paper II) 

Moreover, as shown in Paper II, the measurements with the two pulses can be 
made separately. First a measurement is performed with the source fibre placed at a 
certain distance off the detector axis. Then the source fibre is moved to the posi-
tion equidistant to the detector axis on the other side, and the measurement is re-
peated. The resulting time dispersion curves can be added together afterwards, and 
the time shift chosen arbitrarily. The fact that this is an additive effect opens the 
possibility to reverse the setup. This setup consists of one source and two detectors 
instead of two sources and one detector, see Fig. 12. The result will be the same 
irrespective of whether the light travels in one direction or the opposite. Two 
measurements are performed with the detector in the positions equidistant from 
but on opposite sides of the source axis. The two measured curves are added to-
gether, after achieving the desired phase shift between them by applying a time 
delay to one of them. All this is performed at computer analysis level. Hence from 
only two time-resolved measurements, the interference can be studied at any 
modulation frequency just by varying the time shift between the two pulses before 
adding them together.  
 



 42 

a b

 
 

Fig. 12. (a) Normal and (b) reverse setup for interfering photon density 
wave experiments. 

An arrangement with several detectors positioned in a two-dimensional pattern can 
also be used. By combining the detectors in different ways at the analysis phase, the 
plane of destructive interference can be constructed in different directions. Then 
an absorbing object hidden inside the sample can be more efficiently localized. A 
system developed by Chance et al. employs nine diode laser sources each at 750 nm 
and 830 nm wavelength and 4 detectors.41 A 1 ml capsule of blood could be de-
tected in a 12 cm thick breast model using 50 MHz phased array instrument. They 
claim that the system provides a high signal-to-noise ratio in a shorter time than 
required for normal frequency-resolved measurements. 

3.5 Frequency domain photon migration 

Fourier transforming a measured time dispersion curve will yield the response in 
terms of a phase delay and a demodulation of the signal for many frequency com-
ponents (Papers II and III). In a frequency-resolved measurement, the measured 
phase shift and modulation, expressed by Equations (18) and (19) in Chapter 2, 
depend on the scattering and absorption as well as on the modulation frequency ω 
and the source-detector distance ρ. The phase shift increases and the modulation 
decreases with increasing μs', decreasing μa, increasing ω and increasing ρ. At 
higher modulation frequencies, the attenuation of the photon density wave is lar-
ger, and the probed volume is smaller.78 If measurements are made in a reflectance 
geometry, the most probable photon path moves closer to the surface with increas-
ing modulation frequency. This could be useful when measuring homogeneous 
media with a hidden absorber or layered media.42,79 In the time-resolved case, this 
would correspond to an early time gate suppressing longer photon paths. It is in 
principle possible to determine the absorption and scattering coefficients by meas-
uring the amplitude and phase at one modulation frequency only. Tromberg et al. 
have shown that by measuring at multiple frequencies, the influence of noise is 
reduced and the recovered coefficients are more reliable.78 A portable frequency 
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domain photon migration (FDPM) system operating at modulation frequencies 
from 300 kHz to 1 GHz and at several light wavelengths were developed by Mad-
sen et al.80 This instrument was used in Papers IV and V for measurements of opti-
cal and physiological properties of female breast tissue. The broad bandwidth of 
this instrument allows μ  and μa s' in typical tissues to be quantified with a high accu-
racy. 
 
Also images can be obtained using the frequency domain technique, either by 
scanning a source-detector setup in transmittance or reflectance geometry, or by 
using detector arrays.81 Gratton et al. published the first frequency domain images 
of tissue, by scanning a source-detector arrangement in transmission geometry over 
a hand.82 O'Leary et al. presented experimental frequency domain images of turbid 
media containing scattering and absorbing bodies, and showed by simulations that 
a higher modulation frequency will yield better image quality in a medium with low 
absorption, while in a higher absorption medium the image quality was independ-
ent of frequency.77  

3.6 Measurement of physiological properties 

The absorption of different tissue biomolecules has been discussed in Chapter 2.7. 
The spectral features of these molecules allow their quantification by spectrally re-
solved measurements. This has in particular been used to determine the haemoglo-
bin oxygenation in tissues, usually employing one wavelength on each side of the 
isobestic point for haemoglobin at about 800 nm.83-85 The data analysis has to ac-
count for the influence from scattering, giving different average path lengths <L> 
at different light wavelengths. Generally speaking, <L> increases with increased 
scattering and decreases with increased absorption. In the simplest case of haemo-
globin absorption measurements, where μs'(λ ) ≈ μ1 s'(λ ) and μ2 s' » μa, it can be as-
sumed that the path length is the same at the two wavelengths. The diffuse 
reflectance and transmittance depend on the path length as R,T∼ exp(-μa<L>). The 
relative absorption is then given by86 
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If the chromophores contributing to the absorption at a certain wavelength are 
known, the total absorption coefficient is 

( ) ( ) ,∑=
chrom

chromchroma Cλελμ    (29)

  
where εchrom(λ) is the extinction coefficient of a chromophore at a certain wave-
length, usually given in cm2mol-1, and Cchrom is the concentration of the chromo-
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phore in the tissue. If blood is the dominant absorber at the two wavelengths 
measured, the oxygenation Y=C(HbO )/(C(Hb)+C(HbO2 2)) can be determined 
from Equations (29) and (30). The assumption that the scattering is wavelength-
independent and constant among patients is traditionally used for example in pulse 
oximetry. In many cases, however, these assumptions do not hold and will yield 
inaccuracies in the estimated oxygenation. Measurements separating μs' from μa 
then have to be performed. This can be made in the time or frequency domain. It 
can also be done in steady-state, separating the scattering and absorption by spa-
tially resolved measurements as described in Chapter 2.6. In the time domain, the 
optical properties can be obtained by fitting solutions to the diffusion equation to 
experimental time dispersion curves, as mentioned previously, or by looking at the 
terminal slope of lnR(ρ,t), since 

( ) ,,lnlim ctR
t a

t
μρ −=

∂
∂

∞→
   (30)

  
where c is the speed of light in the medium. In the frequency domain case, the 
phase shift is proportional to the path length, provided that the modulation fre-
quency is low, ω « μac. At higher frequencies, the phase shift does not describe the 
true path length, and the relationships become more complex. The measurement 
signal-to-noise ratio is also worse at higher frequencies, due to higher attenuation. 
 
By making absolute measurements of μa at many wavelengths, Equation (29) can 
be used to determine the concentrations of tissue chromophores. Oxy- and de-oxy 
haemoglobin and water concentrations have been determined in normal and ma-
lignant tissues in vivo using multi-frequency measurements at four light wavelengths 
(Paper V).87,88 This method has been developed further to enable the determination 
of lipid content in breast tissue (Paper IV). The absorption and reduced scattering 
coefficients were determined by nonlinear fits to the diffusion equation solution. 
The chromophore concentrations were then obtained from the least squares solu-
tion to the matrix form of Equation (29) 

( ) ,
1

aC μεεε TT −
=     (31)

  
where C is a vector containing the chromophore concentrations, ε is a matrix con-
taining the extinction coefficients of all chromophores at all wavelengths used, and 
μa is a vector with the absorption coefficients measured at different wavelengths. 
In order to separate the contributions from different chromophores to the absorp-
tion, the light wavelengths have to be chosen properly. Fig. 13 shows the absorp-
tion spectra of oxy- and deoxy-haemoglobin, lipid and water, which are the main 
absorbers in breast tissue in the NIR wavelength range.  
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Fig. 13 Absorption spectra for breast tissue chromophores in the red and 
near-infrared wavelength region. Wavelengths measured by FDPM indi-
cated. From Paper IV. 

The wavelengths employed for the breast measurements by FDPM in Paper IV are 
indicated in the figure. The isobestic point for haemoglobin is close to 803 nm, and 
this wavelength together with 674 nm and 849 nm will determine the oxy- and de-
oxy-haemoglobin concentrations, and hence the blood volume and haemoglobin 
saturation. At 894 and 915 nm, water and fat are the main absorbers. However, the 
extinction coefficients at 894 nm have a strong correlation to those at 915 nm, and 
do not yield much additional information. Hence, 849 nm and 915 nm were used 
for separation of fat and water in Paper IV. An additional wavelength above 950 
nm would probably improve the performance, but such a laser diode was not avail-
able during this particular study.  
 
Measurements of chromophore concentrations in breast tissue have also been per-
formed in the time domain by Cubeddu et al.89 and in steady-state by Quaresima et 
al.90 





 

Chapter 4  
Fluorescence diagnostics of tumours  

Laser-induced fluorescence (LIF) diagnostics is a spectroscopic method, which can 
provide information on the biochemistry and indirectly on the pathology of the 
tissue. The main advantages with LIF are that the measurements are safe and non-
invasive and can be performed in real-time during a clinical examination. Research 
concerning the possibility of using LIF for diagnostics of different types of biologi-
cal tissue has been studied extensively for many years.23,91,92 The excitation light 
used for fluorescence measurements is usually in the near-UV or blue wavelength 
region, where penetration in tissue is short. Hence, fluorescence measurements are 
used for superficial lesions, as compared to the methods described in the previous 
chapter where light in the optical window was used for measurements of deeper 
lying lesions. 
 
Papers VI to X concern in vivo fluorescence measurements from tissue. This chap-
ter aims at describing the physical and medical background to tissue fluorescence. 
Specifically, applications to the colon and larynx will be discussed, since these or-
gans are studied in Papers VI to IX. Fluorescent tumour marking substances will 
be discussed, as well as some aspects of fluorescence imaging (Paper X). 

4.1 Medical background and motivation 

The conventional methods for morphological characterization of lesions are mainly 
based on histopathology. Small pieces of tissue, or in some cases whole lesions, are 
excised and analysed by microscopy after thorough preparation. Histopathology is 
fairly reliable; studies have shown more than 90% agreement between pathologists 
classifying colorectal samples.93,94 The main disadvantages are the risk of sampling 
errors, and the cost and time required for histopathological diagnosis. The results 
are usually not available until up to several days after the examination. In some 
cases, e.g. on the vocal folds, each biopsy will also prolong the healing time of the 
tissue. In further other applications, e.g. on heart tissue, biopsy sampling might be 
risky. Various alternative or complementary techniques, capable of providing diag-
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nostic information in real-time during examination, are therefore under develop-
ment and evaluation. Ultrasonic and optical techniques are such examples. Optical 
techniques have a unique potential in that they do not only rely on tissue morphol-
ogy but also on physiology. If fluorescence could be used as a complementary 
method to yield cheap information noninvasively in real-time during the examina-
tion, it could therefore be of great interest in many clinical specialties. It could be 
used as a complement to ordinary biopsies, and to help the physician to find the 
most relevant sites for biopsy sampling. This would hopefully reduce the sampling 
error and help avoid unnecessary biopsies.  
 
Laser-induced fluorescence of tissue is sometimes referred to as optical biopsy. This 
term is somewhat contradictory, since the word biopsy indicates that a tissue sam-
ple has to be removed, while fluorescence in itself is noninvasive and the objective 
is to obtain in vivo diagnostics. 
 
When comparing results from different studies, it is important to consider if the 
measurements were performed in vivo or in vitro. The trauma when a tissue sample 
is removed will cause an immediate increase in haemoglobin absorption. At later 
times after resection, a decrease in NADH fluorescence significantly changes the 
spectral shape.94 There are also other issues to consider when classifying different 
fluorescence methodologies. Fluorescence measurements can either be performed 
by point measurements or in an imaging geometry. In addition, LIF can either util-
ize the differences in autofluorescence, i.e. the natural fluorescence from the tissue 
itself, between normal and diseased tissue, or the fluorescence from a tumour 
marker, a substance that to a certain degree is accumulated selectively in premalig-
nant and malignant tissue and that has a strong and characteristic fluorescence 
emission. These topics will be discussed later in this chapter.  

4.1.1 Colon 

The colon, or large intestine, is about 1.2 metres long and lies like an arch inside 
the abdomen from the ileum, or small intestine, to the rectum. Its primary function 
is the absorption of water and electrolytes and the storage of undigested material. 
The colon is lined with a columnar epithelium, which is a single layer of tall cells 
that are separated from the underlying connective tissue, called lamina propria, by a 
thin basement membrane (Fig. 14).  
 
Colorectal carcinoma is the second most frequent malignancy in the United 
States.58 Some other common pathologies in the colon are inflammatory bowel 
diseases, e.g. ulcerative colitis and Crohn disease, and neoplastic polyps. It is often 
difficult to establish a precise diagnosis without a coloscopy, or endoscopy of the 
colon. Coloscopy is usually made if the patient has a history of polyps, or if the 
physician suspects some colonic disease due to symptoms such as rectal bleeding, 
abdominal pain or change of bowel habits. If malignant growth is suspected, bi-
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opsy samples are always collected during coloscopy for histopathological classifica-
tion. Polyps are frequently found during endoscopic examination of patients. Pol-
yps are tumourous masses inside the colon wall that protrude into the lumen of the 
colon (Fig. 14). They can either sit on stalks or be more flat. Adenomatous polyps 
are neoplastic, i.e. they harbour some malignant potential and may develop into 
carcinomas if left untreated. Other polyps, however, are nonneoplastic and do not 
have malignant potential. Hyperplastic and metaplastic polyps belong to this cate-
gory. Nonneoplastic polyps represent approximately 90 % of all colorectal polyps, 
and it is estimated that they can be found in more than half of all persons above 
the age of 60. There is strong evidence that most invasive colorectal adenocarci-
nomas arise in adenomatous polyps. It takes an adenomatous polyp approximately 
10 years to progress to an invasive stage.95 It is sometimes difficult to distinguish 
between nonneoplastic and neoplastic polyps by conventional endoscopy, espe-
cially if they are small and flat.96 Therefore, polyps found during coloscopy are usu-
ally removed and subjected to histologic evaluation. It would be interesting with a 
method assisting the examining physician to classify polyps during the endoscopic 
procedure. Fluorescence might provide the necessary information. 
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Fig. 14 Schematic drawing of colon wall showing normal mucosa, a hy-
perplastic and an adenomatous lesion. 
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In Papers VI and VII the feasibility of using laser-induced fluorescence to distin-
guish different types of colon polyps was evaluated. These papers present results 
from clinical measurements performed in vivo in the colorectal region of patients. 
The patients were examined by diagnostic coloscopy, where an endoscopic instru-
ment (colonoscope) is used to view the mucosa inside the colon. An optical fibre 
guided the excitation light from the light source to the tissue, collected the tissue 
fluorescence and guided it back to the detection part of the fluorosensor (Fig. 15). 
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Fig. 15 The author and colleagues measuring laser-induced fluorescence at 
the Karolinska Hospital. The inset shows the endoscopic view of the opti-
cal fibre in contact with a polyp. 

Fig. 15 shows the clinical setting for fluorescence measurements in the colon, per-
formed at the Karolinska Hospital. The fluorosensor, in the bottom right of the 
right picture, is the size of a briefcase and could easily be moved around the 
clinic.97,98 The tip of the colonoscope used is equipped with a video camera, and 
the operating physician navigates the flexible instrument in through the entire co-
lon and examines the tissue mucosa on a TV screen. To the left in Fig. 15, the im-
age on the monitor is enlarged, showing how the optical fibre is in contact with a 
small polyp for fluorescence measurement. The results from these studies show 
that laser-induced fluorescence might improve the sensitivity and specificity of en-
doscopic characterization of polyps. This is also discussed in more detail later in 
this chapter.  

4.1.2 Larynx 

The larynx is situated in the upper airways, between the pharynx, or throat, and the 
trachea. Its primary functions are phonation, airway protection during swallowing 
and coughing. It houses the vocal and ventricular folds, also called the true and 
false vocal cords. The vocal folds are two small strong bands of elastic tissue 
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stretched across the airway, which vibrate and make sounds as air passes. Fig. 16 
shows an endoscopic view of the vocal folds. They are covered by a stratified 
squamous epithelium, composed of several cell layers with flattened cells in the 
superficial layers (Fig. 17). The total thickness of the epithelium is approximately 
200 μm. Squamous cell carcinoma in the larynx is the most common malignancy in 
the head and neck region, but its occurrence in nonsmokers is very rare.99 A long-
lasting hoarseness is the most common symptom.  
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Fig. 16 Endoscopic view of the larynx, showing the vocal and ventricular 
folds.  

In dysplastic epithelium, the layered structure is partly lost and the cell nuclei be-
come irregular and enlarged. It starts in the deepest lying cell layers, and gets more 
superficial with increasing grade of dysplasia. In carcinoma in situ (CIS), the layered 
structure is totally lost, and the dysplastic cells are present throughout the epithe-
lium. However, the basement membrane is still intact and prevents access to vascu-
lar channels, and hence metastasis.  
 
The larynx can be examined by laryngeal endoscopy, laryngoscopy, often in com-
bination with microscopic equipment.100 For the optimal treatment of laryngeal 
malignancies, the early detection and accurate localization are important. The dis-
tinction between dysplasia, CIS and invasive carcinoma is also important, since the 
therapeutic procedure depends on the stage of malignant transformation. Some-
times there can be a superficial keratin layer on the epithelium. The whitish keratin 
can hide dysplastic tissue underneath and makes examination difficult. At surgical 
removal of a lesion it is important to know the tumour extension. The surgery has 
to be radical, but the removal of healthy surrounding tissue should be avoided in 
order to keep as much function as possible of this small and delicate organ. At-
tempts to use fluorescence to discover premalignant or malignant lesions, deter-
mine their progression and delineate their borders have been made. In Papers VIII 
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and IX, fluorescence measurements of the vocal and ventricular folds are pre-
sented. Fibre-based fluorosensor systems are well suited for measurements in real-
time during laryngoscopical examination.  
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Fig. 17 Stratified (layered) squamous epithelium of the vocal folds. From 
left to right normal epithelium, dysplastic epithelium and carcinoma in 
situ. 

4.2 The physical basis of fluorescence 

Tissue fluorescence involves the absorption of a photon by a molecule and the 
subsequent emission of a fluorescence photon. Absorbing molecules, previously 
referred to as chromophores, that release their excess energy by emitting fluores-
cence light are usually called fluorophores. The electronic states of a molecule can 
be described by a Jablonski diagram (Fig. 18). If the electron spins are paired, the 
energy level is a singlet state, denoted S, while unpaired electron spins will give a 
triplet state, T. The ground state of most molecules is a singlet state. The electronic 
states of molecules are divided in vibrational states, which in turn are divided in 
rotational sublevels. If an incoming photon has an energy that corresponds to the 
energy difference between an excited state and the ground state of the molecule, it 
can be absorbed. The absorption bands of most molecules in tissue are very broad. 
This is due to the many rotational levels, partially overlapping each other due to the 
strong interaction between nearby molecules causing a varying external field for 
each molecule. The photon energy will thereby be used for excitation of the mole-
cule to the higher energy band. Fig. 18 shows an excitation from the ground state 
to the S  band. The molecule rapidly relaxes down to the lower level of S1 1 by inter-
nal conversion, which is a nonradiative process. The deexcitation to the S0 band 
can also occur through internal conversion. Alternatively, it can result in the emis-
sion of a fluorescence photon. The relaxation can take place to any vibrational level 
in S0, and hence the total fluorescence from the molecule will not be a sharp peak 
at one distinct wavelength, but a broader distribution. Since some energy was lost 
in the nonradiative relaxations, the  
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Fig. 18 Jablonski diagram showing absorption of a photon and some of 
the possible relaxation processes. IC, internal conversion; F, fluorescence; 
IX, intersystem crossing; P, phosphorescence. 

fluorescence will have a lower energy and thus a longer wavelength than the in-
coming excitation photon. From the excited state S1, a transition can also take 
place to a triplet state, even though this is a spin-forbidden transition. Transitions 
from the triplet state back to S0 are also spin-forbidden, and it will take a relatively 
long time before the molecule relaxes. Again, the relaxation can occur through in-
ternal conversion or by emission of a photon. This process is called phosphores-
cence and has a lifetime in the microsecond to second range, while fluorescence 
lifetimes are in the nanosecond range. 
 
Fluorescence from tissue can be studied in different ways. Excitation spectra are 
obtained by varying the excitation wavelength while detecting at a fixed wave-
length. If the excitation wavelength is constant and the fluorescence is detected at 
several wavelengths, emission spectra are obtained. Excitation–emission matrices 
(EEMs) can be produced when repeating measurements of the emission spectra 
for different excitation wavelengths. Different studies have presented EEMs from 
normal and tumour tissue from various sites in the body.101-103 These can be helpful 
in indicating the most appropriate wavelengths to use for clinical LIF studies. The 
fluorescence decay times can also be studied with time resolved measurements.104-

106 Different fluorophores have different decay times, and by fitting a sum of decay 
curves to experimental data, the fluorophores can be identified. In Paper X time-
resolved and spectrally resolved imaging of skin lesions is performed. This is dis-
cussed in Chapter 4.6.2. The majority of the fluorescence work in this thesis deals, 
however, with emission spectra.  
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4.3 Autofluorescence 

Under UV or blue light irradiation, several fluorophores in tissue will yield a broad 
fluorescence distribution in the visible wavelength region. This fluorescence is re-
ferred to as the autofluorescence, or endogenous fluorescence, as compared to the 
fluorescence due to some exogenous dye, which will be discussed in the next chap-
ter. The spectra are also influenced by the optical properties of the tissue. Strong 
absorbers, such as haemoglobin, may decrease the overall intensity of the fluores-
cence spectrum, without changing its shape, by absorbing the excitation light.15 
Haemoglobin can also absorb fluorescence light at certain wavelengths and thus 
change the appearance of the fluorescence spectrum, creating false dips and peaks. 
Naturally, the shape of the spectrum also depends on the excitation wavelength, 
since this will determine what energy transitions in the fluorophores are possible. 
Most often, excitation in the ultraviolet or blue wavelength region is used for LIF 
studies of tissue. The fluorescence spectra are very complex, and the contributions 
from the different fluorophores can usually not be separated. Fig. 19 shows the 
fluorescence spectra from some important tissue fluorophores under 337 nm exci-
tation. Collagen, elastin, NADH, tryptophan, porphyrins and FAD are known to 
fluoresce strongly.14-16 
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Fig. 19 Fluorescence spectra from some tissue fluorophores following 
337 nm excitation.107,108 Please note some of the chromophores have other 
emission peaks when excited at other wavelengths. 
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4.3.1 Collagen and elastin 

Collagen and elastin, which are fibrous proteins abundant in connective tissues, 
contribute significantly to the fluorescence signal of tissues following 337 nm exci-
tation. There are several different types of collagen in the body, normally denoted 
by different numbers, which have slightly different fluorescence maxima. Collagen 
I is abundant in skin, ligaments, internal organs etc., and accounts for 90 % of the 
body collagen.109 It has an excitation maximum at 340 nm, and a corresponding 
fluorescence peak at 395.107 Other fluorescence excitation/emission maxima of 
collagen I are at (270/395 nm) and (285/310 nm).110 In the basement membrane of 
epithelial tissues, collagen IV is abundant. Elastin fluoresces at 410 nm when ex-
cited at 337 nm.107,110 

4.3.2 NADH 

NADH is the reduced form of nicotinamide adenine dinucleotide, and plays an 
important role in the metabolism of the cell. Approximately 80 % of the NADH is 
situated in the mitochondria of the cells, while the rest is in the cyto-sol.111 NADH 
has an excitation/emission maximum at (350/460 nm), while its oxidized form 
NAD+ does not fluoresce if excited above 300 nm. At low oxygen levels, this bal-
ance is shifted towards NADH.112 Hence, a higher metabolic rate due to for exam-
ple an inflammatory reaction can lead to an increased NADH fluorescence.60 

4.3.3 Other fluorophores 

Tryptophan is an amino acid (subunit of proteins). It has an excitation/emission 
maximum at (275/350 nm) when in aqueous solution, and when excited at 337 nm 
it fluoresces at approximately 390 nm. There may be an increased amount of tryp-
tophan in premalignant tissue as compared to normal tissue, but its contribution to 
tissue fluorescence when exciting at wavelengths above 300 nm is small. Other 
endogenous fluorophores include flavins,16,113 lipofuscin,114 and endogenous por-
phyrins.18,115 

4.3.4 An example: colon lesions 

Clinical measurements have been performed on many different tissue types.92,101,116-

118 The clinical objectives of fluorescence measurements in the colon are described 
in Chapter 4.1.1. Fig. 20 shows an example of the fluorescence, following 337 nm 
excitation with a N2 laser, from normal, hyperplastic and adenomatous tissue in vivo 
in the colon.  
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Fig. 20 Typical fluorescence spectra obtained in vivo from normal (N), 
hyperplastic (H) and adenomatous (A) colon mucosa; at 337 nm excita-
tion. 

It can be seen in the figure that the fluorescence from normal colonic mucosa has 
its highest peak around 390 nm, close to the fluorescence peak of collagen. Hyper-
plastic mucosa has a similar emission spectrum. However, in adenomatous tissue, 
the highest peak is at a higher wavelength, around 460 nm. Schomacker et al. sug-
gested that this is because the epithelium is thicker and submucosal collagen signal 
decreases, i.e. that the difference is due to polyp morphology alone.94 However, 
this does not explain the difference in spectral shape between hyperplastic and 
adenomatous polyps. Some other possible explanations can be seen in Fig. 21. Col-
lagen is present both in the submucosa and in the lamina propria. In adenomatous 
tissue, the crypts tend to enlarge and the epithelial cells proliferate more, which 
crowds out the lamina propria, which is a source of collagen fluorescence in hyper-
plastic as well as in normal colon mucosa.119 Römer et al. observed by fluorescence 
microscopy that fewer fluorescent collagen fibres were present in the lamina pro-
pria of colonic adenomas as compared to normal colon.120 They also saw fluores-
cence from the cytoplasm of dysplastic epithelial cells, which increased in intensity 
with increasing grade of dysplasia. Zonios et al. reported that dysplastic epithelial 
cells fluoresce near 440 nm with an additional component above 600 nm, using 
370 nm excitation. This fluorescence, in combination with a decreased collagen 
signal, could explain the differences in spectral shape in adenomatous as compared 
to normal and hyperplastic colon tissue. Fiarman et al. detected epithelial cell fluo-
rescence also from hyperplastic tissue,121 while Da Costa et al. did not.122 It is not 
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yet established which fluorophore emits this fluorescence. The emission wave-
length corresponds quite well to NADH. As discussed above, cells with a high 
metabolic rate can show an increase in NADH fluorescence, so this is one possible 
candidate. Other theories of the origin of this epithelial fluorescence include lipo-
fuscin122 and incomplete haem synthesis.119 Another difference between the spectra 
is an overall intensity reduction in the adenomas. This could be due to lower abun-
dance of the fluorophores, but probably also to an increased haemoglobin content 
in the adenomas, giving an increased overall absorption. Schomacker et al. have 
reported a successive increase in the relative contribution to the fluorescence signal 
from NADH going from normal to hyperplastic to adenomatous tissue.94 Corre-
spondingly, the relative contribution from collagen decreases going from normal to 
hyperplasia to adenoma.  
 
 
 

increased
collagen 
signal

fluorescence
(NADH?)

increased
haemoglobin
absorption

HYPERPLASIA ADENOMA

Epithelial
cells

no fluorescence?

Lamina
propria

decreased
collagen 
signal

Submucosa decreased
collagen 
signal

decreased
collagen 
signal

NORMAL

no fluorescence

collagen 
signal

collagen 
signal

 

Fig. 21 Possible reasons for the differences in fluorescence, compared to 
normal mucosa, in colonic lesions as measured from the surface. 
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4.4 Fluorescent tumour marking substances 

In some cases, the ability to detect lesions by LIF can be further enhanced by the 
use of fluorescent tumour markers. These are substances that can be given to the 
patient before examination, usually by intravenous injection or oral administration. 
They are accumulated in malignant or pre-cancerous lesions to a higher degree than 
in healthy tissue, and their fluorescence will add features to recorded fluorescence 
spectra. This signal will contribute to the difference in fluorescence spectra re-
corded from diseased and normal tissue and thus be of help in demarcating the 
diseased lesions from the normal surrounding tissue. Many of these substances can 
also be used as photosensitizers for photodynamic therapy (PDT) of lesions. In 
this case the substance doses are usually higher than needed for fluorescence diag-
nostic purposes. PDT will be discussed briefly in Chapter 4.7. 
 
Haematoporphyrin derivative (HpD) is a well-known tumour marker that has been 
used for fluorescence diagnostics and PDT in many studies. It is a mixture of dif-
ferent kinds of porphyrins. Porphyrins are similar in structure to the haem mole-
cule of haemoglobin. They have a strong absorption band, the Soret band, near 400 
nm and several smaller absorption bands, Q bands, at 480-650 nm.123 HpD has 
characteristic fluorescence peaks in the red at about 630 and 690 nm. The main 
disadvantages of HpD are the long time required between administration and se-
lective uptake in malignant tissue (24-48 h), and that the selectivity to malignant 
tissue is only about 2-3/1. Furthermore, the rate of clearance from the body is 
rather slow, and following an injection of a normal dose of HpD the patient will 
remain sensitive to sunlight for several weeks.124 It is also a rather unstable com-
pound, and it is difficult to purify. Therefore the evaluation of other tumour mark-
ers and photosensitizers has been a topic of intense research.  
 
One useful substance is δ-aminolevulinic acid (ALA), which was used in Papers 
VI-X. It is a nonfluorescing substance that is naturally abundant in the cells, as a 
precursor to haem. The production of haem in the cell is a cycle in many steps that 
is regulated by several feedback functions. If an excessive amount of ALA is intro-
duced to the system, this will result in a build-up of the fluorescent compound pro-
toporphyrin IX (PpIX)125. PpIX accumulates in this way selectively in some 
tumour cells,126 due to a different enzyme contents,127 and, in the case of topical 
application of ALA on skin malignancies, due to an increased skin permeability in 
tumour tissue. The metabolic pathways of ALA have been of research interest 
since long.128,129 PpIX, and not ALA, is the actual tumour marker. It is the immedi-
ate precursor to haem, and it is a strong fluorophore, similar to the monomeric 
compounds in HpD. When excited with light at 405 nm it will show a dual-peaked 
fluorescence in the red at approximately 635 and 700 nm (Fig. 22). Clinically, ALA 
can be given to the patients orally, intravenously or topically.130,131 Compared to 
many other tumour marking substances, ALA has a fast clearance rate from the 
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body. The enzyme system regulating the haem cycle in the tumour cells is different 
from that in healthy cells, and PpIX will be more rapidly produced in tumour cells. 
Thus, the proper timing for fluorescence measurements is important.125,132 In Pa-
pers VI-X, the ALA was given orally in low doses (5 or 7.5 mg per kg body 
weight). A study measuring the PpIX fluorescence in skin and in the mucosa of the 
ear-nose-throat region at different times after oral administration of ALA at similar 
substance doses, shows that maximal fluorescence occurs at 3-4 hours after ad-
ministration.133  
 
Fig. 22 shows average fluorescence spectra from laryngeal mucosa measured in vivo 
a few hours after oral administration of ALA. Light of 405 nm wavelength was 
used. A decrease in autofluorescence from premalignant as compared to healthy 
tissue can be seen, as in the case of 337 nm excitation above. The peaks at 635 nm 
are due to PpIX. The highest PpIX peak is seen in the premalignant tissue.  
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Fig. 22 Typical average fluorescence spectra obtained in vivo from normal 
tissue and premalignant lesion on vocal folds; using 405 nm excitation in 
patients who were given ALA prior to the examination. 

In the colon, adenomatous colon polyps can be distinguished from normal using 
ALA and 405 nm excitation (Paper VI). However, there seems to be poor selectiv-
ity of ALA in adenomas as compared to hyperplastic tissue. This is discussed fur-
ther in Paper VII. 
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4.5 Point monitoring 

The diagnosis of tissue by histopathology involves removing a small tissue sample, 
a biopsy. When optical biopsy using the fluorescence technique is discussed, it usu-
ally means fluorescence point measurements, as opposed to fluorescence imaging, 
on the tissue. Point measurements involve the collection of spectroscopic informa-
tion in a small tissue area using an optical fibre probe to guide the excitation to the 
tissue and to collect the tissue fluorescence. An optical multi-channel analyser 
(OMA) system for such measurements is shown in Fig. 23. An example of the 
measurement situation can be seen in Fig. 15, while typical spectra recorded are 
presented in Fig. 20 and Fig. 22. The fluorescence light is very weak compared to 
the excitation light, and therefore the detector system must be sensitive and the 
ambient background light must usually be efficiently suppressed. This can be 
achieved by using a pulsed laser and a gated detector. The laser light is focussed 
onto the end of an optical fibre. After each excitation pulse, fluorescence is emitted 
from the tissue. In our system it is collected by the same fibre, split off from the 
excitation path by a dichroic mirror and filtered to remove all excitation light. It is 
then focussed onto the slit of a polychromator, which splits up the light into its 
spectral components. A CCD camera images the spectrum, and sends it to a com-
puter. The optical fibre is roughly 1 mm in diameter, and can easily be inserted into 
the biopsy channel of an endoscope. In this way, LIF point monitoring can be used 
together with endoscopy to examine many hollow organs in the body, such as the 
vocal folds, the colon, the bronchi and the urinary bladder. It can also be used per-
operatively. 
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Fig. 23 Schematic drawing of OMA used for point measurements of fluo-
rescence. From af Klinteberg et al.134   
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4.6 Imaging 

The point monitoring technique relies on the skill of the physician in finding suspi-
cious areas, just as histopathology does. Some lesions, for example the flat ade-
noma that can arise in the colonic mucosa, are often difficult to discern even for 
the trained eye. In these cases an imaging system, which could work in conjunction 
with normal endoscopy, would be of great help.  

4.6.1 Spectral imaging 

In point monitoring the fluorescence emission at all wavelengths is measured in 
one point. It is difficult to acquire all this information for each pixel in an image. It 
would also be very memory consuming. In fluorescence imaging the emission at 
one or a few wavelengths only are thus usually measured. This or these wave-
lengths have to be chosen optimally for each application. The results from spectro-
scopic point measurement studies are important for this selection. A multi-colour 
imaging system developed in Lund was used in Paper X.135-137 This system divides 
the fluorescence light by beam-splitting optics into four images, which are spatially 
identical but filtered in separate wavelength bands. The images are detected on an 
intensified CCD camera, which is gated to suppress background light. Computer 
processing of the images yields a fluorescence image with optimized contrast be-
tween normal and diseased tissue. Normally, three images are used in the contrast 
function, which is on the form  

.
2

1

Bk

DkA
Fc

−
=      (32)

  
Here, A is the fluorescence detected in the red wavelength region, usually related 
to a fluorescent tumour marker. D is the fluorescence in a green-yellow wavelength 
band, which is multiplied by a constant and subtracted from the fluorescence in A 
to yield the pure tumour marker signal without any influence of tissue autofluores-
cence. The fluorescence intensity B originates from the autofluorescence around 
470 nm. This contrast function, which yields high values for malignant tissues con-
taining large amounts of tumour marking substance, is calculated in each pixel to 
create a new fluorescence image. If a video endoscope is used, the false-colour 
coded fluorescence image can be superimposed on the normal endoscope image in 
real-time, marking suspicious areas. This system has been used in a variety of clini-
cal specialities, using different fluorescent tumour markers.138 Other techniques 
than the one mentioned above have also been used in fluorescence imaging sys-
tems.92,139 
 
Evidently, it is very important to choose good detection wavelengths and evalua-
tion criteria to optimize the performance of the imaging system. In order to do so, 
studying spectra from point-monitoring measurements can be of great help, as 
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mentioned above. However, one must be careful when applying point-monitoring 
results to imaging, since the measurement geometries are different. In point moni-
toring, the fibre probe is held in gentle contact with the tissue. The fluorescence is 
collected with the same fibre, and thus the light transport in the tissue is very short. 
In the imaging case, the delivery and collection fibre bundles are kept away from 
the tissue. Both the excitation and fluorescence light will be scattered to a greater 
extent in the tissue, and light absorption, e.g. by haemoglobin, will alter the spectral 
shape. Examples of fluorescence spectra for different geometries of illumination 
and detection are shown in Fig. 24. All three spectra were recorded from exactly 
the same location of the tissue, using the same excitation and detection system. 
The only difference is the measurement geometry. These measurements were per-
formed with 405 nm excitation. Fig. 24a shows the point monitoring geometry 
used for example in Papers VI-IX, with the same fibre used for both excitation and 
detection, and the fibre held in contact with the tissue surface. It can be seen in 
Fig. 24b that when a broad illumination is used and the detection fibre is kept in 
contact with the tissue, the light reaching the fibre has had to travel a certain dis-
tance in the tissue. Thus, the haemoglobin absorption decreases the autofluores-
cence intensity and creates a dip in the fluorescence spectrum at approximately 580 
nm, corresponding to an absorption band of arterial blood. If a broad illumination 
is used and the detection fibre is kept above the tissue, both long and short photon 
paths will be detected, and the haemoglobin absorption of the fluorescence light is 
not as strong (Fig. 24c). Similar results have been shown by Keijzer et al., who 
made measurements on human aorta in different geometries.140  
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Fig. 24 The influence of different measurement geometries on fluorescence 
spectra.  
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4.6.2 Time-resolved imaging 

Measurement of fluorescence lifetimes can provide additional information about 
the tissue chromophores and their environment. Because several tissue chromo-
phores contribute to the fluorescence, a fluorescence lifetime measurement yields a 
curve that is the sum of all decays. A fit to three exponential decays is often per-
formed.141  
 
Fluorescent tumour markers usually have longer fluorescence lifetimes than the 
natural chromophores in tissue. Cubeddu et al. have developed an instrument for 
fluorescence lifetime imaging to detect fluorescent tumour marker.142 This system 
was used in Paper X. A pulsed dye laser produces pulsed excitation at 405 nm. The 
autofluorescence is suppressed by filtering the signal, and a time-gated detection 
system acquires images at different times after the excitation pulse. A mono-
exponential decay function is fit to the results, yielding a false colour coded image 
of the fluorescence lifetimes. 

4.7 Photodynamic therapy 

The use of tumour markers or photosensitizers also serves another purpose. Pho-
tosensitizers are essential in photodynamic therapy (PDT), which is a nonthermal 
technique used mainly for the treatment of malignant tumours where the sensitized 
cells are selectively killed with minimal or no damage of the surrounding healthy 
tissue.124,130,143,144 The photodynamic reaction is dependent on the presence of pho-
tosensitizer and oxygen, and activated by light irradiation. The absorption of light 
by the photosensitizer will cause the transformation of oxygen from its ground 
state to its singlet state. Singlet oxygen acts as a very aggressive oxidant on many 
molecules in the cell, and the cell is killed. To ensure that only malignant cells are 
killed in this process, it is essential to use a photosensitizer that has a high selectiv-
ity for tumours. Light dosimetry can also be an important factor. The selective kill-
ing of malignant cells is of course a great advantage. Conventional treatment 
modalities such as radiation therapy, utilising ionising radiation, and chemotherapy 
have poor selectivity. They rely on that the malignant tissue has poorer recovery 
after treatment and on accurate dosimetry calculations in order to spare as much 
healthy tissue as possible and still destroy the malignancy. PDT has been per-
formed e.g. on nonmelanoma skin tumours131,145 and on the surface of hollow or-
gans146. It is an especially interesting alternative in sensitive areas or where surgery 
can be cumbersome, e.g. on the vocal folds or on the skin close to the eye. The 
cosmetic result is often superior to that of surgery, since there is little scar forma-
tion.131  
 
A high light absorption by the photosensitizer is important for the therapeutic re-
sult. Porphyrins, for example, have several absorption bands in the visible wave-
length region, the strongest being the Soret band around 400 nm, which is used for 
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fluorescence studies. Still, longer wavelengths are preferable for PDT, usually 
around 630 nm. This is due to the larger penetration depth of light at this wave-
length, as discussed in Chapter 2, allowing the treatment of thicker lesions. How-
ever, the shallow treatment depth is still one of the main disadvantages of PDT. 
Insterstitial delivery systems have been developed, allowing treatment of larger tu-
mours by inserting optical fibres into the tumour mass and irradiating from 
within.147,148 
 
Another disadvantage of PDT is that the photosensitizer dose has to be higher for 
PDT treatment than for LIF measurements, and the patients may experience the 
side-effect of skin photosensitivity. This means that they should stay out of the sun 
for days up to weeks.  



 

Chapter 5  
Analysis of fluorescence data 

To classify fluorescence emission spectra, e.g. as diseased or healthy, some evalua-
tion criterion must be chosen. This is a challenging task, given the complexity of 
the tissue, with several fluorescent biomolecules as well as absorbing (nonfluores-
cent) and scattering compounds. Each of these parameters normally shows varia-
tion between individuals and location. The variation between individuals is often 
large. The abundance of both the endogenous fluorophores and the exogenous 
fluorescent tumour marker, if one is used, can vary considerably. If the variations 
in normal tissues are too large, there can be an overlap with spectra measured on 
diseased tissues, and classification can be difficult. In these cases, it is often better 
to compare every measurement with a normal measurement from the same patient 
(Paper VIII).149 For example, in patients given ALA the concentration of PpIX is 
usually higher in malignant tissue than in normal tissue in the same patient. How-
ever, there can be an offset, so that the normal porphyrin signal in one patient is 
comparable to the signal from a malignancy in another patient. This effect can be 
more easily handled in fluorescence imaging than in the point spectroscopy ap-
proach, as both malignant and normal tissue can be captured in the same image. 
 
The existing techniques for tissue classification based on fluorescence data can 
roughly be divided into two categories; modelling and statistical methods. In the 
modelling approach the effects from intrinsic tissue fluorescence and light attenua-
tion due to other tissue chromophores are separated. This can be done by proper 
modelling of the light transport in tissue. The modelling approach has the advan-
tage that data obtained using different measurement methods and geometries can 
be compared, as the effect of light propagation is modelled. The statistical ap-
proach, on the other hand, does not require any such knowledge, but also lacks the 
advantage of transportability. Any changes in the recording procedure may require 
that the system must be retrained. This thesis only considers statistical methods in 
the evaluation of fluorescence data. In this chapter, a brief outline of the modelling 
approach is however given, while the multivariate methods are described in more 
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detail. In Paper IX, some different multivariate analysis methods have been com-
pared. 

5.1 Fluorescence modelling 

Fluorescence modelling is an attractive method in that it yields information about 
the underlying factors affecting the fluorescence signal. By measuring the tissue 
absorption and scattering characteristics, e.g., by some type of diffuse reflectance 
measurement, major tissue chromophores can be determined and their concentra-
tions can be estimated. In this way the effects on the signal from light attenuation 
and geometry can be determined. Obviously, the signal will depend on the tissue 
optical properties at both the excitation and emission wavelengths. An illustrating 
example of how the optical properties of the examined tissue may alter the re-
corded fluorescence spectrum is haemoglobin reabsorption of the fluorescence 
emission, causing an apparent double peak instead of the intrinsic single fluores-
cence peak. It is also obvious from Fig. 24 that reabsorption of fluorescence is im-
portant for the recorded signal. If the important chromophores in the tissue and 
their optical properties at all wavelengths studied and also all fluorophores contrib-
uting to the fluorescence emission and their fluorescence properties are known, 
their concentration in the tissue can be obtained by modelling and the least-squares 
fitting method.150 This technique has been used to decompose fluorescence spec-
tra, for example from the colon,94 the cervix,151 and aorta.152 A limitation to the 
modelling approach is that a precise knowledge of the measurement geometry is 
required so that the light transport can be modelled accurately. This might be diffi-
cult since tissue is a complex system, and modelling will always include simplifica-
tions.  
 
A technique closely related to fluorescence modelling has been used by af Klinte-
berg et al. to evaluate fluorescence from basal cell carcinomas before and after 
PDT. Three principal spectral components were determined by subtracting aver-
aged, scaled spectra measured at different times during the treatment process. 
These spectra corresponded to the pure spectra from autofluorescence, PpIX and 
photoproducts from PDT. A least-squares fit of each measured spectrum to the 
linear combination of the component spectra was performed. The course of lesion 
treatment was evaluated by studying the fluorescence contribution from each of 
the components.153  

5.2 Multivariate statistical techniques 

In the statistical approach, there are several different multivariate analysis methods 
that can be used for spectral evaluation, such as multivariate linear regression 
(MVLR), principal component analysis (PCA), principal component regression 
(PCR) and partial least squares (PLS).154,155 MVLR, used in Paper VI, is the most 
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frequently used multivariate method for tissue fluorescence spectra,94,117,156-159 but 
principal component analysis has also been used.160,161  

5.2.1 Background 

To make the classification algorithm simple, the fluorescence intensities at a limited 
number of wavelengths in the spectrum are most often extracted. It is then impor-
tant to choose the wavelengths where the lesion-to-normal contrast is as large as 
possible. An example of one of the simpler algorithms successfully used for this 
purpose is the dimensionless ratio of two fluorescence intensities.12,116 This ap-
proach is very useful in fluorescence imaging, when it is only possible to detect a 
few emission wavelengths with a not too complex detection system. When ALA is 
used as a fluorescent marker, one can for example divide the fluorescence near the 
PpIX peak, which is higher in malignant tissue, with the autofluorescence, that is 
lower in malignancies, and in this way achieve a higher tumour demarcation. In 
addition, the sensitivity to variations in signal strength due to geometry or system 
performance is eliminated as a dimensionless quantity is used. This technique is 
employed in the fluorescence imaging system described in Chapter 4.6 (Paper X). 
When evaluating fluorescence ratios it is often good to choose two wavelengths 
where the influence from blood absorption is equally strong, so that this effect is 
cancelled out.118,162  
 
Even though the ratio method works well in many cases, it requires a qualified 
guess of what wavelengths to use. In addition, there may be information hidden in 
the spectra that is not exploited in this way. To utilize more of the available and 
relevant spectral information, more sophisticated evaluation techniques are needed. 
Multivariate methods are used in various scientific fields for the analysis of experi-
mental data and for optimal extraction of information.  

5.2.2 The principles of multivariate methods 

The fluorescence data can be represented as a matrix called X (Fig. 25). Each col-
umn vector in X represents one measured variable, in this case the fluorescence 
intensities in different spots at one certain wavelength. Each row vector corre-
sponds to one observation, i.e., a fluorescence spectrum. The gold standard, i.e., 
the reference method whose results we want to predict, is the histopathological 
characterization of biopsy samples. These diagnoses are classified into groups, 
converted to discrete numbers and stored in a column vector y. X and y can be 
seen as the independent and dependent variables of the problem, respectively. The 
multivariate methods, except for MVLR, can be employed using full spectra. 
Hence, it is not necessary to simplify the data matrix X by selecting only a few of 
the fluorescence wavelengths for the analysis. The subset of multivariate ap-
proaches that are especially suitable for handling data with a large number of vari-
ables are often called chemometric techniques. As the name indicates, these methods 
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were first developed for the evaluation data from modern methods in analytical 
chemistry, such as spectroscopic and chromatographic methods. 
 
Basically, multivariate analysis is used to transform measurements X into informa-
tive results, e.g. separating groups of data or creating a model for prediction of an 
interesting variable y. The different multivariate methods create slightly different 
models for this purpose, as described below. They have in common that the in-
formation in X is reduced to a simpler form. The resulting model can be used to 
predict the y values, i.e. the tissue pathologies, from measured spectra, provided 
these measurements were performed in a similar manner and hence can be consid-
ered as belonging to the same statistical population of spectra. Imagine, for exam-
ple, a crude comparison with our own vision. The spectral information we receive 
as we look at for example the clear sky is interpreted, based on a previous "calibra-
tion", in our brain and simplified to meaningful, compressed information telling us 
it is blue. In the same way, the spectral information from a tissue fluorescence 
measurement can be interpreted, based on a previous multivariate calibration, as 
either diseased or healthy.  
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Fig. 25 Schematic view of calibration and prediction using a multivariate method. In 
the upper part, the spectra in X together with the known histopathologies in y are used 
for calibration, yielding a model. The model can be applied to new spectra recorded un-
der the same conditions for prediction of tissue pathology (lower part). 

In this thesis, multivariate methods have been used to detect differences in spectral 
shape rather than intensity. Normalized spectra have therefore been used. 
 
Usually, the results are evaluated in terms of the obtained sensitivity and specificity. 
Sensitivity denotes the proportion of positives that are correctly classified by the 
method, while the specificity is the percentage of negatives that are correctly identi-
fied by the method. Positives and negatives are terms referring to the presence or ab-
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sence of a condition, respectively. In the work presented here a positive is usually 
an abnormal pathology, such as a malignancy, as determined by histopathological 
examination. Thus, we are comparing our results to those obtained by the gold 
standard, histopathology, which in itself is a subjective method with occasional 
disagreement in the opinions of different pathologists.93,94 

5.2.3 Validation 

As mentioned above, multivariate calibration extracts the information of interest 
and thereby reduces the information in X. More specifically, the calibration trans-
forms X into a new coordinate system with fewer dimensions. When performing 
the calibration, we have to decide on its level of complexity, i.e. how much should 
be included in the model and how much should be left out. The residual is the part 
of X that has not been included in the model. Optimally, the residual consists of 
noise or irrelevant information only. To avoid overfitting or underfitting of the 
model, and to study how well it will work for new data, validation is necessary. 
Validation is a phase, not shown in Fig. 25, in between the training and application 
phases. It produces a measure of the prediction error, telling how large an error we 
can expect when using the model for prediction of new data in the future. RMSEP 
(root mean square error of prediction) is a measurement of the prediction error in 
y. It is defined as the square root of the average of the squared differences between 
predicted and measured y values of the validation objects, 
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RMSEP is given in the original units of y. It is essential that the data used for cali-
bration are representative for the data we want to predict. Thus, if there is an in-
strumental drift or other measurement variations over time, an old calibration 
model may give unexpected results and recalibration is necessary. 
 
The most common validation methods are outlined below. All these can be used 
for either of the multivariate analysis methods.  

Test set 
The best way to validate the model is to use separate calibration and test sets. The 
measured spectra are then divided in two groups, where one is used for calibration 
and the other for validation only. The disadvantage with this method is that a large 
data set is needed. 

Cross validation 
In cross validation, part of the data set is used as a test set while the model is based 
on the rest of the data. Then this is repeated, leaving out another part, and so on. 
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The mean error for all these models is used as a total error. Note that the actual 
model is still based on all samples at the same time; the above mentioned routine is 
just used for validation to estimate the prediction error. Full cross validation means 
that one sample is left out of the model each time and used for testing. In segmented 
cross validation the samples are divided into groups and one group is left out each 
time. The disadvantage with cross validation is that the same samples influence 
both the model and the error estimate. Still, it is the best alternative for validation 
when there is not enough data for a separate test set. 

Leverage correction 
Leverage correction means that the error estimate is based on the residuals for the 
samples in the calibration set, and on how close to the model they are. The lever-
age is the effect of an object on the model, depending on how far it is from the 
model centre. An extreme sample, far from the model centre, has a large influence 
on the model and a large leverage. This sample also has a larger influence on the 
error estimate in leverage correction. A sample that is more typical is down-
weighted in the leverage correction method. This method is quick, but it underes-
timates the error. Therefore it is suitable mainly to obtain a rough estimate in the 
initial modelling stages. 
 
Note that the actual model is the same regardless of whether leverage correction or 
cross validation is used. Only the estimated prediction error is affected by the vali-
dation method.  

5.2.4 Multivariate linear regression 

Multivariate linear regression (MVLR) is commonly used for tissue fluorescence 
evaluation (Paper VI).94,117,157-159 It is a statistical method where the intensities at 
some chosen wavelengths are extracted and a predicted y value is given by a linear 
combination of these intensities 

     (35)

 

,fXby +=
 
where f is the residual, which should be as small as possible. The regression coeffi-
cients in b can be determined by least-square estimation to  

.ˆ 1 yXX)(Xb TT −=     (36)

  
The regression can be calculated stepwise, i.e. the variables (intensities at given 
emission wavelengths) are added or deleted at each step of the model build-up, 
depending on how significant their contributions to the model are. The parameters 
of the regression can be set to define how significant a wavelength must be in or-
der to be included in the model. If the parameters are very strict, one can create a 
model that employs data from just one or two emission wavelengths.  
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MVLR is a method that is simple to implement and that can easily be used for pre-
dictions for new samples. However, the understanding of the physical reasons be-
hind the formula derived is often limited. In addition, MVLR may fail if there are 
collinearities between variables in X or if there are more variables than samples. 
Therefore, when using MVLR for spectroscopic applications the full spectra can-
not be used, but the fluorescence intensities at some well-chosen wavelengths have 
to be extracted.  

5.2.5 Principal component analysis  

Principal component analysis (PCA)154,163 is another possible evaluation method for 
tissue classification. The principle of PCA is to find a way to describe X, taking 
into account as much as possible of the relevant variations in our spectra without 
including the variations that are only due to noise. In doing so, X is divided in a 
structure part and a noise part. Linear combinations of the original variables in X 
are now combined into so called principal components (PC:s), and the structure 
part of X is described in terms of these. If X consists of r rows and k columns, 
each observation can be represented as a point in a k-dimensional coordinate sys-
tem, and in total there will be r such points. The principal components can be seen 
as directions  in this k-dimensional space. The first principal component, PC1, is 
chosen as the direction along which the variance in X is the largest. PC2 is chosen 
as the next largest variance orthogonal to PC1, and so on. After a certain number 
of components, the variance is so small that the rest of the principal components 
can be considered as noise. The loading vectors or loadings are the representations of 
the principal components in the original variables. X can be described by the ma-
trix equation 

,ETPX T +=      (37)

  
where P is a matrix containing the loadings, T is the score matrix, i.e. the projec-
tions of the observations down on each loading vector, and E is the residual 
(noise). This can be seen as a transform of X into a new coordinate system with 
fewer dimensions. The number of dimensions is equal to the number of principal 
components included in the model. The loading matrix P can be seen as a trans-
formation matrix between the original variable space and the space spanned by the 
principal components, and the scores in T are the coordinates of all samples in the 
new principal component space. 
 
Principle component regression (PCR) is a similar method. First, PCA is made on 
the X-matrix according to Equation (37), and then the resulting T-matrix is used 
for MVLR. When using PCR, collinear data are not a problem. However, one dis-
advantage with PCR and PCA is that they do not take y into account in the selec-
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tion of principal components. The principal components might thus describe some 
variations in X that are not correlated with y. Excluding these variations from the 
model might improve the prediction ability.  

5.2.6 Partial least squares 

While the principal components determined by PCA simply describe the largest 
variations in X, partial least squares (PLS) strives to find the components in X that 
correlate the most with y. By allowing the y data to intervene in the X decomposi-
tion, the impact of large but irrelevant spectral features in X is reduced. There are 
two different types of PLS: PLS1 is used when there is only one y variable, and 
PLS2 is used when Y is a matrix containing several variables.155 The first PLS com-
ponent is chosen as the direction in X that correlates the best with y. Note that the 
PLS component does not have to be equal to the principal component from PCA. 
The second PLS component is chosen in the same way, after subtracting the first 
principal component from X, etc. PLS may be the most complicated of the multi-
variate methods, but it is also the most powerful method to find the relationships 
between X and y. PLS is normally used for quantitative purposes, e.g., to determine 
concentrations of sample constituents, but has also proven useful for classification 
purposes, PLS discriminant analysis (PLS-DA).164 For this purpose, y is given dis-
crete values for the calibration, usually +1 and –1, depending on the class belong-
ing (Papers VII and IX).  

5.2.7 Logistic regression 

Logistic regression is a popular method for medical statistical evaluation, since it 
assumes that the dependent variable (y) is discrete and binary. A logistic function 
logit(x) is an S-shaped curve going from 0 to 1 as x goes from -∞ to ∞ like the one 
shown in Fig. 26. In this case, the posterior probability P(y|T) should behave as a 
logistic function. P(y|T) is the probability that the dependent variable has a value y, 
given a test result T. How the fluorescence spectral shape can be incorporated into 
the test result T will be discussed below. 
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Fig. 26 Plot showing the S-shaped form of a logistic function. 
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The model used in Paper IX is based on Bayes' theorem. This is used to calculate 
the probability for a measured lesion to be diseased, given a certain test result. In 
the simplest case, with two diagnostic classes (disease/nondisease) and two possi-
ble outcomes of the test, Bayes' theorem is given by 

( ) ( ) ( )
( ) ,

P
NPN|P

-|NP
−

−
=     (38)

  
where P(N|-) is the probability that the tissue is normal, given a negative test result 
(-). P(-|N) is the conditional probability that a normal tissue has a negative test 
result, and P(N) is the prior probability that the tissue is normal. The test result in 
Equation (28) can be connected to the result from a fluorescence measurement. 
Ramanujam et al.160 have used PCA for this purpose. Bayes theorem will then have 
the form  

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ,
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where P(N|T) is the posterior probability that the tissue is normal if its spectrum 
has the principal component scores T, and P(T|N) is the conditional probability 
that a normal tissue sample will have scores T. P(N) is the prior probability that the 
tissue is normal. The conditional probabilities are determined by fitting a normal or 
gamma probability density function to the scores for each principal component and 
each group (N and L). The costs of misclassifying a normal tissue as a lesion or 
vice versa are denoted C(L|N) and C(N|L), respectively. They can be varied for 
best sensitivity and specificity, as long as their sum is equal to one. The conditional 
probabilities for all principal components are multiplied to yield the conditional 
joint probability for each group. Logistic techniques can also be combined with 
PLS analysis (Paper IX).165 

5.2.8 Other techniques 

There are a number of other options for spectral evaluation available.157,166 Vo-
Dinh et al. obtained good results evaluating fluorescence spectra from the oesopha-
gus by using differential normalized fluorescence (DNF). The mean average of a 
number of normalized fluorescence spectra from normal tissue was used as a base-
line, which was subtracted from measured spectra. Combinations of peak intensi-
ties and curve slopes have also been used.149  
 
In summary, the purpose of the multivariate fluorescence analysis discussed in this 
chapter is to allow the interpretation of fluorescence spectra to comprehensive in-
formation about tissue status. This could be implemented in diagnostic equipment 
to provide clinically useful information in almost real-time. 
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Summary of papers 

Paper I describes time-resolved measurements of the optical properties of healthy 
breast tissue in vivo and in vitro. Absorption and scattering properties of the tissue 
over a broad spectral range were determined in a single measurement. Femtosec-
ond white light pulses were generated by self-phase modulation of high-power laser 
pulses focussed in water. A streak camera in combination with a spectrometer was 
used for time- and wavelength-resolved detection of the diffusely scattered light. 

Papers II and III demonstrate the technique of reconstructing the interference 
between photon density waves. Interference between two waves could be recon-
structed at any chosen modulation frequency from two consecutive time-resolved 
measurements. By having a time delay between the light pulses in the time domain, 
a phase shift was obtained in the frequency domain. It was demonstrated that in-
clusions in a tissue phantom with realistic optical properties could be detected us-
ing this technique. In Paper II the method of reversing the setup, so that a single 
light source and multiple detectors could be used, is demonstrated. 

Papers IV and V report on frequency-resolved photon migration measurements 
using a broad-band system operating at several light wavelengths. In Paper IV, the 
optical properties of fat are determined, and the analysis routine for determination 
of tissue physiological properties is expanded to include fat concentration extrac-
tion. An in vivo case study is presented, showing that realistic concentrations of oxy- 
and deoxy-haemoglobin, fat and water of breast tissue can be obtained with this 
technique. Paper V presents more in vivo data from frequency-resolved photon mi-
gration measurements on healthy breast tissue. Hormonal changes due to meno-
pausal status, menstrual cycle etc. cause large variations in water concentration and 
blood volume and oxygenation, which in turn affects the optical properties meas-
ured.  

Papers VI and VII deal with clinical laser-induced fluorescence measurements 
from the colon. In Paper VI it was shown that adenomatous tissue could be distin-
guished from healthy tissue from fluorescence data obtained with 337 nm excita-
tion (where no tumour marker was needed) and with 405 or 436 nm excitation in 
ALA patients. In Paper VII, it is shown that neoplastic polyps can be distinguished 
from non-neoplastic polyps using 337 nm excitation. Partial least squares analysis 
was used for tissue classification. 405 nm excitation in ALA patients is not success-
ful for this purpose, indicating a poor selectivity of the substance in colonic epithe-
lial polyps. 
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Papers VIII and IX present fluorescence spectral data obtained in vivo from the 
vocal and ventricular folds in the larynx. In Paper VIII fluorescence intensities and 
intensity ratios are used for distinguishing different degrees of neoplastic progres-
sion. Paper IX evaluates some multivariate analysis methods for spectral decompo-
sition. 

Paper X reports on a preliminary evaluation of two different modalities for fluo-
rescence imaging; multi-colour and lifetime imaging. Images obtained in vivo on five 
basal cell carcinomas of the skin after topical application of ALA are shown. Both 
systems performed well and identified all lesions with the same degree of reliability. 
 
 
Contributions to the papers from the author: 

Experimental or clinical work for all papers. 

Major parts of the data evaluation for Papers II-IV, VI, VII and IX.  
Parts of the data evaluation for Papers V and VIII. 

Writing of major parts of the manuscript for Papers II-IV,VI, VII, and IX. 
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