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SAMENVATTING 

Teneinde een optisch systeem te kunnen bouwen om kleine 

tumoren te kunnen localiseren door middel van fluorescentie

licht uitgezonden door hematoporfyrine-derivaat <HpD>, een stof 

waarvan bekend is dat het zich selectief ophoopt in 

tumorweefsel, is het nodig om de lichtflux per oppervlakte 

eenheid in levend weefsel te kunnen schatten. 

Een model dat tegenwoordig in de geneeskunde gebruikt wordt 

om het gedrag van licht in weefsel te beschrijven, is het 

eendimensionale Kubelka-Munk <KM> model. Het was niet geheel 

duidelijk in hoeverre dit model de werkelijkheid benaderde, 

daarom is het gerechtvaardigd vanuit de stralings 

transportvergel ijking. Het KM-model is uitgebreid voor het 

gebruik van een gerichte bundel en ook zijn reflekties aan de 

grenzen van het weefsel door een verandering in de 

brekingsindex in beschouwing genomen. 

Uitdrukkingen voor de lichtflux/oppevlakte-eenheid als 

functie van de diepte, zoals ze volgen uit de gepresenteerde 

modellen, zijn gegeven. 

Een poging om de optische karakteristieken van weefsel te 

bepalen uit transmissie metingen had nauwelijks succes. 

Het fluorescentie gedrag van HpD, aanwezig in levend 

tumorweefsel en onderhuids weefsel van ratten, is onderzocht. 

De relatieve fluorescentie excitatie efficientie als functie 

van de golflengte verschilt met de efficientie van HpD in 

waterige oplossingen. Dit wordt veroorzaakt door de 

aanwezigheid van bloed in het weefsel. Excitatie met licht rond 

500 nm is niet essentieel slechter dan excitatie met licht rond 

400 nm, in tegenstelling tot wat tot nu toe gedacht is. 

In ons tumor model was er geen selectieve opname van HpD. De 

fluorescentie was maximaal tussen 16 en 24 uur. 

' .. 
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SUMMARY 

Ta build an optica! system to localize small tumors by means 

of the detection of fluorescence light emitted by 

hematoporphyrin-derivative <HpD>, a substance which is known to 

accuroulate spefically in tumor tissue, it is necessary to have 

a means to estimate the flux density of light in living tissue. 

A model currently used in medicine to describe the behaviour 

of light in tissue, is the one dimensional Kubelka-Munk <KM> 

model. Since it was nat clear to what extent this model 

approximate the reality, it has been justified from 

equation of radiative transfer. The KM-model is extended 

the use of a collimated beam and also reflections at 

could 

the 

for 

the 

boundary of the layer by a change in refractive index are taken 

into account. 

Expressions of the flux densities as a function of depth, 

following from the presented models, are tabulated. 

An attempt to determine the optica! characteristics of 

tissue from transmission measurements, 

successful. 

has hardly been 

The fluorescence behaviour of HpD, present in living tumor 

and subcutaneous tissues of rats, has been investigated. The 

relative fluorescence excitation efficiency as a function of 

wavelength is different compared to the efficiency of HpD in 

aquous solutions. This is due to the presence of blood in the 

tissue. Excitation with light of about 500 nm is nat 

essentially than excitation with light of about 400 nm, in 

contrast with which was thought previously. 

In our tumor model there was no preferential uptake of HpD. 

The maximum fluorescence was obtained between 16 and 24 hours. 



CONTENTS 

preface 

Chapter 1 Introduetion 
1.1 Scope of the study 
1.2 The arrangement of this report 

Chapter 2 Light propagation in tissue 
2.1 Introduetion 
2.2 The Kubelka-Munk <KM> model 
2.3 Validatien of the Kubelka-Munk model 
2.3.1 The equation of radiative transfer 
2.3.2 From the equation of radiative transfer to a 

one-dimensional model 
2.4 Collimated incidence 

1 
1 
3 

4 
4 
4 
7 
7 

9 
11 

Chapter 3 One-dimensional light distribution models 15 
3.1 Introduetion 15 
3.2 Solutions to the differential equations which 

describe one-dimensional light propagation 15 
3.2.1 General solutions of the differential equations 17 
3.2.2 Boundary conditions 18 
3.3 Expressions for the fluxes 21 
3.4 Comparison of various models by numerical 

computations 28 
3.5 Conclusions 32 

Chapter 4 Experimental determination of absorption and 
scattering coefficients and boundary 
reflections 34 

4.1 Introduetion 34 
4.2 Used methad 34 
4.2.1 Theory 34 
4.2.2 Apparatus to measure diffuse transmission of 

thin layers of tissue 35 
4.3 Results 40 
4.4 Discussion 42 
4.5 Conclusion 47 

Chapter 5 In vivo measurements of HpD-fluorescence 48 
5.1 Introduetion 48 
5.2 Used methad and materials 51 
5.3 Results 54 
5.4 Discussion of the results 62 
5.5 Quantitative explanation of the differences between 

the in vitro and in vivo fluorescence excitation 
spectra 67 

5.6 Conclusions 70 

Chapter 6 Discussion, conclusions and recommendations 
for future work 72 

6.1 Discussion 72 
6.2 Conclusions 74 
6.3 Recommendations for future work 75 



Acknowledgements 

References 

Appendix A Definitions 

Appendix B Derivation of the equation of radiative 
transfer 

Appendix C In vivo fluorescence excitation and emission 
spectra of HpD injected in rats; individual 
measurements 

Appendix D Methad to calculate the effective yield of 
fluorescence emission light at the surface 
of a layer of tissue 

Appendix E Derivation of a one dimensional light 
propagation model including collimated 
incidence following concepts used by Kubelka 

77 

78 

A.l 

A.4 

A.8 

A.13 

and Munk A.16 

Appendix F A methad to calculate the light fluxes in two 
layers in the case of collimated incidence A.18 



PREFACE 

The work which is described in this report has been my 

graduation project of the study of technological physics at the 

Eindhoven University of Technology. It has been performed from 

August 1982 till August 1983 in the Department of Medical 

Technology of the St. Joseph Hospita! in Eindhoven under 

supervision of Dr.Ir. M.J.C. van Gemert, clinical physicist at 

the St. Joseph Hospita! and Dr. L.W.G. Steenhuysen, physicist 

at the Department of Technological Physics of the Eindhoven 

University of Technology. 

The work has resulted in a paper at the "International 

Symposium on Porphyrins in Tumor Therapy" in Milano, Italy in 

the end of May, 1983 <Gij 83>. 

At the end of the project it must be said that it was a 

pleasure to work as a <pre>physicist in a medical environment 

which I found to be very stimulating. 

Eindhoven, August 1983 

Geert Gijsbers 

''y" :·· 



1 

CHAPTER 1 INTRODUCTION 

1.1 SCOPE OF THE STUDY 

The work which is reported here has been initiated by the 

use of hematoporphyrin-derivative <HpD> fluorescence as a 

diagnostic tool in oncology. 

HpD has a preferenee to accumulate more specifically in 

tumor tissue than in healthy tissue. It displays a strong red 

fluorescence when illuminated with violet light. 

Due to these two characteristics of HpD small tumors might 

be detectable which cannot be seen with conventional methods. 

An extensive study has been presented by Doiron <Doi 82>. 

The aim of this work when started was to develop and build a 

system to detect and measure the amount of HpD-fluorescence in 

living tissue. 

To develop such a system and to interpret the measurements 

it is necessary to know the propagation of light in tissue and 

its influence on the yield of fluorescence light • 

The propagation of light depends on the absorption and 

scattering behaviour of the tissue. A model currently used in 

medicine which takes bath these aspects into account, is the 

Kubelka-Munk model. This is a one dimensional model yielding 

simple relations between the flux density of the light and the 

depth in a layer of tissue. However, this model is based on the 

assumptions that the light is diffuse, inside the layer as well 

as the incident light, and can be described in terms of two 

opposite fluxes 

these assumptions 

the model could 

in one direction. It was nat clear whether 

approximate the real situation and whether 

describe the case where a collimated beam is 

incident on a layer of tissue. 

Therefore, it was decided nat to build a fluorescence 

detection system but to aim the attention to a thorough study 

of one dimensional light propagation models to find out 

whether they indeed adequately can describe the behaviour of 

light in tissue. 
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This systematic study of the mentioned models has not only 

been motivated by the use of HpD but also by other applications 

of light in medicine. 

Some examples are: 

-The therapeutic use of HpD. When illuminated with red light 

(630 nm> a photodynamic reaction takes place in HpD which is 

present in <tumor)tissue. Singlet oxygen is produced which 

destrayes the tissue <Wei 76). Obviously, it is vital that the 

light affects all tumor cells, so detailed information of the 

distribution of light is necessary here. 

-Laser coagulation of tumors. The intense laser beam of an 

argon ion laser or Nd-YAG laser heats the tumor until the 

tissue is coagulated. This too is a means to remave a tumor. 

Here the sa me arguments apply as in the case of the 

therapeutic u se of HpD. 

-Laser treatment of port-wine stains. 

The excess of blood vessels of a port-wine stain can be 

removed by heating them. This must be done without affecting 

the surrounding skin tissue. This is possible by choosing 

light with a wavelength which is well absorbed by the blood 

vessels but not by the surrounding skin. Here the light 

distribution must be known in different layers: the epidermis, 

dermis and blood vessels. 

At the moment clinical use of HpD is based on the 

fluorescence behaviour of HpD when solved in saline with serum 

(in vitro>. However, previous work in our group by Van der 

Putten and Van Gemert <Put 83a) has indicated that the 

fluorescence in vivo is different from the fluorescence in 

vitro, this might affect the design of a system to locate 

tumors by HpD-fluorescence. 

The second part of the work has therefore been dedicated to 

the fluorescence behaviour of HpD present in living tissue (in 

vivo>. 

The fluorescence behaviour is given by the fluorescence 

"., . 
. , ,' 
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excitation and emission spectra. These spectra have 

systematically been measured of HpD present in living tumors in 

rats to see whether or not it is correct to start from the in 

vitro behaviour to design a system as mentioned. 

1.2 THE ARRANGEMENT OF THIS REPORT 

Chapter 2 presents a derivation of the Kubelka-Munk model 

using the equation of radiative transfer. In this way this one 

dimensional model will be extended for the use of collimated 

light. 

In chapter 3 the use of the models in various situations is 

presented, taking into account reflections at the boundaries of 

the tissue. 

In chapter 4 a possible methad will be outlined to determine 

the absorption and scattering coefficients of tissue. These 

coefficients are defined in the models. Results of some 

preliminary measurements will be presented and the accuracy of 

the methad discussed. 

The measurements of HpD fluorescence in vivo are handeled in 

chapter 5, whereas in chapter 6 some final remarks and 

suggestions for future work will be given. 
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CHAPTER 2 LIGHT PROPAGATION IN TISSUE 

2.1 INTRODUCTION 

As explained in chapter 1 it is necessary in medicine to 

have a means to estimate the distribution of light in living 

tissue. 

In developing quantitative models, it must be recognized 

that tissue is a turbid material, i.e. a material in which bath 

absarptien and scattering of light occur. 

A model currently used <e.g. And 81, Gem 81) which takes 

these two aspects into consideration is the Kubelka-Munk model 

<Kub 31, Kub 48). This model supplies simple relations for the 

flux densities (see appendix A for definition> of monochromatic 

light as a function of depth in a parallel sided layer of 

turbid material. 

In this chapter this one-dimensional model will be described 

and a physical justification will be given. It will be found 

that the model is valid only for diffuse light. Therefore, the 

model will be extended for collimated incidence. Also, 

reflections at the boundaries of the layer will be taken into 

account, this can be found in chapter 3. 

2.2 THE KUBELKA-MUNK <KM> MODEL 

The KM-model <Kub 31> was developed to gain a more 

theoretica! insight into the behaviour of light in a layer of 

paint. It can directly be compared with the Schuster model 

<Schu 05, Kot 64, Bea b7) which was derived in 1905 to explain 

the escape of light from the self-luminous, foggy atmosphere of 

a star. 

The KM-model will be described here in the way it is usually 

presented: 

Monochromatic l.ight with irradiance 10 (W/cm2 > is incident 

on a layer of turbid material with thickness d. 
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Fig.2.1 The Kubelka-Munk model. Incident light Io 

on a layer with thickness d gives rise to 

two opposite fluxes i and j in the layer 

which is optically characterized by absarptien 

coefficient K and scattering coefficient S. 

Both layer and I0 extend to infinity in y-

and z-directions. 

<Later, in section 2.3.3, it will be shown that this irradiance 

must consist of diffuse light>. The light penetrates the layer 

where it is subsequently absorbed and scattered. 

The optical behaviour of the material is characterized by an 

absorption coefficient K and a scattering coefficient S, both 

in cm~ • The coefficients are considered to be constant 

throughout the material. It is assumed that the propagation of 

the light in the material can bedescribed by two fluxes, i(x) 

and j(x), which travel in opposite directions (see Fig. 2.1). 

The fluxes i and j are dependent on the depth x in the layer 

only, hence this model is essentially one-dimensional. 

It should be noted that most authors take the x-direction in 

opposite way as presented in Fig. 2.1. 

The fluxes i and j can be balanced in an infinitesimal thin 

layer dx at depth x: 

When i<x> enters dx, a fraction i<x>•K•dx is absorbed and a 

fraction i<x>·S·dx is scattered in opposite direction. 

this is how K and S are defined. 

In fact 

So the decrease of i(x) in dx is <K+S>·i<x>·dx. On the other 
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hand i<x> increases in dx by an amount of j(x>·S•dx due to 

backscattering from j(x) while passing dx. 

A similar balance can be made for j(x). This results in two 

coupled differential equations: 

di 
dx = - (K+S) •i(x) + S •j(x) 

-dj=- (K+S)•j(x) + S•i(x) dx 

(2.1a) 

(2.lb) 

The minus-sign of the left-hand term in equation 2.1b occurs 

because the flux j is travelling in the direction of decreasing 

x. The boundary conditions are: 

i(O) = Io 

j(d) .. 0 
(2.2a) 

(2.2b) 

This means that no reflections are assumed at the boundaries 

of the layer. 

In section 3.2 a general methad will be given to solve these 

kind of equations. 

The solutions are: 

i(x)-J a•sinh(bS(d-x)) + b•cosh(bS(d-x)) 
- o a •sinh(bSd) + b •cosh(bSd) 

j(x)= I 
Q_ 

sinh(bS(d-x)) 
a•sinh(bSd) + b•cosh(bSd) 

I 2 1. x -x x -x wher.e a=(K+S)/S, b= a-1, sinh(x)='2(e -e ), and cosh(x)=\(e +e ). 

(2.3a) 

(2.3b) 

The transmission T and reflection R of the layer can be 

defined as T=i(d)/!
0 

and R=j(0)/I
0

, which gives: 

a•sinh(bSd) + b•cosh(bSd) 
T b 

sinh(bSd) R = --~~~~~~~~~~ 
a•sinh(bSd) + b•cosh(bSd) 

(2.4a) 

(2.4b) 
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2.3 VALIDATION OF THE KUBELKA-MUNK MODEL 

There are several features in the KM-model which are 

questionable and which have not been dealt with in the 

literature as far as medical physics is concerned. 

First, it has to be proven under which conditions the 

assumption of two opposite fluxes, or more general the one

dimensional propagation of light, is adequate. 

Second, reflections at the layer boundaries caused by a 

possible change in refractive index are not taken into account. 

A third aspect of the model is that according to Kubelka 

<Kub 48>, the incident flux on the layer and the light in the 

layer itself must consist of perfectly diffuse light. So, this 

model is not suitable to the situation where a collimated beam 

of light (e.g. a laser beam> is incident on a turbid layer. 

The aim of this section 2.3 is to derive the KM-theory 

starting from the equation of radiative transfer. In this way a 

one-dimensional model which takes collimated incidence into 

account, will be derived in section 2.4. 

2.3.1 THE EQUATION OF RADIATIVE TRANSFER 

To validate the approach of Kubelka and Munk to the problem 

of light propagation in turbid media one can start from the 

equation of radiative transfer. 

The review by Kottier <Kot 64) will serve as a guideline. 

In principle it is possible to calculate the light 

the 

are 

distribution in a turbid medium if the size and shape of 

absorbing and scattering particles in the medium 

approximately known and a limited number of scattering 

can be assumed. Then the theories of either Rayleigh 

events 

or Mie 

must be used <Kor 69). 

Unfortunately, tissue does not satisfy these conditions 

because it consists of many different and tightly packed 

components of which it is impossible to derive the distribution 

of scattered light for each individual component and which 
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dx 

J--z 

l+dl 

Fig.2.2 A beam with radiance I<x,9,~> is incident 

on a thin layer with thickness dx where 

it is attenuated by an amount -di in the 

direction <9,f> by absorption and scattering. 

cause many scattering events. 

Still, it is possible to tackle the problem of scattering 

and absorbing of light in a medium like tissue using the 

equation of radiative transfer which can be derived from 

phenomenological considerations. 

Consider a narrow beam, part of the total field of 

illumination, which is incident on a thin layer with thickness 

dx under an angle 9 with the normal on the layer (see Fig.2.2>. 

The beam consists of monochromatic light with radiance 

I<x,9,f> <see Appendix A for definition of radiance>. 9 and ~ 

denote the direction of the beam. It is assumed that in y- and 

z-directions the layer dx stretches to infinity and that oiiày= 

~IIoz=O. 

While traversing the layer the light beam suffers a loss by 

absorption and scattering out of the direction of the beam. On 

the other hand the beam gains by scattering of light from other 

directions into the direction <9,f>. 

These processes can be described by the equation of 

radiative transfer, which for the case of isotropie scattering 

(i.e. the radiance of the scattered light is independent of the 
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directions of the incident and reemitted light> can be written 

as 

di 1 
~ = - (k+o)I(x, IJ) + ~a J I(x, IJ' )dIJ' 

-1 
(2.5) 

where ~=case , k is the absorption coefficient and a is the 

scattering coefficient, in units of cm-1. 

The left hand term describes the total change of I<x,~> in 

dx. <Note that an axially symmetrie radiance which is 

independent of the azimuth fis assumed here.) The first term 

on the right hand side gives the amount of radiance which is 

absorbed and scattered from I<x,~> while the second right hand 

term represents the gain of I<x,~> from scattered light from 

all directions. 

A derivation of the equation of radiative transfer is given 

in Appendix B <Kot 64, Cha 60). It is stressed that equation 

2.5 holds only for the case of isotropie scattering and axial 

symmetry, but this equation is our starting point in deriving a 

one-dimensional light propagating model. 

The integral in equation 2.5 can be interpreted as the mean 

radiance (see Appendix B, Cha 60>. According to Kottier <Kot 

64> this integral can be separated: 

1 
\ J I( x, lJ' )d lJ' = 
-1 

0 1 
\ J I( x, IJ' )dIJ' + \ J I(x, IJ' )d ll' 
-1 0 

(2.6) 

I_<x> and I+<x> are the mean radiances taken over the solid 

angles in backward and forward directions. 

2.3.2 FROM THE EQUATION OF RADIATIVE TRANSFER TO A ONE

DIMENSIONAL MODEL 

Starting from equations 2.5 and 2.6 it is possible to derive 

KM-like equations for the distribution of light in turbid 

media. Equation 2.5 is integrated over the solid angles of the 

··:;-.,' .--
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backward and forward hemispheres. An element of solid angle can 

be written as 2~.sin9.d9=-2~.d~. 

Integrating equation 2.5 over the backward hemisphere 

yields: 

of di o o . 
21r ~JJ = -(k+o)•21r J I(x,JJ)dJJ+ ~o·21r J {I_(x)+I+ (x)}dJJ (2.7) 

-1 -1 -1 

or: 

0 
di J JJd~JJ = -(k+o)I_(x) .. \o{I_(x)+I+(x)} 

-1 
(2.8) 

When I<x,~> is independent of u, i.e. perfectly diffuse 

light <see Appendix A> the left hand term can be written as: 

d 0 di 0 di d 0 di_ 
- j JJI(x)dJJ =- j ldJJ = -E = -~ j I(x)dJJ = -~- (2.9) 
dx_1 dx_

1 
dx dx_

1 
dx 

This relation should be valid to a certain degree of 

approximation when I<x,~) varies only slowly with ~- This is 

called the Schuster-Schwarzschild approximation. 

So, for diffuse or nearly diffuse light the original 

integro-differential transfer equation 2.5, after integration 

over the backward hemisphere, can be written as: 

di 
- dx = - (2k+o)I_(x) + oi+(x) (2.10) 

A similar result is obtained when equation 2.5 is integrated 

over the forward hemisphere and assuming diffuse light. Now the 

integration of the left hand term of equation 2.5 yields 

d 1 di+ 
dx J JJ!(x)d JJ = ~dx 

0 

(2.11) 

So, the equation of radiative transfer is transformed into 

two coupled differential equations: 

di+ 
dx = - (2k+o)I+(x) + oi_(x) (2.12a) 

di 
-di"""= - (2k+o)I_(x) + oi+(x) (2.12b) 
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In the case of perfectly diffuse light the mean radiances in 

backward and forward directions, I_<x> and I+<x>, are equal to 

1/rr times the total flux densities in those directions <see 

Appendix B>. If the flux density in forward direction (in the 

direction of increasing x> is called i<x> and the flux density 

in backward direction j(x) then: 

(2.13a) 

j(x) • w•I_(x) (2.13b) 

Defining K=2k and S=~, the equations 2.12 can now be written 

as: 

di 
dx •- (K+S)•i(x) + S•j(x) 

-ti= - (K+S) •j(x) + S •i(x) 
dx 

which are the KM-equations 2.1. 

(2.14a) 

(2.14b) 

So, the approach of Kubelka and Munk is indeed correct for: 

-Perfect or nearly perfect diffuse light (incident as well as 

i nternal 1 i ght > • 

-Layers with infinite dimensions perpendicular to the direction 

of light propagation, illuminated with an infinitely large and 

homogeneaus field of incident light. 

-Isotropic scattering. 

2.4 COLLIMATED INCIDENCE 

As shown in the previous section the KM-model is only 

correct for diffuse incident light, but usually a collimated 

beam is used. Especially the use of lasers is rapidly growing 

in medicine. 
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Collimated incidence can be accounted for in a one-

dimensional model, analogous to the KM-model. To show this one 

must start once again from the radiative transfer equation 2.5 

<Kot 64>. The radiance which travels through layer dx (see Fig. 

2.2> is splitted into a diffuse part I<x,S,f> and a collimated 

part I// <>:,8,<p>. Once again axial symmetry is assumed. This is 

only possible when ~ is incident perpendicular on the thin 

layer dx. In this case I~ <x,~) must be written as: 

Ó is the Dirac-function, with the properties 

lb. Ö(1- IJ) = 0D 
IJ+l , 

1 
ö(l- IJ) = 0 1f IJ * 1 , J 8 (1- IJ) d IJ = 1 

-1 

The diffuse part is written as I<x,~>-

(2.15) 

The collimated part and diffuse part of the radiance both 

must obey equation 2.5: 

~d {1 (x)•ö(1-IJ)+I(x,1J)} =- (k+a){I (x)•ö(1-IJ)+I(x,1J)} 
x c c 

1 
+\a J {1 (x)•ö(l-IJ')+I(x,IJ')}diJ' (2.16) 

-1 c 

As in the previous section, it is assumed that both the 

collimated and diffuse light are isotropically scattered. 

According to Kottier <Kot 64) the infinite and finite parts 

can be splitted: 

when JJ=1 (2.17a) 

dl 1 
~ = - (k+a)I(x, IJ) + \a J {1 (x) •ö(1- IJ' )+I(x, IJ') }dIJ' 

-1 c 
(2.17b) 
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Equation 2.17b is treated as equation 2.5 insection 2.3.2 

by integrating over the backward and forward hemisphere and 

using the Schuster-Schwarzschild approximation, i.e. the 

diffuse radiance I<x,~) is assumed to be perfectly diffuse. 

This implies that the fraction of the collimated beam which is 

scattered in d>:, 

light. 

is fully transformed into perfectly diffuse 

1 
So, keeping in mind that J I (x)•o(1-~')d~'=I (x) 

-1 c c 

dl 
c 

dx = - (k+a)Ic(x) 

--= 
dx 

dl 
- dx = - (21<.f-a)I_(x) + al+(x) + alc(x) 

we obtain: 

(2.18a) 

(2.18b) 

(2.18c) 

As mentioned in section 2.3.2 the components I_(x) and I+<x> 

are mean radiances which are 1/~ times the flux densities which 

travel through the layer dx in opposite directions in the case 

of diffuse light. The collimated flux density is equal to: 

1 21T 

f J I (x)•ö(l-~)~~~ = 21Tl (x) 
0 0 c c 

(2.19) 

Let i(x) be the total diffuse flux density in forward 

direction, j(x) the total diffuse flux density in backward 

direction and ie <x> the collimated irradiance on the layer dx, 

then: 
(2.20a) 

j(x) = 1Tl _(x) (2.20b) 

i (x) = 21Tl (x) 
c c (2.20c) 

Defining once again 1<=2k and S=d', the equations 2.18 can be 

written as: 
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di 
c 

dx- = - (\K+S)•i (x) 
c (2.2la) 

di -- =- (K+S)•i(x) + S•j(x) + \S•i (x) dx c (2.2lb) 

- ~ =- (K+~·j(x) + S•i(x) + \S•i (x) dx c (2.2lc) 

This model describes the case where a collimated beam of 

light is incident on a layer of turbid material. When only 

diffuse light is used <ic<x>=O> the equations 2.21 reduce to 

those of Kubelka-Munk <Equations 2.14>. 

This model is derived from the equation of radiative 

transfer but can also be derived by considerations similar to 

those used by Kubelka-Munk <Bea 67). This approach is outlined 

in Appendix E. 

Kottier <Kot 64) which derived the equations 2.18 does nat 

rewrite them to <measurable> flux densities as in equations 

2.21. The quantities Ie ,I_ and calls fluxes or 

intensities but is nat precise in explaining what he means by 

those entities. We think they can only be understood in terms 

of mean radiances which cannot be measured directly. If the 

equations 2.18 are used as being valid for flux densities 

(W/cm~> this may lead to wrong conclusions. 
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CHAPTER 3 ONE-DIMENSIONAL LIGHT DISTRIBUTION MODELS 

3.1 INTRODUCTION 

In chapter 2 the KM-model is extended for collimated 

incidence. In this chapter reflections at the boundaries are 

taken into account, caused by changes in refractive index. They 

can be dealt with as boundary conditions in the differential 

equations derived in chapter 2. A list of various expressions 

for the fluxes in the turbid material will be presented. 

Although the presented models are more sophisticated than 

the KM-model, they also yield much more complex expressions for 

the light fluxes. Therefore some numerical comparisons are made 

between the different situations; collimated versus diffuse 

incidence, boundary reflections versus no reflections. This is 

done to gain insight into the quantitative differences between 

the various models. If these differences are small, for 

instanee smaller than 10%, then in most cases the simple KM

model can be used, even in the case of collimated incidence. If 

not, a more complex model must be used. 

3.2 SOLUTIONS OF THE DIFFERENTlAL EQUATIONS WHICH 

DESCRIBE ONE-DIMENSIONAL LIGHT PROPAGATION 

One-dimensional light propagation can be described by two 

differential equations in the case of diffuse incidence and by 

three in the case of collimated incidence. The models are 

summarized in Fig.3.1. 
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diffuse ~Trn ! j 
-~-=:s-~;___\ l/ L-=-----~--+-----X=O 

~(X) ~(X) !~(X) ~(x) ~(X) k 
KIS 

---------------------;--------------------x=d 

Fig.3.1 One-dimensional light propagation models. On the 

left hand diffuse incidence is assumed. The light 

propagation is represented by two diffuse fluxes, 

one flux in downward direction, i<x>, and one in 

upward direction, j(x). 

On the right collimated incidence is assumed. Here 

also there are two diffuse fluxes i<x> and j(x) but 

also a collimated flux i( <x>! 

The differential equations which govern the fluxes ic<x>, 

i(x) and j(x) are: 

Diffuse incidence: 

di 
dx =- (K+S)•i(x) + S•j(x) 

- ~ =- (K+S)•j(x) + S•i(x) dx 

Collimated incidence: 

di 
c-- (\K+S)•i (x) dx - c 

- ~ =- (K+S)•j(x) + S•i(x) + \S•i (x) dx c 

(3.la) 

(3.lb) 

(3.2a) 

(3.2b) 

(3.2c) 

K and 5 are the absarptien and scattering coefficients (cm-'). 
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3.2.1 GENERAL 50LUTION5 OF THE DIFFERENTlAL EQUATION5 

Following Kubelka <Kub 48) we define again a=<K+5)/5 and 

b=Va2 -1 • 

The general salution of equations 3.1 can be written as: 

(3.3a) 

(3.3b) 

where c1en c2 are integration constants which are dependent 

the boundary conditions to be defined in section 3.2.2. 

on 

The general solution of equations 3.2 is: 

i (x) 
c 

i(x) 

= Ioe-(\K+S)x = I -\(a+l)Sx 
oe 

bS 3Io = C3e x+ C -bSx + -\(a+l)Sx 
4 e ~ a-5 

j(x) = (a+b)C ebSx + (a-b)C e-bSx + ~-\(a+l)Sx 
3 4 3a-5 

(3.4a) 

(3.4b) 

(3.4c) 

1
0 

is the incident collimated flux. The constants C 3 and C4 

are treated in section 3.2.2. 

If a=5/3 <or K/5=2/3) then (1/2).(a+l>=b=4/3 and the 

exponents in the second and third right hand terms of equations 

3.4b and 3.4c are equal and the denomenator 3a-5 is zero. Now 

the general solution must be written as: 

4 
3 Sx 

i (x) == I 0e 
c 

i(x) 

(3.5a) 

(3.5b) 

(3.5c) 

The equations 3.4 yield the same values as equations 3.5 

when a approaches 5/3. This can be seen by substituting in 
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equations 3.4: 

J l' 1/2(a+1)=(4/3)+' and therefore b=(4/3) 1+(15/4)(+(9/4)[ 

where é is a smal! number. The terms in equations containing é 

can be developed into series ( V1+(15/4)€. +(9/4)é:.:1.
1 

=1+ ( 1/2)•( 15/4h~ + •••• ; exp (- (4/3) Sx > =1- (4/3)·5x+ •••• >. 
Some algebra and taking the limit €-0 yield equations 3.5. 

The constants c 3 and c4 in equations 3.4 must approach the 

constants c5 and c6 in equations 3.5 since at the boundaries of 

the turbid layer equations 3.4 and 3.5 must obey the same 

boundary conditions. 

So, the solutions of equations 3.2 are continuous in a=5/3. 

As far as can be seen at the moment, the case where a=5/3 does 

not have a special physical meaning. 

3.2.2 BOUNDARY CONDITIONS 

Kubelka and Munk assumed that the light incident on a turbid 

layer penetrated directly into the layer. In reality part of 

the light will be reflected because of the difference in 

refractive index between air and turbid medium. 

These boundary reflections appear in the one-dimensional 

modelsas boundary conditions of the differential equations 3.1 

and 3.2. 

When a collimated beam is incident perpendicular from air on 

a layer with refractive index n, an amount rceof the flux will 

be reflected. This external reflection ~e is equal to 

(n-1 )2 r == --ce n+1 
(3.6) 

It is assumed that the refractive index of air equals unity. 

When perfectly diffuse light is incident on the layer the 

external reflection ~ is <Dun 42, Kor 69): 

r = 1. + (n-1)(3n+1) + n
2

(n
2
-1)

2 
•ln(n-1) 

e 2 6 (n+1 )2 (n2+1 )3 n+1 

3 2 4 4 
2n (n +2n-1) + Sn (n +1) •ln(n) 

(n2+1)(n4-1) (n
2
+1)(n

4
-1)

2 
(3. 7) 
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16 
reflection 
( 

0/o) 12 

8 

4 

0 
1 t2, 1.4 1.6 1.8 2 

refr. index 

Fig.3.2 The surface reflections for diffuse and collimated 

<normal) incidence on a layer from air as a 

function of refractive index of the layer <Dun 42). 

---:diffuse incidence. 

--:collimated incidence. 

The surface reflections of a collimated flux and a diffuse 

flux as a function of refractive index are presented in Fig. 

3.2. 

When a diffuse flux comes at the surface from inside, part 

of the light field approaches the boundary at angles greater 

than the critical angle leading to total reflection. The 

overall reflection of this internal flux can be calculated 

using the Fresnel equations if the radiance at the surface is 

known. According to Duntley <Dun 42>, total reflection ocurs at 

high angles of incidence, so slight deviations of perfect 

diffusion have a pronounced effect. If exact knowledge of the 

radiance at the surface is unknown it is impossible to compute 

the internal reflections. So this internal diffuse reflection ~ 

at the boundaries must be determined experimentally. Duntley 

remarks that r. 
I 

can be as high as 40 7.. 

In most cases under study, it is assumed that there is no 

change of refractive index at x=d <see Fig.3.1>, hence there is 

no reflection at the boundary. This is called the black 

backing. 
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When a layer of turbid material is suspended free in air, 

reflections at bath boundaries must be taken into account. This 

situation is used in chapter 4 in an attempt to determine 

experimentally the absorption and scattering coefficients and 

the surface reflections of a layer of tissue. 

In tabel 3.1 a list of boundary conditions is given for the 

various situations which have been studied. 

Diffuse or 

collimated 

incidence 

Diffuse 

Diffuse 

Diffuse 

Collimated 

Collimated 

Boundary 

reflections 

No reflections (n=1) 

Kubelka-Munk model. 

External diffuse reflection 

r at x=O. e 
Internal diffuse reflection 

r 1 at x=O. Black backing. 

External diffuse reflection 

r at x=O. 
e 

Internal diffuse reflection 

r
1 

at x=O and x=d. 

No reflections (n=1). 

External collimated reflection 

r at x=O. ce 
Internal diffuse reflection 

ri at x=O. Black backing. 

Boundary 

conditloos 

i(O)=I o 

j(d)=O 

i(0)=(1-r )Io+r.j(O) 
e 1 

j(d)=O 

i(0)=(1-r e)I o+r i j(O) 

j(d)=rii(d) 

i (0)=1 0, i(O)=O 
c 

j(d)=O 

i (0)=(1-r )I o c ce 
i(O)=rij(O) 

j(d)=O 

Tabel 3.1: Boundary conditions, the incident flux is indicated 

as Ia, both in the diffuse and the collimated situations. 
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~.~ EXPRESSlONS FOR THE FLUXES 

When the various boundary conditions in tabel 3.1 are 

substituted in the equations 3.3, 3.4 and 3.5 the intergration 

constants C1to C6 can be determined. The results are presented 

in tabel 3.2. It is noted that in the case of collimated 

incidence with external collimated reflection ~e in the 

equations 3.4 and 3.5 <1-~e>.I0 should be used insteadof 10 • 

In tabel 3.3 the overall transmissions and reflections are 

tabulated. The transmission is defined as the ratio of the 

incoming flux at x=O and the outgoing flux at x=d <see 

Fig.3.1>. The reflection is defined as the ratio of the 

incoming flux and the outgoing flux, both at x=O. 

It should be noted that to compute the absorbed energy in a 

thin layer dx one has to use the correct absorption coefficient 

for the collimated flux density and for the diffuse flux 

density: 

From the collimated flux density an amount 1/2·K•ic<x>·dx is 

absorbed while from the diffuse flux densities an amount 

K·i<x>·dx and K•j(x>·dx is absorbed!. See also section 2.4 and 

appendix E. So the total absorbed energy per unit of time and 

per unit of area in the layer dx is (1/2•ic<x>+i(x)+j(x>>~K•dx! 

If one wants to compute the total flux density at a certain 

depth or the outgoing fluxes at the layer boundaries (i.e the 

flux density which can be measured with a plane detector 

parallel with the layer boundaries> the sum ic<x>+i(x)+j(x) 

must be considered. 

Kubelka <Kub 54, see also Gem 81) presented a methad to 

calculate the light flux densities in two or more layers on top 

of each other with different absorbtion and scattering 

characteristics. We extended this methad of multiple 

reflections including a collimated component and boundary 

reflections. This can be found in appendix F. 
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Tabel 3.2 Flux densities as a function of depth x 

--Diffuse incidence, i(O)=I 0, j(d)=O: 

i(x) = I a•sinh(bS(d-x))+b•cosh(bS(d-x)) 
0 a•sinh(bSd)+b•cosh(bSd) 

j(x) Io sinh(bS(d-x)) 
a•sinh(bSd)+b•cosh(bSd) 

--Diffuse incidence, i(0)=(1-re)Io+rij(O), j(d)=O: 

i(x) = (1-r )I a•sinh(bS(d-x))+b•cosh(bS(d-x)) 
e 0 (a-ri)•sinh(bSd)+b•cosh(bSd) 

j(x) = (1-r )Io sinh(bS(d-x)) 
e (a-r1)•sinh(bSd)+b•cosh(bSd) 

--Diffuse incidence, i(0)=(1-r )I 0+r.j(O), j(d)=rii(d): 
e 1 

(a-ri)•sinh(bS(d-x))+b•cosh(bS(d-x)) 
i(x)=(1-re)Io 2 2 

(ari-2ri+a)•sinh(bSd)+(1-ri)b•cosh(bSd) 

(1-ari)•sinh(bS(d-x))+r1b•cosh(bS(d-x)) 
j(x)=(1-re)Io 2 2 

(ari-2ri+a)•sinh(bSd)+(l-ri)b•cosh(bSd) 

--Collimated incidence, i (O)=I 0, i(O)=O, j(d)=O: 
c 

atS/3: 
i (x)= Ioe-~(a+l)Sx 

c 

-\(a+1)Sd 
i(x)=I [sinh(bSx)e +3(a•sinh(bS(d-x))+b•cosh(bS(d-x))) ~-\(a+1)Sx] 

0 (S-3a)(a•sinh(bSd)+b•cosh(bSd)) 5-3a 

-\(a+1)Sd 
·(x)=I [(a•sinh(bSx)+b•cosh(bSx))e +3•sinh(bS(d-x)) ~-\(a+1)Sx] 
J 0 (5-3a)(a•sinh(bSd)+b•cosh(bSd)) S-3a 



a=5/3: 
4 

-- Sx 3 i (x)=Ioe c 
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4 
-- Sx 

1 [ 3 

4 
-- Sd 

3 4 
e (1+Sd)•sinh(3 Sx) 

i(x)4Io 3Sxe 
5 4 4 4 J 
3•sinh(3 Sd)+J•cosh(3 Sd) 

4 
4 

-3 Sd 5 4 4 4 
-- Sx 

j(x)=tro[(1+Sx)e 3 -
e (1+Sd){3•sinh(3 Sx)+j•cosh{3 Sx)) 

5 . 4 4 4 J 
-·s~nh(- Sd)~·cosh(- Sd) 3 3 3 3 

--Collimated incidence, i (0)={1-r )Io, i(O)=r
1

j(O), j{d)=O: c ce 

i (x)={1-r )Ioe-~(a+1 )Sx 
c ce 

-~(a+1)Sd {(ria-1)•sinh(bSx)-rib•cosh{bSx))e 
i (x)= ( 1-r )I 0 [-~-::-"7""':"-=----~-=--=~"'::'":";:-:-:----:-7:-:::~~-ce (5-3a)((a-ri) •sinh(bSd)+b•cosh(bSd)) 

(ri-3)(a•sinh(bS{d-x))+b•cosh{bS{d-x))) 
3 

-~(a+1 )Sx +--:(~5:---=-3-a ~)(::-:(:-a---r~. ):-.-s-:-i~nh:-(:-:-b-:S~d-:-)+-:-:b:-•-c-o~s h:-(:-:-b-:S~d-:-) ~) + 3a-5 e J 
~ 

-~(a+1)Sd ((r1-a)•sinh(bSx)-b•cosh(bSx))e 
j{x)={ 1 -rce)Io[--~(~5~-~3a~)~{~(~a---r~):-•-s7i~nh~(~b~S~d~)+~b-·-c-o~sh~(~b~S~d~))~ 

i 

(ri-3)•sinh(bS(d-x)) 1 -~(a+1 )Sd] +--(-:-:5~--:3-a-:-) -:-((-:-a--..;:r'-i-:-) -. s-1:-n-:-h-:(-:-b-S d-:-)~+-:-b-.-c-o~s h:-(:-:-b-S~d-:-) -:--) + 3 a-5 e 



a=5/3: 

4 
-3 Sx 

i (x)=(l-r )Ioe c ce 
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4 
1 5 4 4 4 -3 Sd 

3 (l+Sd~iSd)((~ri)•sinh(3 Sx)+J•cosh(3 Sx))e 
j(x)~(l-rce)Io[ 5 4 4 4 

(3-r )((r --)•sinh(- Sd)--•cosh(- Sd)) 
i i 3 3 3 3 

1 4 
l+Sx(lJTi) -3 Sx 

+( 3-r )e J 
i 



Tabel 3.3 T~ansmission (T) and reflection (R) 

--Diffuse incidence, i(O)=I 0 , j(d)=O, T=i(d)/I 0, R=j(0)/! 0: 

b 
T a•sinh(bSd)+b•cosh(bSd) ' 

R sinh(bSd) 
a•sinh(bSd)+b•cosh(bSd) 

--Diffuse incidence, i(0)=(1-re)I 0+rij(O), j(d)=O, T=i(d)/! 0, R=(1-ri)j(O)/I 0: 

(1-r )b 
e 

T~-~--~----~~------~--~ (a-ri)•sinh(bSd)+b•cosh(bSd) ' 

--Diffuse incidence, i(0)=(1-r )Io+r.j(O), j(d)=rii(d), e 1 

T=(1-ri)i(d)/I 0, R=(1-ri)j(O)/I 0: 

(1-ri)(1-re)b 
T ---2~--------~----~--~2------------

(ari-2ri+a)•sinh(bSd)+(1-ri)b•cosh(bSd) 

--Collimated incidence, i (0)=! 0, i(O)=j(O)=O. 
c 

Collimated transmission T =i (d)/Io, Diffuse transmission Td=i(d)/Io· c c 
Total transmission T=Tc+Td, Diffuse reflection Rd=j(O)/Io: 

a:I:S/3: 

T =e-~(a+1)Sd 
c 

sinh(bSd)e-~(a+1 )Sd+3b 3 -~(a+1)Sd 
Td (S-3a)(a•sinh(bSd)+b•cosh(bSd)) - S-3ae 

be-~(a+1 )Sd+3•sinh(bSd) 1 
Rd (5-3a)(a•sinh(bSd)+b•cosh(bSd)) - S-3a 



a=5/3: 

4 
-- Sd 3 T =e 

c 
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4 
4 

-- Sd 
1[ 3 

-3 Sd 4 
e (1+Sd)•sinh(3 Sd) 

T =- 3Sde d 4 5 4 4 4 ], 
3•sinh(3 Sd)~•cosh(3 Sd) 

4 
-- Sd 4 3 

1 ~ (1+Sd) 
Rd-4(1- 5 4 4 4 ) 

-•sinh(- Sd)+7•cosh(- Sd) 3 3 3 3 

--Collimated incidence, i (0)=(1-r )Io, i(O)=rij(O), j(d)=O. c ce 
Collimated transmission T =i (d)/1 0 , Diffuse transmission Td=i(d)/1 0, 

c c 
Diffuse reflection Rd=(1-ri)j(O)/I 0, Collimated reflection R =r Io/1 0: 

c ce 

a:J:5/3: 

T =(1-r )e-~(a+1 )Sd R =r 
c ce ' c ce 

-~(a+1)Sd ((ria-1)•sinh(bSd)-rib•cosh(bSd))e +b(ri-3) 
T d= (1-r ce) [-~-.,.(-=-3a __ _"5,.,..)~(..,..( a---r-.-=-)-·s:;..i,......n'"""h""'( """bs-d""")-+-=-b-·c_o_s..,..h~("""bs-d~)....,.)--~-

1 

3 -~(a+1)Sd] 
13a-5e 

(r1-3)•sinh(bSd)-be-~(a+1 )Sd 
1 R =(1-r ) (1-r ) [ + --] 

d ce i (3a-5)(a-r )•sinh(bSd)+b•cosh(bSd) 3a-5 i 
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a=S/3: 

4 
-- Sd 3 T =(1-r )e 

c ce R =r 
c ce 

4 
r +Sd(3-r.) -- Sd 

+( i 1 )e 3 J 
3-r

1 
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3.4 COMPARISON OF VARIOUS MODELS BY NUMERICAL COMPUTATIONS. 

As can be seen in tabel 3.2, the extended one-dimensional 

light propagation models in turbid materials yield much more 

complex expressions for the fluxesthen the KM-model. To get 

some insight in the usefullness of these more sophisticated 

models compared to the KM-model, in practical situations in 

medicine, the fluxes which follow from the various models are 

numerically computed for the same absarptien and scattering 

coefficients and boundary reflections. 

In the figures on the next two pages the values of the 

fluxes as a function of depth are given for various values of 

the absarptien and scattering coefficients K and S and for the 

following situations <~ and ~e are the external reflections, ~ 

is the internal reflection): 

-diffuse incidence, no reflections <KM>. 

-diffuse incidence, ~ and ~ at x=O. 

-collimated incidence, no reflections. 

-collimated incidence, ~e and ~ at x=O. 

The external boundary reflections <Eq.3.6 and 3.7> are 

computed using n=1.55 <And 81>, yielding ~ =0.099 and te=0.047 

and the internal reflection is taken as 1 =0.4 <Dun 42>. In all 

cases a black backing is assumed. In the figures nat the 

individual fluxes i, j or i( are given but the sum, i.e. the 

total flux at a certain depth. In the case of collimated 

incidence the sum 1/2·~<x>+i(x)+j(x) is plotted (see section 

3.3). 

The absorbtion-and scattering coefficients have been ranged 

from 1 to 20 cm1
• These values are in agreement with those 

given by Van der Putten <Put 83b). The incident flux bath in 

the collimated and diffuse case is taken as 1 W/cm~. 

It is stressed that these model calculations should be 

tested extensively by experiments. Here it is tacidly assumed 

that the models which take boundary reflections into account 

give the best description of reality. 
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Fig.3.3 Tot al fluxes <I, W/cm '2. 
) function of depth as a 

x<mm> for various values of K and s <in cm'>. The 

incident flux is 1 W/cm" .d=:2mm, 
O:diffuse incidence, no boundary reflections 

0 :diffuse incidence, with boundary reflections 

A: coll imated incidence, no boundary reflections 

+:collimated incidence, with boundary reflections 
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Fig.3.4 Tot al fluxes <I, W/cm l.. ) function of depth as a 

x<mm> for various values of K and s <in cm1>. The 

incident flux is 1 W/cm 4 .d=2mm. 
0 :diffuse incidence, na boundary reflections 

0 :diffuse incidence, with boundary reflections 

A: coll imated incidence, na boundary reflections 

+:collimated incidence, with boundary reflections 

As can be seen in all cases of diffuse incidence the 

effective flux density at the surface is larger then the 

incident flux density, due to backscattering of light. With 

collimated incidence this is only the case with small 

absarptien and large scattering <K=l,S=20; K=5, 8=20>. In this 
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case there is a maximum in the effective flux which is not 

present in the values for diffuse incidence. This is also found 

by Profio and Doiron <Pro 81> in their computations using 

another approach to the problem of light propagation in turbid 

media. Also experiments <Mar 83> have shown such a "shoulder". 

In future it must be investigated whether these measurements 

are in agreement with the models studied in this work. 

In general the effective flux densities for diffuse 

incidence at the surface of the layer are up to about 2 times 

larger then the fluxes caused by collimated light. This means 

that the effect of diffuse light at the surface of the layer is 

larger then the effect of collimated light. Deeper in the layer 

the fluxes for collimated incidence are larger, they also can 

be some 2 times larger then the fluxes from diffuse incidence. 

So, if one applies the KM-model to a situation where a 

collimated beam is used, the effects at the surface are 

overestimated while deeper in 

underestimated. 

the layer the effect is 

Only when the absarptien is small and the scattering is 

large, the boundary reflections give a fair increase in the 

values of the flux densities compared with the case where no 

reflections are taken into account. If the absarptien 

coefficient is larger then e.g. ~ the results are nearly equal 

in bath the cases with or without boundary reflections. If no 

high accuracy is provided the models without reflections may be 

used leading to more simple calculations. 

The values of the fluxes for collimated incidence have been 

computed for a=5/3 using the appropriate expressions <see tabel 

3.2> and for a value slightly larger <using K=6.00001 cm- 1 and 

5=9 cm1> using the expressions for a:F5/3. The results differed 

less then one hundreth of a percent. There will be no cases 

where such an accuracy is needed, so if a=5/3 it will be 

sufficient to use the expressions for a#5/3 with e.g. 

a=0.666667. 



3.5 CONCLUSIONS 

It is recommended that in the case of collimated incidence 

of light on a layer of tissue, the extended one-dimensional 

model which takes this collimated incidence into account must 

be used to make model studies, insteadof the KM-model. In most 

cases it will 

into account, 

not be necessary to take boundary reflections 

only in the case of small absorption and large 

scattering it will give a better result. 

The presented models are theoretically only correct if the 

light is isotropically scattered and the scattered light is 

perfectly diffuse. In reality the scattering may not be 

isotropical. In this case the (diffuse) forward scattering is 

different from the backward scattering. Although this can be 

taken into account in a one-dimensional model <Bea 67) it 

increases the number of parameters which must be determined 

experimentally. 

If the absorption of the light is large compared with the 

scattering the light may not be completely diffuse. In a thin 

layer the light travelling off-normal is more absorbed then the 

light in normal direction. If scattering is insufficient the 

off-normal light decreases in radiance with respect to the 

normal light and the initially diffuse light field becomes more 

and more collimated in normal direction. If the scattering is 

large enough the light will remain diffuse. 

Both aspects, non-isotropical scattering and small 

scattering will have to be studied in future. 

The largest deviation from reality of the models is the 

assumption of the infinitely stretched layer and flux in 

directions perpendicular to the direction of incidence. 

Especially the case of e.g. a laser beam with small diameter on 

a large piece of tissue cannot effectively be described with a 

one-dimensional model. Such a model will only hold if the 

diameter of the incident (diffuse or collimated) light flux is 

large compared to the thickness of the layer. If this is not 

the case a two or three dimensional model must be used <Pro 



81). 

These models and their relation to the one dimensional 

models described in this work is planned to be investigated in 

future. 
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CHAPTER 4 EXPERIMENTAL DETERMINATION OF ABSORPTION AND 

SCATTERING COEFFICIENTS AND BOUNDARY REFLECTIONS 

4.1 INTRODUCTION 

To use the light propagation models presented in chapter 3 

it is of course necessary to know the (wavelength dependent> 

values of the absarptien and scattering coefficients and the 

boundary reflections. Andersen and Parrish and coworkers <And 

81, San 81a,b) have measured the absarptien and scattering 

coefficients K and S of human skin tissues (dermis and 

epidermis> according to the KM-model. They measured diffuse 

reflection and transmission of the layers of tissue, using an 

integrating sphere, from which they could derive the 

coefficients. However, they did nat correct their results for 

the boundary reflections caused by a change in refractive index 

between the layer and the surrounding medium (air or quartz). 

In this chapter an attempt will be described to develop a 

methad to derive K and S, and boundary reflections ~ and 

<see sectien 3.2.2> from transmission measurements only, 

r-
1 

of 

thin layers of tissue suspended free in air. Here the change in 

refractive index is taken into account. 

4.2 USED METHOD 

4.2.1 THEORY 

The idea to derive the optical characteristics of tissue 

from transmission measurements was prompted by a paper of 

Caldweil (Cal 68) who gave a methad to compute the Kubelka-Munk 

coefficients K and S from the measured transmission of two 

similar turbid layers where one layer is twice as thick as the 

other. The boundary reflections are nat taken into account by 

Caldwell. 

The transmission of diffuse light through a layer of turbid 

material of thickness d suspended free in air is: 
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(4.1) 

See tabel 3.3. At bath boundaries the internal diffuse light is 

reflected by an amount ~ , the incident light is reflected by 

an amount ~ • These are dependent on the tissue-air transition. 

The parameters a and b are dependent on K and S. 

The values of can be calculated if the refractive index 

of the tissue is known. Anderson and Parrish give a value of 

1.55 for the top layer of the human skin. This means a diffuse 

external reflection ~ =0.1 (from eq. 3.7). Duntley <Dun 42> 

gives a internal reflection r. =0.4. 
I 

So, the diffuse transmission is dependent of four parameters 

K, S, ~ and ~ • In principle it is possible to determine these 

parameters experimentally from at least four transmission 

measurements of layers of various thicknesses. 

A system has been developed to measure the diffuse 

transmission of thin layers <to 1.4 mm> of the same tissue 

with various thicknesses. The measurements are fitted with 

equation 4.1 by means of a least squares method. The standard 

least squares procedure MINIQUAD, written in ALGOL 60 and 

implemented on the B7700 computer of the Eindhoven University 

of technology, is used. These results can be found in section 

4.3. 

4.2.2 APPARATUS TO MEASURE DIFFUSE TRANSMISSION OF THIN LAYERS 

OF TISSUE 

To apply equation 4.1 the conditions under which this 

equation is valid must be created in the experimental set-up: 

-The incident light must be diffuse. 

-The thickness of the layer must be small compared to the other 

dimensions <"infinitely stretched">. 

The apparatus is sketched in Fig.4.1. The following numbers 

between brackets refer to Fig.4.1 and 4.2. To fulfill the first 

condition the collimated light beam (12) is transformed by a 

diffusor (7) into diffuse light, indicated by the dotted 
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lines,which falls onto the thin layer of tissue (3) in the 

holder <1 to 5) which is sketched in more detail in Fig.4.2. 

The secend condition is approximated by measuring the 

transmission of a circular piece of tissue 5 mm in diameter 

<via the holes <2 in Fig.4.2) in the holder (1)) with a maximum 

thickness of 1.4 mm. 

The transmission is the ratio of the total flux incident on 

the tissue and the flux behind the tissue. 

Due to the side effects at the edges of the layer and 

perhaps large absarptien (see sectien 3.5) the light might nat 

be perfectly diffuse after passing the layer. In this case the 

space distribution of light is dependent on the structure and 

thickness of the tissue. Therefore the secend diffusor (6) is 

used: 

The total emitted light flux must be measured in all 

directions of the hemisphere behind the layer. This can be done 

with an integrating sphere ar a diffusor just behind the layer 

<Bru 82>. If the diffusor is large enough to collect all 

emitted light the radiance of the isotropie field behind the 

diffusor is proportional to the total light flux incident on 

the diffusor. Since the light is made perfectly diffuse again 

it is sufficient to measure only a part of the isotropie field 

since the radiance is independent of the direction. 

The distance between the diffusors and tissue is about 4 mm 

to minimize the amount of reflected light from the di~fusors 

back into the tissue to eliminate the souree of error in the 

measurements of Andersen and Parrish. 

The diffusors <6, 7> are identical and 7 cm in diameter, 

tagether with the small distance from the tissue this is large 

enough to supply perfectly diffuse light at the layer and to 

collect all the transmitted light. The holder of the layer is 

conical on bath sides (see Fig.4.1> sa diffuse light at large 

off normal angles is nat disturbed by the edges of the helder. 

The transmitted light is measured with a solid state 

photodiode (10, BPW 34 manufactured by AEG-Telefunken>> with a 

receiving area of 7.5 mm1 ,approximately 0.5 cm behind the 

secend diffusor (6). The diffusors are manufactured by Macam. 



12 

4mm 
I I 

---, 1---
1 I 
I I 

9 

37 

10 

Fig.4.1 Apparatus to measure transmissions. 

100mm 

11 

l.front plate of tissue holder, 3.layer of tissue, 

4.back plate, the layer is fixed between back and 

front plate, 5.ring to fix back plate, 6,7.diffusors, 

<the numbers 1 to 6 also can be found in Fig.4.2, next 

page) 8.holder of diffusor 7, 9.holder of diffusor and 

tissue holder, lO.photodiode BPW 34, lt.box wi th 

amplifier to convert current of the photodiode into 

voltage, 12.monochromatic light, 13.housing. 

LIA=lock-in amplifier. All parts except the diffusors, 

tissue and electranies are made of aluminum. 
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Fig.4.2 Holder of layer of tissue. 

l.front plate of tissue holder, 2.holes in back and 

front plate, 3.layer of tissue, 4.back plate, the 

layer is fixed between back and front plate, 5.ring to 

fix back plate, 6.diffusor. 

Ring 5 can be screwed into front plate 1. The 

thickness of the layer can be read on a mm-scale on 

the front plate using the marker on ring 5. 
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Fig.4.3 System to measure transmission. 

1.HeNe-laser,5 mW, 2.lens to diverge laser beam, 

3.light chopper, 4.optical fiber which delivers 

part of the chopped light to detector 5 to provide 

the loek signal for the lock-in amplifier 11, 

6.beam splitter <glass> which splits part of the 

laser beam 9 to detector 8 to monitor variations in 

the laser output, ?.diffusor, 

layer etc. <nr 13 in Fig.4.1>, 

lines between the components 

10.box, contains 

12.recorder. The 

are electrical 

connections. <By courtesy of Astrid Giesbers> 

Fig.4.3 presents the total system schematically. A standard 

lock-in technique <chopper and lock-in amplifier> is used to 

eliminate possible errors rising from environmental light 

sources. However, the loek signal provided by fiber 4 and 

detector 5 <Fig.4.3> is dependent of the variations in the 

laser output. This might cause troubles if these variations are 

substantial. In future it is better to use an system providing 

a loek signal which is independent of the laser variations. 

A reference system <nrs. 6 to 8 in Fig.4.3) is used to 

monitor the changes in incident light from the used HeNe-laser. 
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This system is calibrated by measuring the flux passing through 

the holder without containing a layer of tissue. Changes in the 

output of the reference system are proportional 

changes in the incident flux on the layer. 

with the 

The thin layers of tissue are obtained by cutting them from 

the bulk material by means of a dermatome, a device which can 

slice off a layer with any thickness between 0 and 2 mm. The 

thickness of the layer is measured by means of the scale 

engraved in the edge of the holder. 

4.3 RESULTS 

Due to our limited amount of time it was only possible to do 

some preliminary measurements of the transmission of layers of 

dead tumor tissue and ham. The tumor is of the same type as 

the tumors mentioned in chapter 5 where HpD fluorescence 

measurements of such tumors are presented <RUC-2 tumors grown 

subcutaneously in a rat>. The ham was kindly put to our 

disposal by the kitchen of the St. Joseph Hospita!. 

The used light souree was a HeNe-laser which emits light 

with a wavelengthof 632 nm (red). It was also tried to measure 

the transmission with infra red radiation of 1060 nm of a Nd

YAG laser of the same tumor tissue but this measurement failed, 

probably because of the large variations in the laser output 

which resulted in large variations of the loek signal. 

The HeNe-laser was very stable, so the measurements with this 

laser are reliable. 

Fig.4.4 presents the measurements of the tumor while in 

Fig.4.5 the ham transmissions can be found. The accuracy of the 

transmission measurements is estimated as being about 2 'l.. The 

inaccuracy in the thicknesses of the layers is approximately 

0.03 mm. 

The dashed curves in both the figures are computed values of 

the transmission using equation 4.1 with the esimated 

parameters ~ ,~ , K and S which follow from the least squares 
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computations using the measured transmissions: 

tumor: r =0.067 
e 
r. =0.39 
I 
K =2.4 cm-1 

s =5.5 cm-I 

ham . 
'è =-0.004 . 
r. =0.45 
I 

K =4.8 cm-I 

s =5.5 cm-1 

T .9 

.8 

.7 

.6 

.5 

.4 

.3 

.2 

.1 

0 
0 j 2 J Á 5 ~ 1 ~ ~ w u u a -\ dl•m) 

Fig.4.4 Measurements of the transmission as a function of 

thickness of tumor layers at 632 nm. The dashed 

curve is the computed transmission with re=0.067, 

r. =0. 39, K=2. 4 cm-1 and 5=5. 5 cm- 1• 
I 
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Fig.4.5 Measurements of the transmission as a function of 

thickness of ham layers at 632 nm. The dashed curve 

is the computed transmission with ~=-0.004, 

r: =0. 45, K=4. 8 cm-1 and S=5. 5 cm-1• 
I 

4.4 DISCUSSION 

The estimated parameters describe the transmission 

measurements fairly well, at first glance. However, the 

estimated standard deviations of the parameters which are also 

given by the least squares procedure, are so large that they 

are meaningless, so the estimated values of the parameters do 

not have any physical meaning. 

This is to be expected from the measurements, since they 

nearly lie on a straight line. So it was too optimistic to 
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excpect that four parameters can be derived from such 

measurements since a straight line can be described by two 

parameters. 

The next step was to vary only K and S and to consider r e 
and r. 

I 
this 

as known values (with ~ =0.07 and ~ =0.4). However, also 

yielded meaningless results with very large standard 

deviations compared to the estimated values of K and S. 

A last attempt to interpret the transmission measurements is 

by developing sinh(bSd> and cosh<bSd) into series: 

T(d) 

(1-r ) 
e 

1 3 }+ 2 {bSd+j-r(bSd) +... {l+~(bSd) + ••• } 

The reciprocal of T<d> can now be written as: 

where 

If the measurements can be 

2 
(ar1-2r1+a)S 

1-r2 
i 

described by a straight 

(4.2) 

(4.3) 

(4.3a> 

line it 

is sufficient to consider only the terms with co and c1 If 

not, terms of higher order must be used. The parameters co , c1 
etc. can be determined using the al ready mentioned least 

squares method. 

If the value of C0 is determined in this way, still ~ and r: 
I 

cannot be separated. However, if we fill in a known value of ~ 

then an estimation can be given for 'f : 'I =<1-re >.C0 -1. 

The values of re have been ranged between 0.07 and 0.1 

<n=1.33, the value of water, and n=1.55, the value given by 

Andersen and Parrish <And 81>>. 
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Substituting the estimation of ~ in the expression of c1 , 

then the relation between K and S can be determined (if the 

value of c1 is known>: 

(4.4) 

When it is possible to find a value of c
2

then K and Scan be 

found separately from equation 4.4 and 

K
2 + 2KS = 2C2 (4.5) 

However, if the transmission measurements lie nearly on a 

straight line the values of the coefficients in the quadratic 

expression found by using the least squares methad will not be 

very reliable. 

From the measurements of tumor tissue and ham the sets of 

coefficients of the linear and quadratic expressions of T<d> 

have been determined using the mentioned least squares method. 

Linear: 

Tumor c0 =1. 3±0. 1 

c1 = 11± 1 

Ham co =1. 2±.0. 2 

c1= 27±. 7 

Quadratic: 

Tumor c
0 

=1. 6 ±0. 1 

c1 = 2 ~3 

~= 44 ±13 

Ham c0=t.7 ~0.3 

c1= 1 .:1: 6 

c = 90 ~20 
2 

The inaccuracies are the standard deviations given by the least 

squares method. 

As can be seen the estimated values of the coefficients of 

the quadratic expression are very inaccurate and therefore have 

not been worked out. 

The values of the coefficients of the linear expression seem 

more reliable. This too can beseen in Figs. 4.6 and 4.7 where 

the reciprocal of the measured transmissions as a function of 

thickness of tumor and ham is compared with the line determined 
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by c
0 

and c
1

• Especially the measurements of tumor tissue are 

nearly on a straight line. 
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Fig.4.6 Reciprocals of the transmission measurements of 
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2 

1 

tumorlayers at 632 nm. The dashed 
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Fig.4.7 Reciprocals of the transmission measurements of ham 

layers at 632 nm. The dashed line is determined 

using a least square methad 
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If we treat the estimated values and standard deviations 

according to equation 4.4 and r: =<1-re >·C -1 then the values 
I 0 

belonging to the tumor tissue yield: 

r =0.1 <n=1.55>: r. =0.18±0.06 e 1 
r =0.07<n=1.33): r. =0.22±0.06 e 1 

which yields r: =0.20±0.08. This is about half the value given 
I 

by Duntley <Dun 42>. 

The separated values of K and 8 cannot be determined in this 

way, only the relation between the two coefficients can be 

found from equation 4.4. If we take the value of K as known for 

the moment, then: 

2 2. 2 
8= < C1 < 1-r · > -K < r: + 1 > > I < r. -1 > = 16. 50-1 • 63 • K 

I I t 
(4.6) 

The inaccuracy in 8 can be calculated: 

(4.7) 

where .llc1 and /lr: 
I 

are the standard deviations of ~and r: • 
I 

Van der Putten and Van Gemert <Put 83b) have given values of 

K and 8 of tumor tissue <rhabdomyo sarcoma> at 600 nm. The 

value of K has been put into equations 4.6 and 4.7 to see 

whether the value of 8 found in this way is of the same order 

of magnitude as the value given by Van der Putten and Van 

Gemert.: 

Put 83b: K=1. 44 cm-1, 8=13. 5 cm-1. 

K=1.44 cm-1; eqs. 4.6 and 4. 7 yield 8=<14±2) cm-t 

8o,at least the relation between K and 8 found in our 

measurements is in agreement with the values of K and 8 given 

by Van der Putten and Van Gemert. 
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The same treatment of the transmission measurements of ham 

yields: 

~ =-0.1± 0.2 
I 

S=22.1-0.83•K, S=7.69+0.07•K 

The internal reflection is estimated as being negative, which 

of course is impossible. Probably this is due to the large 

spread in the transmission measurements in the case of ham. 

4.5 CONCLUSION 

The proposed methad of deriving the absarptien and 

scattering coefficients and boundary reflections of tissue by 

transmission measurements is nat accurate. Since the 

transmissions measured by us can be described by a linear 

function the values of the boundary reflections re and ~ , and 

the absarptien and scattering coefficients K and S cannot be 

separated. Only in the case where measurements of T<d> can be 

described by a quadratic function K and S can be separated, 

however also in this case ~ and r; are inseparable. 

To find a possible quadratic function it will be necessary 

to avoid the rather large spread in values in our measurements. 

A slight deviation of a straight line will drown in this 

spread. Possible ways to lessen the spread is to measure the 

transmissior.s under identical conditions for every layer to 

eliminat~ possible uncertanties as drying out of the tissue, 

and to use thin layers from the same area of the tissue which 

may be assumed to be more homogeneous. In this case it will nat 

be possible to measure many layers of the same tissue. 

All in all the methad must be carefully analyzed whether it 

is indeed possible to determine the wanted parameters of tissue 

in the way described above. To obtain a reliable estimation of 

the parameters perhaps also reflection measurements must be 

done, as Andersen and Parrish did <see section 4.1). 
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CHAPTER 5 IN VIVO MEASUREMENTS OF HpD-FLUORESCENCE 

5.1 INTRODUCTION 

As explained in chapter 1 this work was originally started 

to build a system to measure HpD-fluorescence emission in 

cancer tissue. HpD ar hematoporphyrin-derivative is a mixture 

of organic compounts which is prepared via a variety of 

chemica! procedures out of hemoglobin. Same ar all components 

have a preferenee to accumulate in cancer tissue after 

injection in the human body. Tagether with the emission of 

visible fluorescence light, this property of HpD makes it 

adequate to use it as a taal to detect small tumors in an early 

stage. 

Ta use HpD in this fashion it is necessary to know the 

behaviour of the fluorescence when it is present in living 

tissue (in vivo>. However, up till know very little has been 

done to measure this behaviour. Nearly all studies have been 

concerned with the fluorescence of HpD in vitro, i.e. HpD 

present in saline ar cell cultures. 

An example of the in vitro behaviour can be found in the 

Ph.D-thesis of Doiron <Doi 82>. This work is entirely occupied 

with the development and use of a HpD-fluorescence bronchoscope 

to detect early lung tumors. Light with wavelengths around 400 

nm <violet) is used to excite HpD-fluorescence emission with 

wavelengths between 600 nm and 750 nm. A design of such a 

branchescope is given in Fig.5.1. It is noted that such systems 

are already succesfully applied in clinical practice. 

The use of 400 nm excitation light is based on the 

fluorescence behaviour of HpD when solved in saline ar saline 

with a small amount of blood serum, see figs.5.2 and 5.3. 
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Fig.5.1 An example of a HpD-fluorescence brochoscope. The 

406.7 nm and 413.1 nm excitation light of a krypton 

ion laser is led towards a lung tumor via a quartz 

fiber. The fluorescence light of the tumor is 

picked up by the imaging bundle and amplified. 

<Doi 82> 

Fig. 5.2 shows the fluorescence excitation spectrum obtained 

by measuring the intensity of fluorescence emission light at a 

fixed wavelength as a function of the wavelength of the 

exitation light. In this case the measured wavelength is not 

known but usually the emission light is measured at about 690 

nm. From this spectrum it fellows that excitation at 400 nm is 

most efficient. 

Fig. 5.3 gives the fluorescence emission spectrum. It is 

taken by measuring the intensity of the emitted light as a 

function of the wavelength of this light at a fixed excitation 

wavelength (e.g.400 nm>. 

Previous work in our group at the St. Joseph Hospital by Van 

der Putten and Van Gemert <Put 83a,b>, has indicated that the 

fluorescence behaviour of HpD in vivo is different from the 

behaviour in vitro. They found that there were large 

differences between the in vitro and in vivo emission spectra. 

<The in vivo spectra were taken from human mamma tumors grown 

in mice). Also it was found that it was very well possible to 

excite HpD in vivo with an Argon ion laser which emitted light 

of 514.5 nm. According to Fig.5.2 this wavelength should have a 
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Fig.5.2 Fluorescence excitation spectra of HpD solved in 

saline and saline with 10% fethal calf serum<FCS>. 

The relative intensities of emitted light with a 

fixed wavelength as a function of the excitation 

wavelength <in horizontal direction) is called 

here the relative excitation efficiency <Ooi 82). 

low excitation efficiency. 

Therefore, to continue the work started by Van der Putten it 

was decided to measure excitation and emission spectra of HpD 

in vivo. To our knowledge it was the first time that in vivo 

fluorescence excitation spectra were systematically measured. 

In section 5.2 the methad used to measure the various 

spectra is outlined. 

In section 5.3 the measured spectra are presented. First, 

the in vitro spectra of HpD solved in saline and saline with 

10% of human serum are given to campare our measurements with 

those by Doiron. After that, in vivo spectra from 22 rats with 

implanted tumors are presented. The spectra are taken at 

intervals of about 8 hours after injection of the HpD to study 

the time dependenee of the uptake of HpD in tumor and other 

tissue. The spectra are measured from tumor and subcutaneous 

(healthy> tissue to see whether there is a preferential uptake 
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- HpD in saline with 
10% serum 

-- HpD in saline 

WAVELENGTH (nm) 

Fig.5.3 Fluorescence emission spectra of HpD solved in 

saline and saline with 107. FCS. The relative 

intensities of the emitted light are given as a 

function of the wavelength. The fluorescence 

emission is excited with light at a fixed 

wavelength <Ooi 82). 

of HpD in this tumor model. 

In sectien 5.4 the results will be discussed while in 

section 5.5 the differences between in vitro and in vivo 

excitation spectra will be explained quantitatively by the 

absorption behaviour of blood in tissue. This chapter will end 

with some conclusions in section 5.6. 

5.2 USED METHOD AND MATERIALS 

To measure the fluorescence e>,citation and emission spectra 

a spectra fluorimeter is used at the University of Amsterdam in 

the physical chemistry group. This fluorimeter was designed by 

Langelaar et al <Lan 69) and is described in Fig. 5.4. 
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Fig.5.4 Scheme of the spectra fluorimeter to measure 

fluorescence excitation and emission spectra: 

1.monochromator, 2.monochromator, 3.sample 

containing HpD (in this case a rat>, 4.Xe-arc lamp, 

5.excitation light, 6.Chopper, 7.emitted light, 

S.lenses, 9.photomultiplier tube, 10.to lock-in 

amplifier and recorder. 

A sample containing HpD is placed in the sample area where 

the excitation light, obtained from a 500 W Xe-are lamp via 

monochromator 1, is focussed. The emitted fluorescence light is 

focussed on the entrance slit of monochromator 2. The intensity 

of this light at a certain wavelength is measured with a 

photomultiplier tube using a standard lock-in technique with a 

light chopper and a lock-in amplifier. The Xe-are lamp emits 

light with a nearly continuous spectrum between 350 nm and 700 

nm, which is suitable to excite HpD. 

An excitation spectrum is taken by fixing monochromator 2 at 

a certain wavelength while the excitation light is varied by 

scanning monochromator 1. 



An emission spectrum is taken with monochromator 1, and thus 

the excitation light, fixed at a certain wavelength. Now 

monochromator 2 is scanned over the wavelengths of the emitted 

light while the intensities of these wavelengths are measured. 

Monochromator 1 has a range from less than 350 nm to more 

then 700 nm while monochromator 2 ranges from 460 nm to more 

then 800 nm. 

All the spectra thus obtained are corrected for the 

wavelength dependent distribution of the excitation light flux 

densi ty at the sample area and the sensitivity of the 

photomultiplier tagether with monochromator 2. 

The sample containing HpD is either a cuvet with HpD solved 

in saline for the in vitro measurements or a living tumor. The 

tumors are RUC-2 squamous cell carcinoma which are grown 

subcutaneously in a rat. The experiments are performed ten days 

to two weeks after implantation of the tumor. At this time the 

tumors have a diameter of 1 to 2 cm. HpD is injected in an 

amount of 20 mg per kg body weight of the rats. At the time of 

the measurements the rats are anaesthesized after which the 

skin above the tumor is removed. The rats are fixed on a holder 

with which it is easy to position the tumor. 

HpD is obtained via the Rotterdam Radiotherapeutic Institute 

<Daniel den Hoed kliniek>. It is manufactured by Oncology 

Research & Development, Inc. Cheektowaga, New Vork USA, under 

the name "Photofrin" and provided as a salution in saline of 5 

mg/cc. 

To have a means to campare the obtained in vivo spectra the 

direct reflection of the light incident on the tissue is 

measured. In this case the two monochromators are both fixed at 

the same wavelength. If this reflection is a certain factor 

greater or smaller than the reflection of a reference 

measurement (a measurement 26 hours after injection> the values 

of the spectrum are divided by this factor. In this way all the 

spectra can be compared with the reference excitation and 

emission spectra. 
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5.3 RESULTS 

With the apparatus sketched in the previous section, 

measurements of excitation and emission spectra are taken of 

aquous solutions of HpD and of tumor tissue or subcutanueous 

tissue of rats after injection of HpD. To start the 

presentation of the results the excitation and emission spectra 

of HpD solved in saline and in saline with 107. of human serum 

are given in Figures 5.5 and 5.6. 

All the excitation spectra are measured at 690 nm while the 

emission spectra are taken while exciting at 400 nm. 
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2 

wavek!ngth (nm) 

Fig.5.5 Fluorescence excitation spectra of HpD in vitro. 

---:HpD solved in saline. 10 ~g/ml. 

---:HpD solved in saline with 107. of human serum. 

10 f-lg/ml. 
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Fig.5.6 Fluorescence emission spectra of HpD in vitro. 

---:HpD solved in saline. 10 ~g/ml. 

---:HpD solved in saline with 107. of human serum. 

10 pg/ml. 

Next, in vivo excitation spectra of HpD in tumors and 

subcutaneous tissues are presented. Most spectra of the tumors 

are averages of various different rats, taken approximately the 

same time after injection of HpD. This was done to see whether 

there were differences between individual cases at equal times 

ater injection. The individual spectra can be found in Appendix 

C. The differences can be as large as 507.. 
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Fig.5.7 Fluorescence excitation spectra. 

relative 
excitation 
efficiency 
la. u.) 

~HpD in tumor. Approx. 8 h 30 m after 

injection. Average of three spectra. 

-·-:HpD in subcutanuous tissue next to the tumor. 

9.5 hours after injection. One spectrum. 
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Fig.5~8 Fluorescence excitation spectra. 

---:HpD in tumor. 15 h 5 m after injection. 

One spectrum. 

-•-:HpD in subcutaneous tissue next to the tumor. 

15 h 35 mafter injection (same rat>. One 

spectrum. 
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Fig.5.9 Fluorescence excitation spectra. 

retative 
excitation 
efficiency 
(a. u.) 

---:HpD in tumor. Approx. 25 h 30 m after 

injection. Average of three spectra. 

-·-:HpD in subcutaneous tissue next to the tumor. 

26 h 45 m after injection. One spectrum. 
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Fig.5.10 Fluorescence excitation spectrum. 

---:HpD in tumor. Approx. 32 h after injection. 

Average of three spectra. No spectrum of 

subcutaneous tissue was recorded. 
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Fig.5.11 Fluorescence excitation spectra. 

relative 
excitation 
efficiency 
(a. u.) 

---:HpD in tumor. Approx. 41 h after injection. 

Average of three spectra. 

---:HpD in subcutaneous tissue. 42 h 15 m after 

injection. One spectrum. 
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Fig.5.12 Fluorescence excitation spectra. 

·---:HpD in tumor. 50 h 30 m after injection. One 

spectrum. 

-·-:HpD in tumor. 49 h 50 m after injection. One 

spectrum. No spectrum of subcutaneous tissue 

was recorded. 
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The in vivo fluorescence emission spectra are given below in 

the same order as the excitation spectra. 
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Fig.5.13 Fluorescence emission spectra. 

relative 
fl uorescence 
intensity 
(a. u.) 

---:HpD in tumor. Approx. 8 h 30 m after 

injection. Average of three spectra. 

No subcutaneous spectrum. 
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Fig.5.14 Fluorescence emission spectra. 

---:HpD in tumor. 15 h 15 m after injection. 

One spectrum. 

-·-:HpD in subcutaneous tissue. 15 h 50 m after 

injection. Same tumor. One spectrum. 
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Fig.5.15 Fluorescence emission spectra. 

relative 
fl uorescence 
intensity 
(a. u.) 

---:HpD in tumor. Approx. 25 h 30 m after 

injection. Average of three spectra. 

-·-- :HpD in subcutaneous tissue. 26 h 55 m after 

injection. One spectrum. 
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Fig.5.16 Fluorescence emission spectra. 

---:HpD in tumor. 31 h 55 m after injection. 

---:HpD in tumor. 32 h 30 m after injection. 
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Fig.5.17 Fluorescence emission spectra. 

---:HpD in tumor. Approx. 41 h 30 m after 

injection. Average of three spectra. 

-·-:HpD in subcutaneous tissue. 42 h 25 m after 

injection. One spectrum. 
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Fig.5.18 Fluoresence emission spectra. 

---:HpD in tumor. 50 h after injection. 

One spectrum. 

---:HpD in tumor. 50 h 40 m after injection. 

One spectrum. 
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Fig.5.19 Fluorescence emission spectrum 

---:HpD in tumor. 56 h 30 m after injection. 

One spectrum. 

5.4 DISCUSSION OF THE RESULTS 

The in vitro excitation spectra in Fig.5.5 are nearly 

identical to the spectra given by Doiron in Fig.5.2. Only the 

ratios of the large peak at about 400 nm <the so called Soret 

band> and the minor peaks at larger wavelengths are different: 

Ratio of peak intensities at 400 nm and at 500 nm: 

Fig.5.5 saline : 5.8 

saline+serum: 5.6 

Fig.5.2 saline : 12.4 

<Doiron> saline+serum: 4.3 

The differences could be due to variations in the abundances 

of the various components of HpD. 

As can be seen, the peaks at 533 nm and 560 nm of HpD in 

saline move to larger wavelengths when serum is present. Also 
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the Soret band moves slightly to the right. The peaks in the in 

vivo spectra <Figs. 5.7 to 5.12) have the same position as the 

peaks in the saline+serum spectrum. 

Doiron states that this shift to larger wavelengths is due 

to deaggregation of the porphyrin molecules because of the 

strong binding of these molecules to serum proteines, driving 

them from aggregate formation. 

Also in the emission spectra <Figs.5.3 and 5.6) there is 

this red shift when HpD is bound to the serum proteines. When 

HpD is present in tissue this red shift is slightly larger. In 

tissue the top of the two emission bands can be found at 

approximately 630 nm and 695 nm. In vitro, the first emission 

band is intenser than the second, in contrast with the in vivo 

spectra. This is due to the autofluorescence of the tumor 

tissue, i.e. fluorescence emission of tissue itself without 

HpD. This autofluorescence lifts the emission spectrum of the 

HpD especially at larger wavelengths. 

Van der Putten and Van Gemert <Put 83a> have found during 

their measurements that in the in vivo emission spectra of HpD 

two extra emission bands appeared beside the two bands at 630 

nm and 695 nm. Those extra bands were found at 580 nm and 660 

nm. The band at 580 nm was also found in the emission spectrum 

of HpD in saline with serum.Also Doiron <Doi 82> has found a 

minor peak at about 660 nm in the HpD emission spectra of HpD 

in saline with serum <see Fig. 5.3> and HpD present in a Lewis 

Lung tumor. 

We were not able to reproduce the extra bands in our 

measurements. At the moment it is not clear why the extra bands 

did not appear at all in our recorded spectra. Perhaps the HpD 

used by Van der Putten and Van Gemert and by Doiron differed in 

composition with the HpD due to ageing. These differences in 

spectra deserve close attention in the future. 

The main difference between the in vivo excitation spectra 

and those in Fig.5.5, is the large increase of the relative 
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intensities of the minor peaks above 490 nm compared with the 

Soret peak at 400 nm when HpD is present in tissue. Especially 

the peak at 500 nm comes up. The ratio of the peaks at 400 nm 

and 500 nm can be as small as 1 <see Fig.5.7). 

So, excitation of HpD present in tissue, with light of about 

500 nm is not essentially worse then exciting with light of 400 

nm, although in general 400 nm is the most efficient 

wavelength. This explains why in previous experiments <Put 83b) 

it was well possible to excite HpD present in living tumor 

tissue, with light of an argon-ion laser <514.5 nm). 

In the next section this relative increase of the minor 

excitation peaks will be explained quantitatively from light 

absorption of blood present in the tissue. It suffices here to 

say that the more blood, the more the relative intensity of the 

minor peaks will increase. 

In Figs. 5.7 to 5.12 and 5.13 to 5.19 it can beseen that 

the excitation and emission spectra evolve during the stay of 

HpD in tissue. 

In Fig.5.20 the relative intensities of the peaks at 625 nm 

in the excitation spectra and in Fig.5.21 the relative 

intensities of the second peak at 690 nm in the emission 

spectra are given as a function of time after injection of HpD. 

These intensities are roughly proportional with the 

concentration of HpD so the variations in the intensities give 

some indication about the changes in HpD concentration. 

The peak at 625 nm is chosen because light of this 

wavelength is least affected by the absorption of blood <see 

next section>. Also the redfluorescence light is very little 

absorbed by blood, especially the second fluorescence band. 

The variations in time of the excitation spectra must be 

identical to the variations in the emission spectra. As can be 

seen in Fig.5.20 and 5.21 this is only roughly the case. This 

could be due to the fact that the spot where the excitation 

light hits the tumor is not the same during the excitation and 

emission measurements <the rats would often sink a little bit 
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The relative intensities of the peaks at 625 nm in 

the in vivo excitation spectra as a function of 

time after injection of HpD. • are 

and ~ are the subcutaneous tissue 

the tumor values 

values. If na 

error bars are drawn the values are of one 

measurement, otherwise the values are the averages 

and standard deviations of three measurements <see 

Appendix C>. 

during the measurements> which can influence the fluorescence 

yield. Tumor tissue displayes "hot spots" where there is more 

HpD fluorescence then elsewhere. These spots can aften easely 

be seen with the naked eye. Another explanation is that the 

tissue structure and the content of HpD change at the excitated 

spot because of photoreactions in HpD which kills the cells. 

In Fig.5.20 and 5.21 it can be seen that roughly at 16-24 

hours the largest fluorescence yield in the tumor is obtained, 

although at 8 hours there is already a strong fluorescence. 

At about 32 hours the yield is very low sa there is very 

little HpD present in the tissue while the yield at langer 

times is much higher. We consider this an artefact. 

The dashed spectrum in Fig.5.12 is very intense. Probably 

the excitation light has fallen on the surrounding skin. It was 
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Fig.5.21 The relative intensities of the peaks at 695 nm in 

the in vivo emission spectra as a function of time 

after injection of HpD. 0 are the tumor values ando 

are the subcutaneous tissue values. If no error 

bars are drawn the values are of one measurement, 

otherwise the values are the averages and standard 

deviations of two or three measurements <see 

Appendi >{ C>. 

found that skin showed a fluorescence behavior which is very 

different from other kinds of tissues, however this is not 

further investigated. The spectrum mentioned is not taken into 

account. 

In all cases the fluorescence yield of the healthy 

subcutaneous tissue is higher or camparabie with the yield in 

tumor tissue. This means that in this tumor model there is no 

preferential uptake of HpD in tumor tissue. 

This is in agreement with the results of Gomer and Dougherty 

<Gom 79) who examined the distribution of '"'c and 3H labeled 

HpD in various tissues, including tumor tissue, in mice. They 

found that the preferential uptake of HpD in tumor tissue is 

not as large as have been indicated by fluorescence studies. 



67 

The ratio of concentrations of labeled HpD in skin tissue and 

tumor tissue was about 1.5 after 24 hours and decreasing to 

about 1 after 72 hours. 

However, Gomer and Dougherty remarked that still the tumor 

tissue showed the most bright fluorescence. They think that 

this is due to the differences in pigmentation of the various 

tissues, resulting in quenching of the fluorescence light in 

case of the more darkly pigmented tissues. 

This means that the pigmentation of the subcutaneous tissue 

of the rats we used is camparabie to the pigmentation of the 

tumors the rats carried if the concentration of HpD is 

camparabie in both tissues. 

Still, Gomer and Dougherty found indications in their 

clinical results that human tumors probably accumulate more HpD 

and retain it for a langer period of time than do the mouse 

tumors in their study. However, also in humans the selectivity 

of HpD by fluorescence measurements in tumor tissues will be 

dependent of the optica! behaviour of the tumor tissue and the 

surrounding tissue. 

So, the optica! characteristics of the various tissues are 

very important and must be extensively investigated in the 

future, where the models presented in chapter 2 and 3 can be 

used. 

5.5 QUANTITATIVE EXPLANATION OF THE DIFFERENCES BETWEEN THE IN 

VITRO AND IN VIVO FLUORESCENCE EXCITATION SPECTRA. 

Following an idea by Van Gemert, the relative increase of 

the minor excitation peaks in the in vivo excitation spectra 

compared with the in vitro spectra, can be understood by the 

light absorption of blood. This absorption is well known and 

given in Fig. 5.22. where the absorption of oxyhaemoglobin 

<Hbo 2 >, the main light absorber of blood, 

function of wavelength. 

is given as a 

From this figure it follows that violet light is very 

strongly absorbed while in the red region the absorption can be 

some 1000 times smaller. This means that violet light incident 
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Fig.5.22 The absorbtien coefficient of Hbo2, the main 

light absorber of blood, as a function of 

wavelength. 

on tissue containing HpD and blood is mostly absorbed by the 

blood and lost for excitation of HpD. Light with larger 

wavelengths is absorbed to a lesser extend and thus penetrates 

deeper in the tissue and is more capable to excite HpD. 

So, in tissue fluorescence light is emitted only from the 

surface when excited with violet light while exciting 

withlarger wavelengths causes emission from deeper layers. The 

effect is that, compared with the in vitro spectra, the Soret 

band is surpressed relative to the minor peaks. 

These qualitative arguments can be put into quantitative 

calculations using the Kubelka-Munk model. A similar methad is 

developed by Van der Putten and Van Gemert <Put 83b) to compute 

the effective fluorescence emission yield of a tumor under a 

skin layer. The methad is outlined in Appendix D. 

Using this methad the excitation spectrum of HpD solved in 

saline+serum can be corrected for the presence cf tissue 

containing blood. This in vitro spectrum is chosen because the 

positions of the excitation peaks are the same as in the in 
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Fig. 5. 23 E>:ci tation spectra of HpD in sal ine+serum 

corrected for the presence of tissue and Hbo
2

. 
The fractions of Hbo2 in the tissue are indicated. 

vivo spectra. 

Fig.5.23 presents some of these numerically corrected 

spectra for various amounts of Hbo 2 in the tissue. From these 

computed spectra it is clear that the relative increase of the 

minor peaks can indeed be explained by the presence of blood. 

Especially the strong increase of the peak at about 500 nm is 

evident. 

In Fig. 5. 24 a computed spectrum for the presence of 1. 5 % o·f 

Hb02 can be compared with the excitation spectrum of HpD in a 

living tumor, 15 hours after injection. The fit is nearly 

perfect exept for the peak at 625 nm. In most of the in 

vivospectra this peak is higher than the peaks in the computed 

spectra. This could be due to the fact that here the absorption 

and scattering behaviour of the tissue is comparable with the 

absorption in blood. Here the choices of the absorption and 

scattering coefficients of the tissue without blood become 

important, but since they are not exactly known these 

parameters are taken as constants over the total wavelength 

interval (see Appendix D>. Obviously this choice is wrong at 

large wavelengths. 
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Fig.5.24 Excitation spectra. 

---:HpD in tumor. 15h 5 m after injection. 

---:HpD in saline+serum, corrected for the presence 

of tissue with 1.5 ;. of Hbo
2

. 

In future the coefficients must be determined more 

accurately, then it will be clear whether the peak at 625 nm 

also can be fitted with the in vivo measurements. Since the fit 

at shorter wavelengths is so accurate we expect this indeed 

will be possible. 

5.6 CONCLUSIONS 

The fluorescence behaviour of HpD when present in tissue is 

different from the behaviour of HpD in vitro as also found by 

Van der Putten and Van Gemert <Put 83 a). 

Excitation of HpD with light around 500 nm is not 

essentially worse than exciting with light around 400 nm, in 

contrast with the case in vitro. An argon ion laser, which 

emits light with wavelengths of 488 nm and 514.5 nm, might be a 

good excitation source. This laser is relatively easy to 

operate and begins to be common instrument in a hospita!. This 

is certainly not the case with the Krypton ion laser used by 

Doiron (see Fig.5.1). 

The differences between the in vitro and in vivo excitation 

spectra are caused by the light absorption behaviour of blood 

present in tissue. The more blood is present in the tissue, the 
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more the Soret band in the excitation spectrum is suppressed. 

HpD solved in saline+serum is a good model of HpD in tissue. 

However there might be chemica! differences between the two 

situations. This is not investigated here. 

The maximum fluorescence of HpD in the tumor model used, is 

obtained some 16-24 hours after injection, although after 8 

hours there is already a strong fluorescence. After 56 hours 

the fluorescence has dropped to almast zero. 

In the measurements there was no sign that HpD accumulates 

selectively in tumor tissue. The surrounding healthy 

subcutaneous tissue showed a similar fluorescence behaviour 

within measurement accuracy. This is in agreement with results 

obtained by Gomer and Dougherty <Gom 79> who found a camparabie 

uptake of HpD labeled with the radioactive isotapes 1qc and JH 

in tumor tissue and skin tissue of mice. 
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CHAPTER 6 DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

6.1 DISCUSSION 

From our investigations it fellows that, under certain 

conditions, it indeed is correct to use one dimensional light 

propagating models to describe the behaviour of light in turbid 

media, with which it is also possible to take boundary 

reflections into account. 

Because of many scattering components in tissue <And 81> the 

light in the tissue can be assumed to be diffuse although the 

assumption of isotropical scattering might be too simple. 

The condition that the diameter of the incident flux must be 

large compared to the thickness of the layer under study, will 

not be satisfied if a laser beam is used or when the tip of an 

optica! fiber is inserted in the tissue <e.g. to deliver red 

light in all parts of a tumor to induce photodynamic reactions 

in HpD as tumor therapy>. Here a two or three dimensional model 

must be used <Pro 81>, which arealso basedon the equation of 

radiative transfer. 

However, if a broad flux is used we feel that the presented 

one dimensional model will give a fair approximation of the 

real light distribution although this must be tested 

intensively by experiments. 

An attempt to determine the values of the absorption, 

scattering and reflection parameters which describe the one 

dimensional light-propagation from transmission measurements 

has notbeen successfull. It was only possible to estimate the 

relation between the absorption and scattering coefficients and 

not the separate coefficients themselves. Also the internal 

reflection only could be determined by assuming a known value 

of the external reflection. 

If in general the measurements can be described by a linear 

function it will never be possible to determine the four 

parameters in this way. However, if the rather large spread in 
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our measurements can be avoided it will perhaps be possible to 

find a deviation from a straight line and to compute the 

parameters c
0 

, c 1 and C.2.with greater accuracy. Still, the 

boundary reflections cannot be separated in this way. 

The external reflection of the tissue can be determined in 

another way, by speculiar reflection measurements or by 

measuring the dielectric constant of the tissue from which the 

refractive index can be calculated. Then only three parameters 

<r. , K and 5) have to be determined. 
I 

Maybe also reflection measurements must be taken of the 

layers of tissue to make it possible to distinguish between the 

absorption and scattering. This has not been studied yet. 

The measured in vivo fluorescence spectra of HpD have shown 

that the fluorescence behaviour of HpD in living tissue is 

different from the behaviour of HpD in aquous solutions. 

Especially the relative excitation efficiency changes when 

HpD is present in tissue, due to the blood present in the 

tissue. As a result of the quenching of the light especially at 

short wavelengths <violet>, the excitation efficiency of light 

around 500 nm is not essentially worse then around 400 nm. 

In contrast to the results of others <Put 83a>, theemission 

spectra of HpD in living tissue are not much changed compared 

with in vitro spectra. There was only a slight red shift of the 

two emission bands and a lifting of the second band due to 

autofluorescence of the tissue. We have not found the emerging 

of new bands at 580 nm and 660 nm. This could be due to 

chemica! differences in HpD used in the various experiments. 

HpD is a substance of which the number and abundances of the 

various components is still a matter of debate. It is merely 

assumed that every newly made supply has the same chemical and 

physical properties. 

these properties. 

Also ageing may have some influence on 

In the tumor model we used there was almast no difference in 

the HpD-fluorescence yield between healthy subcutaneous tissue 

andtumor tissue. This would mean that there is no preferential 
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uptake of HpD in the tumor tissue, which is in agreement with 

the measurements by Gomer and Dougherty <Gom 79). They say that 

if there are differences in fluorescence yield this is mainly 

due to differences in optica! behaviour of the various tissues. 

However, they think in humans there is indeed some preferential 

uptake of HpD in tumor tissue. Also Doiron <Doi 82> has found 

that it is well possible to distinguish between the 

fluorescence of tumor tissue and the surrounding tissue in the 

lungs of human beings. 

It will be clear that to determine the concentratien of HpD 

in the various tissues from fluorescence measurements, one has 

to have detailed information about the optica! properties of 

the tissues. 

6.2 CONCLUSIONS 

The one-dimensional light propagation model of Kubelka and 

Munk <KM>, presently used by workers in medicine has been given 

a physical justification, starting from the equation of 

radiative transfer. 

The KM-model is extended for collimated incidence and 

reflections at the boundaries of a layer of tissue. In general, 

the more simple models without boundary reflections can be used 

if no great accuracy is needed, especially when the absorption 

coefficient is camparabie or greater then the scattering 

coefficient. 

It is recommended that the model which describes the 

situations with collimated incidence indeed is used where a 

collimated beam is used, instead of the KM-model. Especially at 

deeper levels in the tissue the use of KM might give too low an 

estimate of the flux density. 

An attempt to determine the values of the parameters which 

describe the one-dimensional light propagation from 

transmission measurements has nat been successful. It was only 

possible to give a rough estimation of the internal diffuse 

reflection in tumor layers and to find a relation between the 
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absorption and scattering coefficients, not the values of the 

coefficients themselves. 

It is doubtful whether it is possible to estimate the 

parameters from transmission measurements only. 

Due to the absorption behaviour of blood it is possible to 

excitate HpD, present in living tissue, effectively using light 

with wavelengths langer then 400 nm. Especially light around 

500 nm can be used. 

In the tumor model we used there was no preferential uptake 

of HpD in tumor tissue while somewhere between 16 and 24 hours 

the maximum fluorescence was obtained. 

The ratio of the relative excitation efficiencies e.g. at 

about 400 nm and about 500 nm in the in vivo excitation spectra 

of HpD is a measure of the amount of Hb0 1 in the tissue (see 

Fig.5.23). The amount of blood in tumor and subcutaneous tissue 

varied considerably between the individual rats (see excitation 

spectra in Appendix C> and ranged approximately between 1 'l. to 

more than 5 'l.. 

6.3 RECOMMENDATIONS FOR FUTURE WORK 

The presented one dimensional light propagation models must 

be tested by experiments. To do this a reliable methad must be 

developed to estimate the absorption and scattering 

coefficients and the boundary reflections of tissue. 

If these parameters are known it will be possible to use the 

one dimensional models and the gained insight in the in vivo 

fluorescence behaviour of HpD in developing a system to 

localize small tumors by HpD fluorescence. 

These systems might be equiped with an argon laser. The use 

of an argon 

therapeutic 

laser to detect tumors might be combined with a 

u~; 

tissue or perhaps 

as a means to coagulate them by heating the 

to induce photodynamic reactions in HpD 

producing singlet oxygen. 
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There are indications that light of an argon laser is more 

effective then red light, used at present, in killing living 

cells containing HpD in culture <Kin 81>. In solid tissue 

however, light of an argon laser penetrates less deep then red 

light, due to blood absorption. 

So, it is recommended to investigate (1) whether indeed it 

is possible to localize tumors with an argon laser as 

effectively as with a krypton laser, as Doiron does, and <2> if 

it is possible to effectively kill tumor tissue with an argon 

laser. It is emphasized that argon lasers are increasingly 

available in hospitals , easy to handle (e.g. with the use of 

optica! fibers>, can easely deliver enough light power for the 

purposes described above, and that one argon laser is 

substantial cheaper than a krypton laser to provide violet 

light for tumor detection and a dye laser to provide red light 

for tumor therapy. 

The light propagating models can be used in several other 

fields in medicine as indicated in chapter 1. Where the 

conditions of the one dimensional models are not satisfied, 

other models must be used. An example of such a model is given 

by Profio and Doiron <Pro 81>. Using such models it will be 

possible to verify the one dimensional models <e.g. by Monte 

Carlo computations, assuming a limited number of scatterers 

giving rise toa certain phase function <see Appendix B>>. 
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APPENDIX A 

DEFINITIONS 

Some definitions will be given which are used in the 

derivation of the various light propagation models in chapter 

2. 

-Radiance: amount of (light) power per unit of solid angle and 

per unit of effective area. Unit: W/sr.m~. 

See Fig.A.l. The power dP passing an element of area dA and in 

directions confined to an element of solid angle de.> is equal 

to 

dP = I•cos9•dA•dw (Watt) 

if I is the radiance. 

dA 

Fig.A.l Element of solid angle dw under an 

angle 9 on area dA. 

Chandrasekhar<Chan bO) calls the radiance the specific 

intensity, but radiance is the correct radiometric term. 

-Flux density: amount of (light) 

through this area. Unit: W/m~. 

power per unit area passing 

In the case mentioned above the flux density passing the area 
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under consideration is 

dP - = I •cos6•dw 
dA 

The total flux density is obtained by integrating over all 9. 

It is noted that many authors call this quantity the 

"i ntensi ty". Also this word is sametimes used for the 

quantities irradiance and emittance, which are defined below. 

However, intensity is the radiometric term for the amount of 

power per unit of solid angle, which will not be used in this 

report. 

-Irradiance: flux density input, amount of power per unit area 

falling on a surface. Unit: W/m1
• 

-Emi ttance: flu>: densi ty output, amount of power per unit area 

emitted from a surface. Unit: W/m2 • 

-Perfectly diffuse light: light with radiance which is 

independent of the direction. 

The total flux density passing through a flat surface 

illuminated with perfectly diffuse light can be calculated 

<see Fig A.2>: 

Suppose the surface is illuminated with light with a constant 

radiance Id . As can be seen in Fig.A.2, the element of solid 

solid angle determined by dA is given by 

dA 
- = sin6•d6•d4> 

2 
r 

The power of light passing through dO, contained in this 

element of solid angle, is 
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The total power through dO is (it is assumed that the surface 

is illuminated only from one hemisphere) 

~'Ir 2'11" 
dP = ~Id•dO f f sin 28•d8•d~ = 'll"!d•dO 

0 0 

dP The total flux density is dO= 'll"!d 

z 

y 

Fig.A.2 Methad to calculate the flux density through a 

flat surface of perfect diffuse light. dA: 

element of area on hemisphere, dÜ: element of 

area on flat surface, r: radius of hemisphere, 

r' e and f: pol ar coordinates. 
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APPENDIX B 

DERIVATION OF THE EQUATION OF RADIATIVE TRANSFER 

A narrow beam of monochromatic light with radiance I<S,f> is 

incident in a direction ( e' f) on a turbid layer with an 

infinitesimal thickness dx <See Fig. B.l or 2.2>. The beam 

travels a pathlength dl=dx/cosB through the layer where it is 

subject to absorption and scattering. 

The beam suffers a loss by absorption of a fraction: 

and by scattering out of the beam of a fraction: 

a•I( a, 4>) •dl 

k is the absorption coefficient and the scattering 

coefficient, bath in cm-1 • These coefficients are dependent of 

the wavelength of the used radiation. The layer is considered 

to be a continuurn where na single absarptien and scattering 

processes can be distinguished. 

dx y I" 

z 
}--x 

l+dl 

Fig. B.l A beam with radiance I<Q,f> is incident on a 

thin layer with thickness dx where it is 

attenuated by an amount -di in the direction 

<8,~> by absarptien and scattering. 
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So the lossof I<8~f> can be written as: 

di 1 =- (k+a)•l(B,q>)•dl 
OSS 

(B.l) 

The absorbed light is transformed into other farms of energy 

(fluorescence, heat) and lost. The scattered light however, is 

still present in other directions. 

The beam under consideration will gain radiance by light 

which is scattered from all other directions into the direction 

<9,f>. To describe the gain by scattering, the so called phase 

function P< 9, f ,9',<(1> is introduced. The function defines the 

fraction of the radiance scattered from a bundle dw~ <element 

of solid angle> in the direction <9','f'> into the direction <9,f> 

The gain of the radiance in a direction <e,f> by scattering 

of light from all other directions is defined by: 

adl 
di = 4 1T J J P(( e, 4>, B', 4>') •I( e, q>)dw' ga in w' 

(B.2) 

dw' can be wri tten as dw' = sin9' •d9'd4>'. 

The phase function P is normalized by the condition: 

~1T ff P(B,q>,B',q>')dw' 
1 ff P(B,q>,B',q>')dw =- 1 

w' =!;; w (B.3) 

Assuming axial symmetry ( d iàf=O> and defining !-'=cos 8 so 

that dl=dx/~, the total change of l(f-l) is: 

dl = dil + di 
OSS gain 

= -
1 

dx a dx J (k+a)I( JJ)- + --·21T P( lJ JJ' )I( JJ' )d JJ' 
lJ 41T lJ -1 , 

or 

di 
1 

1.1-:- = - (k+a)I( JJ) + ~a f P( JJ, JJ' )I( JJ' )d JJ' dx _
1 

(B.4) 
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This is called the equation of radiative transfer, under the 

assumption of axial symmetry. It should be noted that the 

radiance is also dependent of the space coordinates <x,y,z>. To 

derive a one-dimensional light propagation model as in chapter 

2 one has to assume oloy=~/dZ=O. 

The equation of radiative transfer is widly used in 

astrophysics, a thorough treatment of this equation is given by 

Chandrasekhar <Cha 60). The derivation given above is basedon 

the review by Kottier <Kot 64). 

In this work, only isotropie scattering is assumed. This 

means that the phase function P<t-t,t-t'> is independent of f-1 and p 1
• 

From equation B.3 it follows in this case <Kot 64): 

p ( lJ, lJ' ) = 1 (B.S) 

Equation B.4 now can be written as: 

1 
di J J,t';-- = - (k+o)I( lJ) + \a I( ll' )d ll' dx _

1 
(B.6) 

The integral is in fact the mean of the radiance taken over 

the total solid angle <Chan 60>: 

1 1 1 1 
I .. - fJ I( ll)dw = -

4 
•21r I I( ll)d lJ = \ I I( ll)d lJ 

41rall w 1T -1 -1 
(B.7) 

According to Kottier we write 
0 1 

Ï = \ I I ( lJ) d lJ + \ I I ( ll) d lJ = \I +\I+ 
-1 0 -

(B.8) 

For perfectly diffuse light these mean radiances can be written 

in terms of flux densities in backward and forward directions. 

Suppose the (constant> radiance in forward direction is If • 

The flux density in forward direction is 

\11" 21T 
i(x) I I Ifcos6•sin6•d6d4» = lTif 

0 0 
(B.9) 
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The mean radiance in forward direction is 

(B.lO) 

so for perfect diffuse light the flux density is ~times the 

mean radiance. The same arguments apply of course also for the 

flux density in backward direction. 
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APPENDIX C 

IN VIVO FLUORESCENCE EXCITATION AND EMISSION SPECTRA OF HpD 

INJECTED IN RATS; INDIVIDUAL MEASUREMENTS 

All the spectra of the individual rats of which the means are 

given in chapter 5 are presented below. In the subscripts are 

given: the number of the rat as used in our administration, 

tumor or subcutaneous tissue <subc>, the time after injection 

of the measurements, volume of the tumor in mm3. 

5 

relative 
excitation 

4 efficiency 
(a. u.) 

3 

2 '-''\ 

\ 

0~----~----4-----~----~----~----; 
350 400 450 500 550 600 6 0 

wavelength (nm) 

Fig.c.1 Fluorescence excitation spectra. 
3 ---:9, tumor, 8 h 0 m, 60 mm 

---:15, tumor, 8 h 25 m, 250 mJ 

-··-: 28, tumor, 9 h 0 m, 120 mm3 

-·-:28, subc, 9 h 30 m. 

The excitation spectra of tumor and subc, taken about 15 h 

after injection, can be find in chapter 3. Bath are taken of 

the samerat 31. The volume of the tumor is 250 mma. 
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8 

7 

6 

relative 
Is 

excitation 
4 efficiency 

la. u.) 

3 

2 

0+-----~----+-----+-----+-----+---~ 
350 400 450 500 550 

wavelength (nml 

Fig.c.2 Fluorescence excitation spectra. 

---:8, tumor, 24 h 45 m, 100 mm3 

600 

---:10, tumor, 25 h 30 m, 360 m~ 

-··-:22, tumor, 26 h 15 m, 900 mm3 

---:22, subc, 26 h 45 m. 

650 
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5 

relative 
excitation 4 efficiency 
la. u.) 

3 

2 

04-----~--~~~--~--~~----~----; 

350 400 450 500 550 600 650 

wavelength (nm) 

Fig.c.3 Fluorescence excitation spectra. 

--:23, tumor, 31 h 35 500 3 m, mm 

---c 23, tumor, 31 h 45 m, 500 mm3 

---:25, tumor, 33 h 20 m, 500 mm3 

5 

relative 
excitation 4 efficiency 
la. u.) 

3 

2 

1 

....-··""' .• 

0 
350 400 450 500 550 600 650 

wavelength (nm) 

Fig.c.4 Fluorescence excitation spectra. 

-:32, tumor, 40 h 50 m, 250 mm'3 

---:32, 

-··-: 34, 

-·-:34, 

3 tumor <other spot>, 41 h 15 m, 250 mm 

tumor, 41 h 45 m, 150 mm3 

subc, 42 h 15 m. 
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o~=-~~~---+----~------4 

550 600 650 700 750 
--------<-

wavelength (nm) 

Fig.c.5 Fluorescence emission spectra. 

·--:9, tumor, 8 h 20 60 3 m, mm 

---: 15, tumor, 8 h 50 m, 250 mrrf 

-·--: 28, tumor, 9 h 15 m, 120 maf 

The emission spectra of tumor and subc., taken about 15.5 h 

after injection, can be found in chapter 5. Bath are taken of 

rat 31. The volume of the tumor is 250 mm3
• 

5 

relative 
tluorescence 4 
intensity 
(a. u.) 

3 

2 

o~~~~----~------~----4 

550 600 650 700 750 
--------<-

wavelength (nm) 
Fig.c.6 Fluorescence emission spectra. 

a ---:7, tumor, 25 h 0 m, 100 mm 

---: 10, tumor, 25 h 45 m, 360 mm"l 

-··-: 22, tumor, 26 h 30 m, 900 mm3 

-·-:22, subc, 26 h 55 m. 
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5 

4 

3 

2 

0~----~~-+~--~~-=F=~-+--~~ 
450 500 550 600 650 

wavelength (nml 
Fig.c.7 Fluorescence emission spectra. 

--:32, 3 tumor, 41 h Om, 250 mm 

700 750 

---:32, 3 tumor <other spot>, 41 h 30 m, 250 mm 

-··-= 34, tumor, 41 h 55 m, 150 m~ 

-·-: 34, subc, 42 h 25 m. 

The emission spectra of tumors, 

injection, are given in chapter 3. 

rat 

rat 

rat 

13, 50 h 0 m, 1340 mm3 

14, 50 h 40 m, 1275 mm3 

3 5, 56 h 30 m, 100 mm 

50 h and 56.5 m af ter 
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APPENDIX D 

METHOD TO CALCULATE THE EFFECTIVE YIELD OF FLUORESCENCE 

EMISSION LIGHT AT THE SURFACE OF A LAYER OF TISSUE. 

To calculate the effective yield of emitted light at the 

surface of a tumor containing blood and HpD, the tumor is 

assumed to be a plane parallel layer with thickness d. 

Excitation light is incident on the layer. At depth x the total 

flux density !(x) can be computed using the Kubelka-Munk model: 

I(x) = ...!.( ..:;;.a+_l:..:):....•..:;s..:;;.i:....nh:....(~b;-:;S-?-(-7d-':"'"x=-')~)~+";"'b_•..;...co_s-;h~(;.;-b"::;'S-+( d,-_x-:;)-:...) 
a•sinh(bSd)+b•cosh(bSd) 

where a=K/S+l and b=Va,_ -1' • K and S are the absorption and 

scattering coefficients of tissue plus blood at the wavelength 

of the excitation light. This flux density is the sum of the 

two diffuse opposite fluxes i<x> and j(x) <see chapter 2>. 

Part of this flux is absorbed by HpD in a thin layer dx <see 

Fig. D. 1> by an 

coefficient of 

amount of I (x ) • KH. dx where K H is the absorpt i on 

HpD in the tissue. It is assumed that KH is 

constant throughout the layer. 

If QE is the fluorescence efficiency of HpD then an amount 

dje =~QE .I<x>.KH.dx of diffuse fluorescence light is emitted 

from dx in upward direction. A same amount die is emitted in 

downward direction. 

die 

Fig.D.l Model to compute the yield of light, emitted from 

the layer dx, at the surface of a layer of tumor 

tissue <x=O>. The light is generated by the 

excitation light with flux I<x>. 
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The yield of these flux densities which reach the surface 

CdJe and die in Fig.D.1> can be calculated using the concept of 

multiple reflection. If T<x> and R<x> are the transmission and 

reflection of the layer above dx and R~ <x> the reflection of 

the layer under dx, then 

dJ dj (T(x)+R(x)R(x')T(x)+R(x)R'(x)R(x)R'(x)T(x)+ ••.•• ) 
e e 

d. T(x) 
Je 1-R(x)R'(x) 

di =di (R'(x)T(x)+R'(x)R(x)R'(x)T(x)+ ..•• ) 
e e 

di e 
R' (x)!( x) 

1-R(x)R' (x) 

So the total amount of emitted light from dx which reaches 

x=O is 

di +dJ T(x)(l+R'(x)) dx 
= \QE~I(x) 1-R(x)R'(x) e e 

Expressions for T<x>, R<>:> and R~<x> also follow from the 

KM-model (see chapter 3>: 

b' 
T(x) = a' •sinh(b'S'x)+b' •cosh(b'S'x) 

R(x) = sinh(b'S'x) 
a' •sinh(b'S'x)+b' •cosh(b'S'x) 

sinh(b'S'(d-x)) 
R'(x) =a' •sinh(b'S'(d-x))+b' •cosh(b'S'(d-x)) 

\I 2. I 

where a' =K' /81 +1 and b' =va' -1. K' and s' are the absorption 

and scattering coefficient of tissue at the wavelength of the 

emitted light. 

The total yield of light emitted troughout the whole layer, 

Ie is: 

I e 
dJ T(x)(1+R'(x)) dx 

\QEKH I(x) 1-R(x)R'(x) 
0 
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Assuming HpD is present in tissue in the same chemica! and 

physical form as in saline+serum, the wavelength dependent 

product QEKH is proportional with the values in the excitation 

spectrum in Fig. 5.5. In this way this in vitro spectrum can be 

"corrected" for the presence of tissue and blood. The thus 

corrected spectra in sectien 5.5 have been computed using the 

following values of the absarptien and scattering coefficients: 

Excitation light <I<x>>: 

K= ( 1-IX) Kt +ll(Kbl where Kt is the absorption coefficient 

of tissue without blood and Kbl the 

absorption coefficient of Hb0 2 <see 

Fig. 5. 22). Kt =3 cm-1 <Put 83a). oe is the 

fraction of Hb0 2 in the tissue. 

S=5 cm-1 <Put 83a) 

Emitted light (690 nm): 

K~ =1 cm-1 <Put 83a> 

s~ =14 cm-1 <Put 83a) 

Of blood no scattering coefficients are known. The values of 

Kt and S are taken constant over the range of wavelengths from 

350 nm to 650 nm. In reality this is not so, but exact values 

are relatively unimportant here because of the large blood 

absorption coefficients which mainly determine the effective 

absorption coefficient of tissue containing blood. 
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APPENDIX E 

DERIVATION OF A ONE DIMENSIONAL LIGHT PROPAGATION MODEL 

INCLUDING COLLIMATED INCIDENCE FOLLOWING CONCEPTS USED BY 

KUBELKA AND MUNK. 

Kubelka <Kub 48) has shown that the total absorption and 

scattering of a diffuse flux in turbid material is twice the 

absorption and scattering of a collimated flux. <Everywhere 

flux is used in this section, in fact the flux density is 

meant>. 

Suppose a collimated beam of light enters perpendiculary a 

plane parallel layer of turbid material where it is absorbed 

and scattered. The scattered light gives rise to diffuse light 

which is assumed to travel in two opposite fluxes as in the KM

model. The diffuse flu>~es are absorbed and scattered, like the 

collimated flux. The absorption coefficient k and the 

scattering coefficient s for diffuse light are twice those for 

the collimated flux for reasans given above. It must be noted 

that s describes scattering in bath backward and forward 

directions. Once again only isotropie scattering is assumed. 

Now consider a thin layer dx in the material. Of the 

coll i mated f 1 u>~ i C <x ) an amount ~ k·i C <x ) dx is absorbed and an 

amount ± ~ s·i C <x) dx is scattered i nto the diffuse f 1 U>i i <x) in 

downward direction while a same amount is scattered into the 

upward diffuse flux j(x). 

From the downward diffuse f 1 ux i <x> an amount k·i <x> dx is 

absorbed while an amount s·i <x>dx is scattered. Half of the 

scattered light is scattered in forward direction, in the 

direction of i(x) itself, the other half is scattered in the 

direction of j <x>. i <x> increases by an amount i s.j <x>dx which 

is backscattered from j(x). In dx the flux i<x> also increases 

by the fraction~sic<x>dx which is scattered out of the 

collimated flux into the direction of i(x). 

Similar considerations can be applied to the upward diffuse 

fl U>~ j <x). All this justifies the following coupled 
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differential equations: 

di 
dxc =- (\k+\s)ic(x) 

di 1 
dx = - (k+s)i(x)+~si(x)+\sj(x)+ïsic(x) 

dj 1 
- dx =- (k+s)j(x)+~sj(x)+~si(x)~ic(x) 

which can be written as: 

di 
_c = - (\k+\s)i (x) 
dx c 

Now write K=k and S=~s, then: 

di 
c 

dx = (\K+S)i (x) 
c 

di -- = - (K+S)i(x)+Sj(x)+\Si (x) dx c 

- ~d = - (K+Sj(x)+Si(x)+\Si (x) 
x c 

which are exactly the equations 2.21 in chapter 2 which are 

derived from the equation of radiative transfer. 

So, therefore the simple considerations given above have a 

fundamental justification, just as the considerations which led 

to the KM-model in sectien 2.2. 

It is essential in this simple derivation that the 

absarptien of a collimated beam is only half of the absarptien 

of a diffuse flux. So, the effective absorbed power per unit 

area at a depth x in a layer dx is 

(\i (x)+i(x)+j(x))•K•dx 
c 
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APPENDIX F 

A METHOD TO CALCULATE THE LIGHT FLUXES IN TWO LAYERS IN THE 

CASE OF COLLIMATED INCIDENCE 

Sametimes it is necessary to know the distribution of light 

in a system of two or more layers on top of each other. The 

layers are distinguished by different absorption and scattering 

characteristics. For instance, Van Gemert and Hulsbergen 

Henning <Gem 81) have used the KM-model to calculate the light 

fluxes in four different layers of tissue and blood. 

For this two fluxes model this is relatively simple, the 

case with collimated incidence and boundary reflections is more 

complex. For this case the light flux densities in two layers 

will be calculated here. 

The model is presented in Fig.F.l. The first layer with 

thickness ~ is optically characterized by the absorption and 

scattering coefficients K and S while the second layer with 

thickness dz is characterized by K~ and s7. 
The collimated incident flux I

0 
gives rise to two diffuse 

fluxes i and j and a collimated flux ie· The collimated 

component ie <d 1 > penetrates the second layer where it gives 

rise to the diffuse fluxes i 7 and j 7 and a collimated flux i 7
• 

e 
The fluxes i<d 1 ) and j 7 <O> are subject to multiple 

reflections in the two layers, 

arrows in Fig.F.l. Let the 

indicated by the off normal 

(diffuse) reflection and 

transmission of the top layer be R and T and the reflection of 

the second layer R 7
• The effective fluxes following from the 

multiple reflections are indicated as c,d,e and g,h,k: 
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Fig.F.l Two layer model. A collimated flux 10 is incident 

on the top layer where it is partially reflected 

<ree>. At x=O internal diffuse light is reflected 

by an fraction r. In reality x=d1 and x~=o 
I 

coincide. The layers have the same refractive index 

so there are no reflections at this boundary. Black 

backing at x~=d2 • The top figure is the same as the 

bottorn figure, which shows the resulting flux 

densities rising from the multiple reflections. 



and: 

c = 

d 

h 
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i(d ) + i(d ) •R'R + i(d 1) •R'R•R'R + 
1 1 

i(d )•R' 
1 

(1-R 'R) ' 

j'(O) 
(1-R 'R) , 

g 

e = 

j I (0) •R 
(1-R'R) 

k =h•T 

R 

T = 

R' 

(1-ria)•sinh(bSd1)+rib•cosh(bSd1) 

(a-r
1

)•sinh(bSd1)+b•cosh(bSd1) 

(1-r ) •b 
i 

a' •sinh(b'S'd )+b' •cosh(b'S'd ) 2 2 

See chapter 3. R and T can be calculated from the situation 

where a diffuse flux is incident on a layer with only a diffuse 

internal reflection r. at the boundary opposite to the boundary 
I 

where the flux is incident. 

According to chapter 3 the flux densities i<x>, j(x), i' <x> 

and j'(x) have the following expressions: 

i(x) 

-\(a+1)Sd 
((r

1
a-1)•sinh(bSx)-r

1
b•cosh(bSx))e 1 

= <1-rce)Io[ (3a-S)((a-r
1

) •inh(bSd
1

)+b•cosh(bSd
1
» 

+ 

+ 

( r i -3 )(a •si.nh(bS( d1-x) )+b •cosh(bS( d1-x) )) 

(3a-S)((a-ri) •sinh(bSd1)+b•cosh(bSd1» 

_3_ e-\(a+1)Sx] 
3a-S 
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((r.-a)•sinh(bSx)-b•cosh(bSx))e-~(a+l)Sdl 
j(x) = (1-rce)Io[ (~a-S)((a-r.) •sinh(bSd

1
)+b•cosh(bSd )) 

1 1 

+ (ri-3) •sinh(bS{d1-x)) 

(3a-5)((a-ri) •sinh(bSd 1 )+b•cosh(bSd 1 ~ 

+ 
l -~(a+l)Sx] --e 

3a-5 

. h(b'S' ') -~(a'+l)S'dz 
i' (x') 

-~(a+l)Sd s1n x e 
I o ( l-r ) e 2 l [-;-;:--:::--:-:-~~-=--:-:-~~~-:-=----~~...,.....,.-.,..,. 

ce (S-3a')(a' •sinh(b'S'd )+b' •cosh(b'S'd )\ 2 2 ~ 

3(a' •sinh(b'S'(d -x'))+b' •cosh(b'S'(d -x'))) 
+ 2 2 

(S-3a')(a' •sinh(b'S'd )+b' •cosh(b'S'd )) 2 2 

J e-~(a'+l)S'x'] 
S-3a' 

j' (x') 
(a' •sinh(b'S'x')+b' •cosh(b'S'x'))e-~(a'+l)S'dz 

I l -~(a+1)Sdl( 
o( -rce)e (S-3a')(a' •sinh(b'S'd )+b' •cosh(b'S'd )) 

2 2 

3•sinh(b'S'(d
2
-x')) 

+ ~~~~~~~~~~~~----~~~~~ 
(S-3a')(a' •sinh(b'S'd )+b' •cosah(b'S'd )) 2 2 

1 -~(a'+1)S'x' 
- e J 5-3a' 

The total fluxes in the layers now can be calculated. 

First layer: flux densities Ic<x>, I<x> and J<x>: 

I (x) 
c 

I(x) 

J(x) 

i (x) 
c 

Io(l-r )e-~(a+l)Sx 
ce 

(1-ria)•sinh(bSx)+rib•cosh(bSx) 
i(x) + (d+h) (a-r i) •sinh(bSd

1 
)+b •eosh(bSd

1
) 

(a-r.) •sinh(bSx)+b•cosh(bSx) 
= j (x) + ( d+h) -;---~1:.,__-:--:~-=-:-~:-:----:-~:-:-~ 

(a-ri)•sinh(bSd
1

)+b•cosh(bSd 1 ) 
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The terms which are multiplied by (d+h) are flux densities 

which are obtained from the same situation used to calculate R 

and T as indicated above. 

Second layer: flux densities I' <x>. I' <x> and J' <x>: c . 

I' (x') 
c 

I' (x') 

J' (x') 

i' (x') 
c 

I oO-r )e -~( a+l )Sd 1 
ce • e 

-~(a'+l)S'x' 

i ' (x ' ) + ( c+g) 
a' •sinh(b'S'(d -x'))+~' •cosh(b'S'(d -x')) 

2 2 
a' •sinh(b'S'd )+b' •cosh(b'S'd ) 

' 2 2 

sinh(b'S'(d
2
-x')) 

= j' (x') +(c+g) 
a' •sinh(b'S'd )+b' •cosh(b'S'd ) 

2 2 


