MEASUREMENT AND MODELLING OF THE
OPTICAL PROPERTIES OF HUMAN TISSUE IN
THE
NEAR INFRARED

Pieter van der Zee

Thesis submitted for the degree of
Doctor of Philosphv (Ph.D.) of the University of London

Department of Medical Physics and Bioengineering,
University College London

December, 1992

ProQuest Number: 10055404

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest.
ProQuest 10055404
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

/ would like to dedicate this work to
my father, Jacob, who would so
much have liked to have seen its
completion.

Acknowledgements

I would like to thank everybody who made it possible for me to produce this
thesis. First of all I would like to thank Anna for putting up with this eternal thesis
writing for such a long time, for the many fruitful discussions about the work, and also
for her help in producing some of the figures and doing a lot of proof reading. I would
also like to thank my supervisor, David Delpy for all his many suggestions, and for
patiently going through all the various drafts. With Matthias Essenpreis I have enjoyed
many exchanges of ideas and useful discussions, something I greatly appreciated. He
also helped me with some of the figures and has brought back many a reference from
the Science Reference library.
This work would not have been possible without the financial support from
Hamamatsu Photonics Ltd, who provided the financial support for my PhD work, and
also kindly gave us the use of a streak camera for the time resolved work. The
Wellcome Foundation provided the necessary funding for the laser system and the CCD
spectrometer system.

Abstract

There is an increasing interest in the use of optical methods in medicine. Areas
of interest are optical methods for patient monitoring, screening, photodynamic therapy
and laser surgery. The main area of clinical application for the work described in this
thesis lies in the monitoring of metabolism in the brain using optical spectroscopy, and
the localisation of areas of metabolic deficiency.
The objective of this study was firstly to determine the optical properties of brain
tissue that govern the transport of light through tissue and secondly to develop a model
for light transport in tissue that makes it possible to predict various parameters of
clinical interest. These parameters arc the effective optical pathlength for light
transmitted through tissue, needed for the purpose of quantative spectroscopy, and the
light distribution in tissue produced by an external light source in order to determine the
deposited dose and for the study of imaging through tissue.
To this end, a number of instruments have been designed and developed to
measure the absoiption and scattering properties of brain tissue as a function of
wavelength. The effect of gestation on these properties is investigated. To study light
transport in tissue, a Monte Carlo model has been developed. This model gives a full
3-D simulation of light transport, and takes into account specular reflection and
refraction at the tissue boundaries. Objects of differing absoiption and scattering
properties and of arbitrary shape can be included. To validate the model, predictions
have been tested against reliable analytical data. A number of applications of the model,
together with results from experiments are presented.
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Chapter 1

Introduction

1

Aims and objectives

In the Medical Physics department of University College London (UCL) there
has always been a close collaboration with the neonatal unit of University College
Hospital (UCH) in the field of intensive care monitoring.

1.1

Clinical problems in neonatal intensive care

Some of the complications that are encountered in neonatal intensive care» in
particular with the preterm infant, are the following:
Firstly, there is the problem of poorly functioning lungs, largely due to the lack of
surfactant. This leads to insufficient oxygenation of blood and hence the tissues
(Reynolds, 1975). This is less of a problem nowadays because of improved oxygen
monitoring and ventilation techniques, and the development of artificial surfactant
(Horbar, 1990).
Secondly, a ficquently occurring problem in premature babies is a persistence of the
shunt between pulmonary artery and vein (patent ductus arteriosus), which even with
normally functioning lungs can lead to oxygen shortage (Cooke, 1979).
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Thirdly, during a traumatic birth a shortage of oxygen supply to the brain, caused by
asphyxia or ischemia, can lead to injury to all or part of the brain. This leads eventually,
after a delay of 24-48 hours, to cell death (Azzopardi, 1989). One of the major clinical
interests at UCH is to detect this cerebral injury at an early stage in the hope that by
intervening with appropriate therapy during the delay period, the processes responsible
for the irreversible damage can be halted.
Lastly, the brain may be damaged due to other reasons, for instance a major
haemorrhage or a metabolic defect. Early detection of this sort of defect is important for
a prognosis for the infant concerned.
The brain is the most important organ in the body and at the same time the most
vulnerable to shortages in oxygen supply. It is therefore of great importance to be able
to monitor brain oxygen metabolism and to detect any abnormality in the brain at an
early stage. Various techniques are available with which to image or monitor the brain.
Existing imaging techniques are CT (Computed Tomography) scanning, PET (Positron
Emission Tomography) scanning, MR! (Magnetic Resonance Imaging) and ultrasound
imaging. Of these techniques only PET scanning can give information on tissue
metabolism. PET and CT both have the disadvantage of using ionising radiation. With
the exception of ultrasound imaging, all these imaging methods require bulky machinery
which precludes their use at the bed side, and they are also very expensive.
Methods used to monitor function and metabolism include Xenon clearance to
monitor blood flow. This method again uses ionising radiation and is not suitable for
routine repeated use. MRS (Magnetic Resonance Spectroscopy) is a good tool for
looking at tissue metabolism, but again has the disadvantage that the patient has to be
taken to the machine and that it is very expensive. In the United Kingdom, PET and
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Xenon clearance studies arc not ethically approved for use on neonates.

1.2

Background to optical work in Medical Physics

In the past a lot of work had been done on the development of blood gas
monitoring techniques. These have included both invasive methods, for instance catheter
tipped

O2

electrodes

(Soutter, 1975),

non-invasive

monitoring,

for

example

transcutaneous OJCO 2 sensors (Parker, 1979) and mass spectrometer based sensors
(Delpy and Parker, 1979). In recent years, in the field of intensive care monitoring there
has been an increasing trend towards optical monitoring techniques (Rea, 1985).
In 1977 Frans Jôbsis described a method for optically monitoring the oxygenation
and metabolism in the cat brain using transillumination of the head at different
wavelengths in the near infrared (Jôbsis, 1977). Based on this idea, it was decided in
1982 to develop an equivalent optical system for the long term monitoring of brain
oxygenatiom of neonates. This resulted in a clinical instrument (Cope and Delpy, 1988)
which is presently being used to monitor brain haemoglobin saturation, blood volume
(Wyatt, 1990) and blood flow (Edwards, 1990). Since this monitoring system had shown
that it was possible to transmit detectable levels of NIR light through an infants head,
research wais also started into the possibility of imaging through the neonatal head using
NIR light. I f this were possible then by obtaining data at several wavelengths, it would
be possible to image the distribution of blood oxygenation as well as features like a
localised haiemorrhage in the brain.
Durimg the course of the above mentioned spectroscopy and imaging work it was
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increasingly found that there was a lack of understanding of the basic physics of light
transport in tissue, as well as a shortage of accurate data on the optical properties of
tissue. For this reason it was very difficult to interpret the data obtained with the above
mentioned spectroscopy system. Some of the problems which arose in the interpretation
of these measurements were the following:
1) A lack of data on the volume of tissue illuminated and from which spectroscopic data
is derived. In other words: from which part of the brain does the received signal
originate, and how does this vary with the geometry of the light source and the detector
on the head?
2) Given that light undergoes considerable scattering in brain tissue, what is the effective
path length that can be attributed to the received light? This data is needed in order to
relate the measured changes in attenuation to changes in the true tissue absorption, thus
enabling the determination of changes in the concentrations of the tissue chromophores.
In the work that was starting on optical imaging similar problems were
encountered:
1) At first the degree of light scattering was underestimated, ie it was thought that a
measurable amount of unscattered light would be detected. Imaging attempts based on
this assumption proved unsuccessful, so clearly the initial assumption about the degree
of scattering was wrong, but by how much?
2) Given a knowledge of the optical properties of the tissues involved, what would be
the image quality that one might expect to achieve with a particular imaging system?
For the evaluation and testing of possible spectroscopy and imaging systems, it
was also essential to have a scattering and absorbing medium that mimics the optical
properties of brain tissue in a stable and predictable manner. All of the above required
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a knowledge of the optical properties of the various tissues in the brain.

1.3

Aims

The work described in this thesis was aimed at finding answers to the problems
and questions previously outlined. It has involved the following steps:
1) Finding a suitable model for light transport in tissue to predict light distributions in
tissues.
2) The development of methods to accurately determine the optical properties of brain
tissue, and using these methods to measure these properties from a representative range
of tissue samples.
3) Use the model for light transport together with the data on the optical properties of
brain to make predictions about a number of imaging and spectroscopy problems.
Although the aims stated above mainly refer to the neonatal brain spectroscopy and the
imaging work in UCH/UCL, much of the work described in this thesis can also be
applied to other optical techniques in medicine.

2

Synopsis

A brief review of some of the optical methods and techniques used in medicine
is given in chapter 2, with no attempt at completeness. Chapter 3 will describe some of
the basic parameters required to describe absoiption and scattering processes. A brief
description of the anatomy of the brain and some information on the sources of
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scattering and absorption in tissue are given in chapter 4, together with a summary of
the data on the optical properties of various tissues published by other workers. In
chapter 5 a description is given of the various models that are in use to describe light
transport in a scattering and absorbing medium, together with some numerical techniques
that are employed to obtain results for those cases where an exact analytical solution is
not available. A description of the theory behind the Monte Carlo technique is presented
in chapter 6, while in chapter 7 the design of a suitable Monte Carlo model for light
transport in tissue is given, together with a verification of the model. In chapter 8 the
method used for the measurement of the single scattering phase function is presented
together with results obtained on a range of tissues. In chapter 9 results are given for
the measured scattering and absorption coefficients of white and grey matter in brain
tissue for a number of different species. In chapter 10 a number of other applications
of the Monte Carlo model, relating to the problems of imaging, in vivo determination
of optical parameters and the problem of optical pathlength, are presented. Finally, a
summary and conclusions are presented in chapter 11.

3

Conventions used in this work

In this section the conventions used for various entities are outlined. First of all
the mathematical notation employed:
A scalar variable is in general denoted by an italiccharacter :

r, L

A vector is denoted by a bold italic character :

r, F

A vector of unit length is indicated by the addition of ahat :

f

For matrices use is made of a capital letter :

A

22
New terms, when introduced for the first time will be printed in italics.
The units used throughout this thesis are as much as possible SI units. Wavelengths are
expressed in nm, microscopic sizes are expressed in pm and macroscopic sizes in mm
or m. For the temperature ®C will be used. The absorption coefficient p, and the
scattering coefficient p, will always be expressed in units of mm‘* on a log-e base.
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Chapter 2

Optical methods in medicine

1

Introduction

There is an ever increasing use of optical techniques and methods in medicine.
An important advantage these have over other techniques is the fact that the radiation
used is in general non-harmful, with UV radiation being an exception. Also, optical
methods can often be non-invasive, easier to use and cheaper to implement. Finally, they
offer possibilities that can not be achieved with other techniques, eg spectroscopy.
In this chapter a brief overview will be given of some of the optical methods
which are in use in medicine today, both in clinical practice and in medical research,
with a brief mention of the first instances of their application to the field of medicine.
This field has become so broad that any attempt at completeness would necessarily have
to result in the writing of several complete books.

2

General

The use of light in medicine dates back a long time. The first mention of a form
of phototherapy dates back to 3000 B.C. when in India, Egypt and China, plant extracts
containing psoralens were used to darken areas of skin of patients suffering from
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leucoderma or vitiligo, by applying the extract to the skin and subsequently exposing
the skin to sunlight (Fitzpatrick and Pathak, 1959). A similar use is described around
1400 B.C. in the sacred book Athara Veda using the plant Bavachee, or psoralen
corylifolia, to bring back the colour to de-pigmented skin areas (Whitney, 1905). Some
experimental studies were carried out by physicians as early as the eighteenth century
(Spikes, 1985).
From about 1900 onwards and particularly in the last 30 years the use of optical
techniques in medicine has increased greatly due to the availability of new technologies.
In particular the development of the LASER (Light Amplification by Stimulated
Emission of Radiation), which can provide highly collimated light beams with high
output powers and well defined spectral properties, led to a large increase in the number
of clinical applications. The first laser system was developed by T.H. Maiman in 1960.
This system was a Ruby laser pumped by a gas discharge flash lamp, producing laser
pulses at 694.3 nm (Maiman, 1960). The Ruby laser was quickly followed by the first
gas laser, the Helium Neon laser, which appeared in 1961 and which produces a number
of lines at 543.5, 632.8 nm and at 1.523 and 3.39 pm (Javan, 1961). The NeodymiumYAG (Yttrium Aluminium Garnet) laser, operating at 1064 nm and frequency doubled
at 532 nm, appeared on the scene in 1964 (Geusic, 1964) as did the first ion laser: the
Argon laser (Bridges, 1964) with main lines at 488 and 514.5 nm. The first molecular
laser to be reported was the CO2 laser with an emission at 10.6 pm (Patel, 1964). The
first tunable dye laser was reported in 1966 by Sorokin (Sorokin, 1966). The above laser
systems rapidly found their way into medicine. Other important technical advances were
the development of optical fibres, resulting in the endoscope and fibre optic light
delivery systems, and recently the emergence of semiconductor optical devices.
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Examples of the latter arc LED’s (Light Emitting Diodes) which typically produce light
over a bandwidth of about 30-50 nm at wavelengths varying from blue to near infrared;
laser diodes, with output powers up to several watts and a wavelength range of
670-1500 nm; low noise photo diodes for various wavelength ranges and CCD (Charge
Coupled Devices) low light level detection systems.
For the remainder of this discussion the optical methods used in medicine will
be broadly subdivided into two areas: on the one hand those that arc used for the
purposes of diagnosis and patient monitoring, and on the other hand those that arc used
for patient treatment Because the main area of interest in this thesis is in the former,
this area will be dealt with more extensively.

3

Techniques for diagnosis and patient monitoring

Visual inspection of a patient is of course a standard part of the assessment of
patient well being. This could be regarded as the crudest form of optical monitoring.
However, by using suitable light sources and detectors, additional information about the
state of the patient can be gained, and in a more objective manner. The following are
some examples of these techniques.

3.1

Tissue spectroscopy

There arc several chromophorcs in the human body that exhibit a distinct
absorption spectrum for visible and near infrared light. This spectrum can be dependant
upon the state of the chromophore in question, for instance in the case of haemoglobin, -

27
myoglobin and the cytochrome enzymes the absorption spectrum shows significant
differences between the oxygenated and de-oxygenated forms. Therefore information can
be gleaned not only about the concentration of these chromophores, but also about their
oxygenation or redox state. This in turn provides information about the metabolic state
and activity of the organ or part of the body under examination.
In research in physiology, spectroscopic techniques were already used in the last
century. D. Keilin mentions in his paper on cytochrome (Keilin, 1925) work by
MacMunn between 1884 and 1886, who reported on a respiratory pigment with four
absorption bands between 500-600 nm in its reduced form, but no absorption bands
when oxidised. MacMunn called this pigment myohaematin, and claimed it to be
different from haemoglobin. His contemporaries unfortunately did not agree with his
conclusions. Keilin followed up the work of MacMunn and named the pigment
cytochrome. He found it to be common to animals, yeast and higher plants.
Millikan measured muscle myoglobin in vivo in cat muscle for the instantaneous
determination of muscle metabolism (Millikan, 1937). He described his method as
’photoelectric*, using a two colour photocell measuring instrument This can be seen as
he precursor to oximetry in clinical use.

3.1.1

Oximetry

The spectrophotometric analyses of haemoglobin Oj saturation dates back to 1932
(Nicolai, 1932). The technique applies both to the in vivo and the in vitro determination
of oxygen saturation. Millikan developed the ’photoelectric* instrument mentioned above
into a device for the continuous measurement of haemoglobin saturation in arterial blood
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in man (Millikan, 1942). He called his instrument an ’oximeter*, and it measured the
haemoglobin oxygen saturation of arterial blood in the ear. Since then the oximeter has
undergone a steady development and is now routinely used in the hospital. Prior to the
development of the pulse oximeter (see below) a sort of ’gold standard’ was set by an
ear oximeter developed by Robert Shaw in the late sixties and subsequently marketed
by Hewlett Packard, which employed measurements at eight different wavelengths
(Merrick, 1975). The instrument was self calibrating and gave very accurate arterial
saturation readings (±2% SD). More recently, it was found that tissues are sufficiently
transparent to light in the near infrared (NIR) region between 700 and 1300 nm to
enable the measurement of the average blood and tissue oxygenation and the redox state
of cytochrome aa^ through intact organs like the brain (Jobsis, 1977). This has resulted
in the development of a number of clinical instruments to monitor the oxygenation state
of the human brain (Giannini, 1982; Rea, 1985; Cope and Delpy, 1988) and muscle
(Hampson and Piantadosi, 1988; Cheatle 1991). At present these NIR instruments are
mainly used for research, but commercial versions are currently being evaluated in
clinical trials. Recently it has been shown that with these instruments it is possible to
measure absolute blood volume (Wyatt, 1990) and blood flow (Edwards, 1990) in the
tissues.
The instruments discussed above determine the haemoglobin oxygen saturation
from a steady state measurement over periods longer than the period of the heart beat.
The pulse oximeter, developed in the 1970’s (Nakajima, 1975), is an instrument that
actually makes use of the variation in light absolution that occurs with each heart beat.
In a pulse oximeter the transmission of light through tissue (in most cases the tinger)
is measured to detect the small pulsatile variation with each heart beat. This signal arises
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from the change in volume of the arterial blood vessels in the tissue, so saturation
calculated from the spectral characteristics of the pulsatile component reflect only the
arterial haemoglobin saturation independent of light absoiption by static tissue
chromophores. Most pulse oximeters not only measure the saturation, but as a by
product also calculate and display the heart rate. Presently they are widely used in
anaesthesia and intensive care.

3.1.2

Photo Plethysmography

Plethysmography techniques are used in the study of vascular disorders. In
conventional plethysmography, changes in blood volume in a limb or a finger are
determined from a measurement of the change in circumference of that part of the body
using for instance a strain gauge. Its use combined with a venous occlusion cuff allows
for the determination of absolute blood flow. Photo plethysmography aims to do the
same thing by measuring changes in the transmitted or reflected light across that same
part of the body. Measurements on the finger performed with the photo plethysmograph
have been shown to correlate well with strain gauge plethysmograph measurements of
blood flow (de Trafford and Lafferty, 1984). By looking at the pulsatile component in
the plethysmograph signal that occurs with the same frequency as the heart beat,
information is obtained about the arterial blood volume pulses (Weinman, 1977).
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3.2

Fluorescence measurements

Strictly speaking fluorescence methods are part of spectroscopy, but the medical
applications mentioned below differ sufficiently from the spectroscopic ones described
previously to merit a separate explanation. In fluorescence measurements, a suitable
chemical compound is brought to an excited state by irradiation with light of a suitable
wavelength. Subsequently, after a delay governed by the fluorescence lifetime, this
compound decays back to its ground state, emitting light of a longer wavelength than
the one used for excitation. This introduces a certain amount of selectivity in that only
certain compounds fluoresce, and then only if excited at the proper wavelength.

3.2.1

Measurement of 0%concentration

The fluorescence or phosphorescence of certain substances has been found to be
quenched in the presence of oxygen (Kautsky, 1939). In the case of quenching, the
fluorescing or phosphorescing substance decays from its exited to its ground state by
transferring its energy to other molecules instead of through the emission of a photon.
The degree of oxygen quenching in solutions depends on the oxygen concentration, so
that a higher oxygen concentration leads to a lower intensity of the observed
phosphorescence or fluorescence, as well as a shortening of the observed fluorescence
or phosphorescence lifetime. Most commercial systems used to date use the intensity of
the fluorescence to determine the oxygen concentration, because of the practical
problems

encountered

in

measuring

the

very

short

fluorescence

lifetimes
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(Siggaard-Andersen, 1988). However, there are serious practical limitations in the
measurement of the change in fluorescent intensity, since this also changes due to photo
bleaching, gradual removal of the fluorescent substance and absorption of the fluorescent
light by overlying tissues. Therefore the use of life time measurement would be the
preferred option. For life-time measurements, use is made of phosphorescing substances
because of the appreciably longer life times involved (ps versus ns for fluorescence).
The phosphorescence life time can be measured by exciting the phosphorescent
compound with a short pulse of light at the wavelength that leads to the right excited
state, and by measuring the lifetime of the resulting phosphorescence emission, (van der
Kooi and Wilson, 1986; van der Kooi, 1987). With the use of suitable imaging
techniques, the oxygen distribution in tissue can be imaged. This technique has been
used in some animal work (Rumsey, 1988; Wilson, 1989).

3.3

Laser doppler

The possibility of using laser doppler flow measuring techniques was suggested
by Morikawa and Stem (Morikawa, 1971; Stem, 1975), and has been used clinically
since about 1980 (Nilsson, 1980). It permits the real time monitoring of the
micro-circulation in the skin and exposed tissues, and has been used for monitoring of
the micro circulation in flelds such as dermatology (Holloway, 1980; Saumet, 1988) and
ophthalmology (Riva, 1983). The technique is based on the doppler shift of light
scattered by moving red blood cells. It assumes that the tissue surrounding the blood
cells is static, so that the light scattering caused by the tissue does not contribute to the
doppler shifted signal. The light source used for this needs to have a sufficiently long
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coherence length to get a measurable beat-spectrum and therefore requires the use of a
laser. Both the frequency shifted and the non-frequency shifted scattered light are
detected by a photodetector, where they mix to produce low-frequency beat terms. The
result is a complex spectrum consisting of terms due to beating between the unshifted
and the shifted frequency components (heterodyne mixing), and components due to
beating between the frequency shifted components (homodyne mixing). The resulting
beat term spectrum is a function of the number of red blood cells and their velocity
distribution. There is no easy way to infer the true red blood cell velocity distribution
from the doppler spectrum, since the doppler spectrum consists of terms arising from
both single and multiple scattering from moving blood cells, and both homodyne and
heterodyne components. However, it has been shown (Bonner and Nossal, 1981) that the
single scattering autocorrelation function for the time varying signal should have a
Lorenztian shape and that from multiple scattering a Gaussian shape. The power
spectrum can be obtained by taking the Fourier Transform of the autocorrelation
function. One commercially available instrument analyses the spectrum for the
percentage of each component (TSI Ltd.). Another problem with the technique is that
the distribution of the velocities of red blood cells cannot be equated to absolute blood
flow values, since this also depends on the cross sectional area of the blood vessels and
the angle between the photon and the red blood cell. The technique also suffers from a
relatively large sensitivity to movement artifacts. Despite all this, it is an extremely easy
instrument to use and it does provide some 'index of blood flow*, and hence enjoys
considerable popularity.
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3.4

Optical imaging

Over the years various optical techniques have been developed to visualise the
inner structure, metabolism or temperature in various organs, as an alternative to more
invasive procedures like surgery or more potentially harmful techniques like the use of
X-rays.

3.4.1

Transillumination

When sending light through biological tissue the emerging light will contain
some information about the structure and the absorption and scattering characteristics
of the intervening tissues. Techniques using this will be given the name
*transillumination* methods. One of the older applications of this technique is that of
diaphanography. As early as 1929, Guttler described attempts to use optical techniques
for imaging through tissue, in this case transillumination of the breast for the early
diagnosis of breast cancer (Guttler, 1929). Originally, the light transmitted through the
breast was viewed by the naked eye, a difficult and tedious procedure giving low
sensitivity. This was later replaced by infrared photography (Jones, 1970). This
technique only became more widely accepted with the arrival of video-imaging, using
an infrared vidicon camera with real time display of the image (Jones, 1977). Little was
known however about the mechanisms responsible for the formation of an image in
tissue, and this was reflected in the rather straightforward and simple approach to the
design of the imaging system. Navarro and Profio reported on a more thorough
approach, based on the study of light transport in tissue (Navarro and Profio, 1988).
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Most diaphanography systems used to employ a broad beam for illumination, with no
spatial discrimination on the detector side, but recently mention has been made in the
literature of the development (Kaneko, 1988) and use of a laser transmission photo
scanning system (He, 1990). The main problem in the application of transillumination
for the detection of breast cancer lies in its inability to detect smaller deep lying lesions.
X-ray mammography is therefore still the prefeired option.
The first clinical report on the use of transillumination of the brain was in 1957
(Levin, 1957). Here the transparency of a neonates head to light from a white light
source, as observed with the naked eye, was used to detect hydroanencephaly. Swick et
al later described a standard measurement technique together with normal values for
transillumination (Swick, 1976). Donn et al showed that absence of light transmission
between the frontal eminence and anterior fontanelle, as detected by a cadmium sulphide
detector, using a white light source, could be linked to intracranial haemorrhage
(Donn, 1979). The objective of these early attempts at imaging the brain was more to
arrive at some bulk properties of the brain rather than real imaging.
The first work on the imaging of neonatal brain was reported in 1986
(Arridge, 1986). Here a collimated broad beam was used to transilluminate an infants
head, together with a collimating detector coupled to an image intensified SIT camera.
This method provided some form of discrimination against scattered light. An
improvement in contrast for objects placed in milk phantoms could be shown for this
system. The degree of scattering in the brain however was such that no discernable
information could be obtained with this method. Jarry et al reported on results obtained
with a narrow collimated beam/detector linear scanning system. When used for imaging
through dog kidney and the dog thoracic wall, metallic objects close to the source or
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detector side could be imaged, but could not be resolved deeper inside the tissue
(Jarry, 1984; Kaneko, 1984). More recently, Jackson et al reported on the development
of a computed transilluminated tomography system (Jackson, 1987). The system
described uses a narrow collimated white light source together with a collimated detector
arranged coaxially. Linear translation and rotation are used to scan the object of interest.
Image reconstruction is performed using a standard CT filtered back projection
algorithm. Results with this system were presented for a phantom consisting of wax,
with opaque test objects inserted. Resolution of the objects was again strongly dependent
on their position relative to the surface of the medium. No clinical results have as yet
been reported with this system.
A major problem with the previously mentioned imaging systems is the high
degree of scattering of light in tissues. Optical imaging systems which assume an
attenuation of the light along a straight path, as in a collimated beam imaging system,
a linear scanning system or a CT type scanning system can therefore not be expected
to give very good results. To obtain a better image quality, more information is needed
about the actual path followed by the light in the tissue. This information can be
provided by the measurement of the time of flight of light, using a fast pulsed light
source and a time resolving detector. The measured time of flight relates directly to the
length of the light path followed through the tissue. The reconstruction of an image from
the measured distribution of the exiting scattered light together with its time of flight
infoimadon requires a sophisticated algorithm which has yet to be devised. However,
the effect of using a time gated detector as a means of discriminating against pathlength
has been modelled and shown to lead to an improvement in image resolution, but at the
expense of detected intensity (Maarek and Jarry, 1984; Hebden, 1990). Because of the
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high degree of scattering in tissue, the type of resolution attainable with an optical
system is necessarily less than that obtainable with X-ray CT or MR imaging. However,
even the broad localisation of a brain haemorrhage or local ischemia would be clinically
very useful. A spatial resolution of the order of 1 cm would therefore be adequate. Work
on optical imaging systems is therefore still in progress (Arridge, 1991; Hebden, 1991;
Singer, 1990; Chance, 1991), but as yet no usable clinical instrument is available.

3.4.2

Thermal Imaging (Thermography)

Early work (Hardy, 1936; Hardy, 1939) into the detection of the radiation of heat
from the human body led to the conclusion that for practical purposes, in the infrared
region the body acts as a black body radiator. Therefore a measurement of the body
radiation in the infrared, the millimetre or the centimetre region can be used as a way
of measuring the absolute body temperature. By using a camera which is sensitive in the
infrared region of the optical spectrum, an image can be obtained of the body surface
temperature. At infrared wavelengths the image relates to the superficial skin
temperature. Use of longer wavelengths in the millimetre and centimetre regions makes
it possible to directly measure subcutaneous temperatures (Edrich, 1980). Thermography
has been used clinically since about 1970. Areas of application of thermography are: i)
identification of vascular disorders, such as Raynauds disease ii) identification of
functional impairment of underlying organs or glands, for instance in scrotal varicocele
iii) screening and prognosis for tumours iv) monitoring of the effects of various
therapies such as radiotherapy, hyperthermia, surgery and hormone or drug treatment v)
chronic or acute trauma like bums and frostbite vi) assessment of rheumatic diseases
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(Jones, 1986).

3.43

Endoscopy

A great advance in non-invasive diagnosis and, to a more limited extent, in
treatment has been achieved with the introduction of the clinical endoscope. The
endoscope is a tube-like device which can be inserted into the body. It can either be
flexible or rigid. For a review see (Bown, 1990a). For imaging purposes this device
contains an image maintaining flexible optical Bbre bundle which makes it possible to
obtain images of organs inside the body. Extra fibres can be present for illumination or
laser treatment purposes using lasers such as the Ar, Kr and Nd-YAG. Until recently
there were no suitable fibres with a sufficiently high transmission at the COj laser
wavelength of 10.6 pm. Fibres doped with halides however have now emerged with
reasonable transmission at this wavelength (Artjushenco, 1991). Often there is also
provision for other devices to be inserted into the endoscope, such as tubes for suction
devices (Swain and Mills, 1986). The main clinical areas of application of the endoscope
are in i) gastroenterology (Bown, 1990b), for diagnosis and treatment of stomach ulcers
and haemorrhages, treatment of gastric tumours (Swain, 1984), ii) chest medicine, where
the main use is in the diagnosis of malignant disease and in palliative treatment (Landa,
1978), iii) the urogenital tract and iv) in gynaecology (Goldrath and Fuller, 1983).
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4

Optical techniques for treatment

Increasingly over the last 20 years a large number of different optical techniques
have been devised for the treatment of various ailments.

4.1

Skin treatment

As seen in the introduction, from very early times attempts were made to treat
skin disorders with for instance sun light. Considerable interest existed in determining
the optical properties of the skin, with a view to understanding the function of the skin
in protecting the body against excessive radiation from the sun as well as in establishing
the most effective wavelengths to use for the treatment of certain skin disorders
(Bachem and Reed, 1930; Jacques, 1955a; Jacques, 1955b; Hardy, 1956).

4.1.1

Phototherapy

In phototherapy, use is made of the photochemical effect of light alone. Niels
Finsen found in 1901 that ultraviolet light from sunlight and other sources could be used
to successfully treat lupus vulgaris, a form of skin tuberculosis (Finsen, 1901). The
frequently occurring clinical problem of neonatal jaundice has been treated routinely for
the past 30 years by irradiating the neonatal infant with visible blue light, which breaks
down the excess bilirubin through photo oxidation. The most efficient wavelength for
this is 450 nm. Recently it has been suggested that a more suitable wavelength is green
(Eidelman and Schimmel, 1988).
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4.1.2

Port wine stain treatment

Port wine stains are red discolourations of the skin caused by enlarged blood
vessels in the superficial dermis. At first they were treated by irradiating the stains with
Ruby lasers, thereby coagulating the blood vessels (Solomon, 1968). Since the mid
seventies they are more commonly treated with Argon lasers operating at about 500 nm
(van Gemert, 1982). More recently, research is taking place into methods that are more
selective in removing the unwanted enlarged blood vessels without undue damage to the
surrounding tissue. One improvement is the use of a wavelength which coincides with
an absorption peak of haemoglobin, either at 415, 540 or 577 nm, together with the use
of a pulsed light source with a pulse duration of about 1.5 ms for the 540 and 577 nm
wavelengths in order to reduce the effect of heat conduction (van Gemert and
Welch, 1989). Another suggested improvement is the cooling of the skin surface during
treatment to minimise coagulation of the surface tissues (van Gemert, 1986).

4.2

Photodynamic Therapy (PDT)

The basic concept of photodynamic therapy consists of the administration of a
photosensitizing drug which is preferentially absorbed by tumours, after which the
tumours are irradiated with visible light of a suitable wavelength. As stated in the
general section of this chapter, the idea dates back as far as 3000 BC. The first attempt
reported in the scientific literature was in 1903 when topically applied eosin and sunlight
were used to treat skin cancers (von Tappenheimer and Jesionek, 1903). It was however
only towards the end of the 1970’s that photodynamic therapy started to be used
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clinically in a serious way. This is attributed to the emergence of better light delivery
systems and the discovery of a moderately effective photosensitizing drug:
Haematoporphyrin Derivative (HPD). This drug was developed by Lipson and Baides
(Lipson and Baldes, 1960). The dmg is normally photo activated with light of a
wavelength of approximately 630 nm, where HPD has a local absorption maximum, and
which is outside the high haemoglobin absorption bands below 600 nm. The first report
of a clinical application of PDT using HPD was by Kelly and Snell, who treated a
patient with bladder cancer (Kelly and Snell, 1976). The technique is now widely used
on a large variety of tumour types (Wilson and Patterson, 1986). Light sources used are
filtered lamp sources for some of the more easily accessible tumours, while lasers
operating in the 630 nm range are used in situations where more concentrated higher
powers are needed or where the light has to be coupled efficiently into an optical fibre.
In the United States PDT is currently seeking FDA approval, and if this is granted, it
is expected to be used in the treatment of colonic cancer and lung cancer.
Some of the chemicals used in photodynamic therapy, like HPD, fluoresce when
excited at the right violet or UV wavelength (Doiron, 1979). If these chemicals, when
injected into the patient, preferentially end up in a tumour, then this tumour can be
localised by determining the position of the fluorescence. This technique is now used
in the localisation of tumours, and has been built into a cancer treatment system
(Hirano, 1989).
There still remain many problems to be solved in photodynamic therapy. One
problem is the low specificity of HPD for tumoiu*s, with the exception of the brain.
Another problem is that the technique is not very effective on large tumours, due to the
limited penetration depth of the light. Research is therefore currently taking place to find
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alternative photosensitizing drugs, for example phthalocyanines, chlorins, purpurins and
b e n z o p o rp h y rin s

(S andem an, 1987;

B a rr, 1988;

W ein tr a u b , 1988;

Andersson-Engels, 1989). A lot of work also still needs to be done on suitable light
delivery systems.

4.3

Laser surgery

The use of heat treatment as a means to stop bleeding or to treat tumours is
ancient. The use of heat treatment (cauterisation) was first described in ancient medical
literature in the Edwin Smith Papyrus, dating back to around 3(XX)-25(X) B.C., where it
was used for the treatment of breast tumours (Breasted, 1930). The emergence of high
power lasers of suitable wavelengths has made it possible to use these systems for heat
treatment and laser surgery. The advantage of the use of light as a heat source as
opposed to the use of a hot object is that the temperature distribution can be more
accurately controlled, since the resulting temperature distribution in the tissue does not
depend solely on heat conduction, but also to a large extent on the light distribution in
the tissue. Also, by using fibre optic coupling it is possible to reach otherwise
inaccessible places. Depending on the applied power density, the duration and mode of
exposure, the wavelength and the type of tissue, one or more of the following processes
can take place when a tissue is irradiated by a powerful light beam (Mckenzie, 1990).
If the tissue is raised in temperature to 42-50

for an extended period, then tissue

necrosis occurs, killing the cells. This is called hyperthermia. When the tissue
temperature exceeds a threshold temperature of 60-70 ®C coagulation takes place. In
coagulation, the tissue proteins denature, accompanied by a shrinking of the tissue due
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to collagen dénaturation. This shrinking can serve to stop the bleeding of small vessels.
The coagulated tissue tends to have a significantly increased scattering coefficient»
thereby altering the light distribution (Halldorsson, 1981; Essenpreis» 1990). If the
temperature gets sufficiently high for boiling (100 °C) steam will form, thereby
rupturing the cells. This results in the formation of a zone of vaculated tissue, which
when viewed under the microscope has a sponge like appearance due to the formation
of steam bubbles. When heating occurs rapidly the result is ablation^ where the tissue
gets vaporised or physically ejected due to the force of the steam formation.
Temperatures between 300 and 400 ®C will lead to tissue carbonization, giving rise to
a large increase in absorption. When the temperature exceeds 530 °C combustion of the
tissue takes place.

4.3.1

Tissue incision

Most surgical knife laser systems use a COj laser. This laser operates at 10.6 pm,
and is capable of producing considerable power in both (ZW (Continuous Wave) and
pulsed mode. Because the absorption coefficient of tissue is very high at this
wavelength, about 60 mm * for tissue with a 70% water content, the CO; laser can make
relatively 'clean* incisions with little coagulation damage. This is because the heat gets
absorbed in a very small volume, with heat conduction playing only a minor role due
to the relatively short exposure times required. It was found that the incision produced
by the 00% laser resulted from the vaporisation of tissue water (Hall, 1971). Recently
optical fibres and hollow waveguides have been developed with a sufficiently high
transmission at 10.6 pm for the CO; laser (Artjushenco, 1991). The Nd-YAG laser at
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1.06 |im is also widely used in laser surgery. It’s advantage over the CO2 laser is that
it’s light output can be guided more readily through an optical fibre to the site of
interest, such as the bladder or stomach. It also produces bloodless incisions because
light penetration into the surrounding tissue results in heating which causes the ends of
the cut blood vessels to contract. Nd-YAG lasers have also been used for the repair of
small blood vessels (Jain and Gorisch, 1979). Some workers have added a contact probe
to the end of the fibre, where thermal contact between the tip and the tissue is
responsible for the energy transfer (Ioffe, 1986). A recent development is the use of
different lasers and wavelengths, such as the excimer laser at UV wavelengths
(Murphy-Chutorian, 1986), the Nd-YAG laser at 1.32 pm, the Holmium-Y AG laser at
2.1 pm and the Erbium-YAG at 2.9 pm. Research is also taking place into the use of
high power pulsed lasers to produce cuts with minimum damage to the underlying tissue
(Esterowitz, 1986; Deckelbaum, 1986).

4.3.2

Cancer treatment

When lasers are used in cancer treatment the aim is to either kill the tumour cells
or to remove the tumour all together. Many of the methods used in laser tissue incision
are also used to remove tumours. Lesions can be ablated, coagulated or killed off by
hyperthermia (Steger, 1989). Some forms of cancer treatment have already been
mentioned under the headings of endoscopy and PDT. Other applications of the laser in
cancer treatment are in the fields of neurosurgery (Chen Gong-Bai, 1981), urology
(Staehler, 1980) and otolaryngology (Strong and Jako, 1972).
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4,33

Ophthalmology

The use of photo-coagulation of part of the retina to treat various retinal
disorders was first reported by Meyer-Swickerath using sunlight as a light source
(Meyer-Swickerath, 1949). He later replaced his light source with a Xenon arc lamp.
With the advent of lasers these original light sources were replaced by Argon, Krypton
and Nd-YAG lasers (Carruth and McKenzie, 1986). Lasers are currently used on a large
scale for the treatment of a great variety of eye diseases and defects. Most recently, the
UV Eximer laser is being used in both microsurgery and shaping of the cornea
(Lantukh, 1988).

4.3.4

Laser angioplasty

Arteriosclerotic disease is a major cause of death in the western world. Therefore
there has been an intense interest in nonsurgical techniques for revascularisation of both
coronary and peripheral vessels. Since the beginning of the 1980’s the removal of
arteriosclerotic plaque and thrombus with the use of laser light has been investigated
(Lee, 1981; Choy, 1982). In this technique an optical fibre is passed through the vessel
up to the occlusion, and the plaque or thrombus is removed by melting or ablation.
Initially Argon lasers were used, followed by experiments with Nd-YAG and CO; lasers.
It has been found that the best results are obtained by using pulsed lasers, with a pulse
length which is shorter than the thermal relaxation time of the plaque (McKenzie, 1990).
The thermal relaxation time,

of a tissue is a measure of the rate at which the heat

produced by a heat source can diffuse into the surrounding tissue. It can roughly be
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determined from the following equation:
X ■

a

(X

-

JËpc

(2.1)

Here L is some characteristic distance for the tissue, for instance in the case of an artery
its diameter, a is the thermal diffusivity of the tissue, B the thermal conductivity, p is
its density and c its specific heat capacity. The constant k depends on the geometry of
the laserbeam and the tissue. Recently, interest has arisen in the use of eximer lasers at
308 and 351 nm (McKenzie, 1990). One of the problems with the use of a laser for
recanalisation is the danger of perforation of the artery. A solution that has recently been
suggested is measurement of the tissue fluorescence which results from the irradiation
with a low power level UV source. Discrimination between plaque and healthy tissue
is thought to be possible due to differences in the fluorescence spectra of plaque and of
healthy tissue. The intensity of the fluorescent light is also an indication of the thickness
of the plaque. Before every application of a high power pulse the remaining plaque
thickness can then be measured (Gmitro, 1988). Another solution which is suggested is
the use of a metal tip at the end of the fibre, where the laser light heats up the tip which
in turn vaporises the plaque (Abela, 1985).

43.5

Laser Lithotripsy

Kidney stones, urinary and salivary stones can be mechanically removed by
fragmenting them using a high power pulsed laser source. Once fragmented, they are
small enough to pass out of the system in a natural way. This is called laser lithotripsy.
The mechanism for the fragmentation seems to be an acoustic shock wave which is
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produced at the surface of the stone by the generation of a plasma. Laser systems used
for this application are pulsed Neodymium YAG lasers or pulsed dye lasers
(Stercnborg, 1990).

4.4

Low Level Laser Therapy

There is an increasing interest in the use of Low Level Laser Therapy (LLLT).
This is defined as treatment at a dose rate which causes no detectable increase in
temperature or macroscopically visible change. Some good review papers on the subject
have been written by Karu and King (Karu, 1987; King, 1989). Proponents of this
technique claim benefits for LLLT such as a speeding up of wound healing and relief
of pain, in for instance arthritis. Many studies to prove or disprove the claimed effects
of LLLT have been published, involving both in vitro studies of cell cultures, in vivo
studies on animals and clinical studies on human subjects. Many of the published results
are claimed to be lacking in proper controls and properly defined experimental
conditions, with different experimenters getting widely different results. Because of this,
and the fact that as yet there is no explanation of the mechanisms involved, this remains
an area of controversy.
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Chapter 3

Light scattering and absorption.

1

Introduction

In this chapter, a brief resume is given of the absorption and the single particle
scattering that take place in the near infrared region in biological tissues. Some terms
and concepts which will be used in later chapters are introduced. Throughout this work
the wavelength will be expressed in units of nm. In a lot of the literature on
spectroscopy use is made of the wavenumber v*, which is defined as the inverse of the
wavelength: v* = lA cm \ In this work only the wavelength X will used.
The interaction of light with tissue in the near infrared region can mainly be
characterised by two phenomena: absorption and scattering. The distinction between
absorption and scattering is not always clear cut. Here absoiption will be understood to
be those processes where the energy of a light photon is taken up by a molecule without
the re-emission of another photon (assuming that one ignores the thermal photons
resulting from the heating caused by the energy absoiption). Scattering is understood to
be those processes where the initial direction of a photon changes due to an interaction
with a scattering object. In this two cases can be distinguished: elastic and inelastic
scattering. In elastic scattering the photons do not change energy in the scattering
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process. For the case of inelastic scattering on the other hand, the energy and hence the
wavelength of the photon changes in the scattering process.

2

Absorption

When a photon of light interacts with a molecule it can raise that molecule to an
excited state. There are a number of mechanisms through which this excited molecule
can decay back to its ground state. It can return to the ground state by emitting a photon
of a different energy as in the case of fluorescence, phosphorescence, Raman and
Brillouin scattering. As stated in the introduction, these phenomena are grouped under
the general heading of in-elastic scattering. The exited atom or molecule can also take
part in a photochemical reaction if the photon has enough energy to change a chemical
bond, however this normally requires wavelengths below -500 nm, which are outside
the near infrared region. Photochemical reactions are of importance in photodynamic
therapy, where a photochemically active substance is injected into the patient
(Doiron 1984; Wilson, 1986). In most cases however, the molecule will return to its
ground state via a radiationless decay, in which the absorbed energy gets converted into
thermal energy through inter-molecular de-excitation processes such as molecular
vibrations and rotations, and extra-molecular de-excitation processes like collisions and
general molecular motion.
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2.1

Absorption mechanisms

. The mechanisms responsible for absorption depend on the particular molecule
and on the wavelength of the exciting light. In biological tissues it is often a particular
group within a molecule that is responsible for the absorption. These groups are Called
chromophores. At wavelengths in the Ultra Violet (UV) range, sometimes extending into
the visible, most of the absorption is due to electronic transitions, in which one of the
electrons in a covalent or ionic bond undergoes a transition to an excited state. These
transitions lead to strong absorption bands in the spectrum. Examples of molecules with
such transitions are: Peptide bonds (for example in Amino Acids) with an absorption in
the far UV (180-3(X) nm); Purine and Pyrimidine bases and their derivatives
(200-350 nm, for example nucleic acids and NADH). In some highly conjugated
systems, spectra can be found in the visible region, for instance in the porphyrin ring
system which is found amongst others in haemoglobin.
Transition metal spectra can occur in molecules with metal complexes containing
for instance copper, iron, nickel or manganese. The intensity and the position of the
absoiption band depends on the metal and its position in the molecule. There are two
types of transition metal spectra. In d -> d transitions, the d-orbitals of the metal
complex are split by the ligand field. Absorption arises from transitions between these
split states, leading to absoiption in the range from UV to 1000 nm. Charge transfer
spectra arise when an electron is removed from one atom and transferred to another.
These transitions mainly occur in the UV to the visible wavelengths, with the exception
of the Fe(in)porphyrin system in the haem group, which has an absorption which
extends to 1000 nm.
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In the infrared, at wavelengths ranging from 1 to 20 ^im, the main mechanism
responsible for absoiption is through excitation of the molecular vibrational states.
Excitations from the ground state to second, third and higher excited states are called
overtones of the molecular vibration spectra, and occur between 600-1200 nm. At yet
longer wavelengths, molecular rotational states are responsible for the absorption. The
latter also lead to considerable broadening of the spectral features of the vibrational
states.
The absorption spectra of all the chromophores depend on the environment they
are in, eg: the particular molecule they are part of, the pH, the temperature and the type
of solvent they are in.

2.2

Absorption theory

This section will concentrate on the bulk absorption properties of tissue.
In a non-scattering homogeneous medium with an absorber present, the loss in intensity
due to absorption as light travels through the medium is given by the Beer Lambert law:
—
where

- exp(-p^d)

is the intensity of the incident light,

(3.1)

is the intensity at distance d (mm) from

the input, and p. is the absorption coefficient for that medium in m m '\ The inverse of
P.» 1/p. can be taken to be the absorption lengthy i.e. the distance the light has to travel
in order to be attenuated by a factor of 1/e.
The effectiveness of a compound as an absorber is given by its extinction
coefficienty also named specific absorbanccy e (mm***Molar‘^). This is equal to its
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absorption coefficient per unit of concentration in Molar. The absorption coefficient for
a single compound at a given concentration c is therefore given by:
\L^ - ce

(3.2)

Another quantity which is often found in the literature is the absorbance or optical
density:

OD - log 10

(33)
h

This is normally expressed in units of log base 10. Some authors also use units of log
base 10 for

and e, and often the log base used is not specified, leading to

considerable confusion. In biological tissues there are in general many different
absorbing compounds present. The concentrations, Cj of these compounds will vary with
position (r) and time (f). The total absorption coefficient for a tissue can therefore be
written as:
- E

(3.4)

I

where the sum is over all absorbing compounds within the tissue.

3

Scattering

When a photon interacts with a particle, one of the possible outcomes is that the
direction of propagation of the photon will change. This type of interaction is called
scattering. Two types of scattering can be distinguished: inelastic and elastic. In this
section some of the general features of light scattering will be discussed. For elastic
scattering some theory necessary for its description will be given together with a number
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of methods to calculate the single scattering properties of various types of particles.

3.1

Inelastic scattering

In inelastic scattering, the energy of the scattered photon is different from that
of the incident photon. The process can also be considered to be the absoiption of a
photon followed by the emission of a photon with a different energy at possibly a later
time. In the following, some examples of inelastic scattering will be discussed, together
with their relevance to the optical characterisation of tissue in the near infrared.

3.1.1

Fluorescence and phosphorescence

In fluorescence and phosphorescence^ light is emitted at a wavelength which is

S in g let
s ta te

Trip let
s ta te

F lu o rescen ce

P h o sp h o rescen ce

Ground s ta te

Figure 3.1 Principle of fluorescence and phosphorescence
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longer than that of the exciting light, with a delay governed by the life time of the
fluorescing or phosphorescing system. Figure 3.1 illustrates the principles of these two
phenomena. For the case of fluorescence, a photon gets absorbed by the fluorescing
molecule, thereby raising it from its ground state to an excited state, which involves both
the electron energy state and the molecular vibrational state. Decay to the lowest
vibrational level of the excited electron state occurs often through non-radiative
processes in the form of the emission of phonons. This is followed by the spontaneous
emission of a photon with a lower energy than that of the exciting photon, with a typical
life time of 10 ’ to 10 * seconds. Both the absorption and the emission processes involve
’allowed’ transitions, mostly from a singlet ground state to a singlet first excited electron
state. In phosphorescence the absorption of a photon also raises the molecule to an
excited state, but then through the mechanism of ’inter-system crossing’ another excited
electron state with a long lifetime gets populated. In most biological molecules this is
a triplet state. Because the transition from this triplet state to the singlet ground state is
forbidden by normal selection rules, it has a long life time, ranging from 10 * to 10^^
seconds. In biological tissues there are a few naturally occurring fluorescing and
phosphorescing complexes. Examples are: aromatic amino acids, flavins, vitamin A,
chlorophyll, NADH and the Y-base in t-RNA (Campbell and Dwek, 1984). Their
absorption band maxima are between 200-300 nm, while their emission is in the range
of 3(X)-500 nm. These are well outside the wavelength range of interest in the near
infrared.
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Figure 3.2 Principle of Raman and resonance Raman scattering

3.1.2

Raman scattering

The process of Raman scattering is depicted in Figure 3.2. When a molecule is
irradiated by light, most of the light is scattered elastically. This can be understood as
the raising of the molecule to a virtual excited state, immediately followed by
re-emission of a photon, bringing the molecule back to its ground state. However there
is a small probability that the molecule does not go back to its ground state, but ends
up in a vibrational state above the ground state. This results in the emission of a photon
with less energy than the exciting photon. Unlike in the case of fluorescence, no
appreciable delay is involved. This is normal Raman scattering, and the resulting spectral
line is called the Stokes line. The energy difference between the exciting photon and the
Stokes photon is the energy of the vibrational level, and is independent of the energy
of the exciting photon. If a sufficiently large number of molecules are in an excited
vibrational state, then it is possible for the molecule to be raised to a virtual energy level
which is of a higher energy than that of the exciting photon, followed by a transition to
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the ground state. This gives rise to a scattered photon with a higher energy than the
exciting photon, leading to the so called anti-Stokes line. For this to occur, high levels
of irradiation are required to sufficiently populate the higher energy vibrational states.
Normal Raman scattering leads to lines that are usually quite weak (~l/1000th the
intensity of elastically scattered light (Baldwin, 1969; Campbell and Dwek, 1984) ). If
the virtual energy level to which the molecule is raised coincides with an excited
electronic state, then resonance Raman scattering can occur. In this case the intensity
of the Raman spectrum is significantly enhanced by a factor of a 100 to 1000. Most of
the excited electronic states however are in the wavelength range from the UV to about
600 nm, and are hence not excited in the near infrared.

3 .U

Brillouin scattering

The interaction between photons and sound waves (phonons) leads to the
phenomenon of Brillouin scattering. Light scattering by sound waves can be understood
as a scattering due to the density variations which are caused by an acoustic wave
moving through a dielectric. Because these density variations are periodic they function
like a weak diffraction grating. The scattering is over discrete angles due to the
requirement for constructive interference: mX = 2\,sin(G/2), m=1,2,3,.., where X is the
wavelength of the light, \ the wavelength of the acoustic wave and 0 the angle over
which the light is scattered. The scattered light is also shifted in fi^uency due to the
Doppler shift caused by the moving acoustic wave: Aco = mcû„ where (O, is the angular
frequency of the acoustic wave. A sufficiently strong beam of light causes stimulated
Brillouin scattering, where a very high population of phonons stimulates the emission
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process.
The Raman and Brillouin inelastic scattering processes have a negligible effect
on the total light intensity in tissue in the near infrared wavelength region (Profio, 1983;
Profio and Samaik, 1984; Profio, 1984), and are therefore not considered in this study,
even though they are of importance in other optical methods in medicine (Wilson, 1986;
Doiron 1979; van der Kooi, 1986).

3.2

Elastic scattering

In elastic scattering no energy loss occurs in the scattering process (Bohren and
Huffman, 1983). It is by far the most important form of light scattering in the near
infrared region. For this reason, the scattering theory that will be given in the following
sections will mainly be concerned with this form of scattering.

3.3

Scattering theory

In the scattering process, a
photon propagating in direction § is
scattered by a particle or object into
direction S \ see Figure 3.3, Figure 6.2.
In general all new possible directions
S* do not occur with equal probability,
but depend on the type of particle
causing the scattering, and the possible

3 j
scattœ d S* photon.

^

^ g ie , for incident,

S and
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structure of the scattering medium, for instance the arrangement of the scattering
particles in a tegular lattice. The change in direction caused by scattering therefore in
general shows a distinct distribution. This distribution, which describes the likelihood
that a photon with initial direction § will be scattered into direction § \ is expressed by
the differential scattering cross-section:

( f^2.sra d-' )
.

di

(3S)

IJ !)

J

where ds = sin0d0d(j), with the angles 0, ^ indicated in Figure 3.3, Figure 6.2, and r is
the distance from the scattering centre to the observer. The ability of a particle to scatter
light is expressed in terms of an effective surface area and is called the total scattering
cross-section, a,. It is equal to the differential scattering cross-section integrated over
all angles:

J

^da^

dS

(mm^)

(3.6)

4X

The differential cross-section, da/ds, can be replaced by

’). where ffSJ*) is the

normalised likelihood for light to scatter from the initial direction § into the direction
§ \ and

= 1. This normalised function /, describing the angular dependence of

scattering is referred to as the single scattering phase function.
The scattering coefficient, |i,, for a scattering medium consisting of one type of
particle with particle density p equals:

- po,

(3.7)

It is a measure of the likelihood that a photon will be scattered as it traverses the
scattering medium. The scattering coefficient p, is normally expressed in units of mm *.
The probability that light propagating in a scattering medium with scattering coefficient
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is not scattered over a distance d equals exp(-|i,d). The probability of scattering
occurring between distance x and x + dx equals:
p{x) - p^exp(-p^x)dx

(3.8)

This leads to the following expression for the average scattering length for light:

* -0

Therefore 1/p, is equal to the average scattering length. For a scattering medium
consisting of a mixture of scattering particles the total scattering coefficient equals:
K - E Pi®..

(3.10)

I

where pj is the density of scattering particles of type i and a,j is the scattering
cross-section of particle type i. In general, the scattering coefficient is not constant, but
depends on the wavelength of the light used, and it can vary with position and time:

The average single scattering phase function for a discrete distribution of particles
equals:

E Pi(^')a„(X )/,(f^')
i
Again, in g
symmetry,

e
then

n

e

r

a

l

I

f

the scattering particles have a spherical

the phase function becomes

)) =/(X,r,r,p),

where

p = f-f’ = cos(0) is the cosine of the angle between incident and scattered light.
Consequently, there is no dependence on the axial angle, (|). An often used parameter to
characterise the scattering phase function for this case of spherical symmetry is the mean
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cosine of the scattering angle, g, which can also be considered to be the first moment
of/([I):
1
g - 2tc J ^ /( ^ ) d ^ ,
-1

M,-cos(0)

(3.13)

This parameter is a measure of the asymmetry between forward and backward scattering.
For isotropic scattering, where all possible scattering angles occur with equal probability,
g = 0, and for total forward and total backward scattering g = +1 and -1 respectively.
This description of the phase function can be generalised to include higher moments of
<cos(0)> by expanding the phase function into Legendre polynomials, P„:
M f')

(3.14)
471 m

It is often useful to have an analytic expression for the phase function. An example of
this is the Henyey-Greenstein phase function (Henyey and Greenstein, 1941):
- J
IL i!)
4Jl (l+ g :-2 g n )'=

(3.15)

This phase function is used frequently because it has a number of desirable properties.
First of all, the function is normalised to 1 when integrated over all angles. Secondly,
it is positive for all values of

Thirdly, the parameter g in (3.15) is equal to the mean

value of the scattering cosine, g. Also, the coefficients in the Legendre polynomial
expansion of this phase function are simple functions of g.
In the above discussion of scattering, the polarisation state of the light concerned
has not been considered. In order to describe light scattering for light which is (partly)
polarised, use will be made of the Stokes parameters. These parameters give a full
description of the light intensity and the degree and type of polarisation of the light For

69
this, four components are needed, which can conveniently be represented as a vector.
The Stokes parameters are defined as follows (Bohren and Huffman, 1983):
/

-

+

El

e - E,' - E l
U - 2£j£j^cos(6)
V - 2£,£j^sin(6)

(3.16)

here £// is the electric field component in the plane of observation, Ej. is the component
at right angles with this plane, and Ô is the phase difference between these two
components. The term / represents the total energy of the light, irrespective of
polarisation, Q is a measure of the polarisation along 0° or 90° lines, U of the
polarisation along -45° or 45° lines and V of the degree of circular polarisation. For
completely polarised light: E =

and the degree of polarisation, F, equals:
(3.17)

"

7

For unpolaiised or partly polarised light therefore P ^

The general

relationship between the Stokes vectors for the incident light and the scattered light is
given by the Mueller amplitude scattering matrix:

/ \
/.

Q.
u.

w

p ..

...
...

1

...

p ..

...

A
Sj4 G.

(3.18)

rJ

In this equation r equals the distance of the observer to the scattering centre, and k is
the wave number, k = Innfk, where n is the refractive index of the medium and X the
wavelength of the light The elements of this matrix can be determined from a set of
measurements of the Stokes vectors of the scattered light for incident light with
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particular combinations of Stokes vectors (Beardsley, 1968; Bickel, 1976). The above
matrix can often be simplified for those cases where there is an underlying symmetry,
as in the case of spherical scattering particles.
There is a large body of work concerned with the theory of light scattering by
particles of various shapes and sizes. A parameter which is important in order to decide
on the suitability of a particular theory is the size of the particle relative to the
wavelength of the light The ratio between these two is given by the size parameter
X = ka = InanfK, where a is the radius of the particle. Two theories frequently used are

the theory of Rayleigh scattering and that of Mie scattering. Rayleigh scattering can be
applied to particles of any shape which have sufficiently small size parameters. Mie
scattering theory can be applied to spherical particles of any size, although for very large
particles the time required for the calculations becomes prohibitive, with increasing
problems of convergence and numerical accuracy. For particles much larger than the
wavelength the diffraction theory or geometrical optics are sometimes applied. In general
a spherical shape is assumed, because of the relative ease with which theoretical
predictions can be made.

3.3.1

Rayleigh scattering

For the case where the particle size parameter %is «

1, the theory of Rayleigh

scattering can be applied. A more precise upper limit for x is given by Kerker, who
states

that

the

error

in

the

Rayleigh

equation

is

< 4%

for

x < 0.3

(Kerker, 1969; Kerker, 1978). For spherical particles that are small compared to the
wavelength, the incident electric field can be considered to be nearly uniform
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immediately around and inside the particle. In this case the electric field produced by
the particle exhibits the familiar figure of eight radiation pattern of an electric dipole.
The uniformity of the electric field inside a small sphere makes it possible to get an
exact expression for its differential scattering cross-section. The Mueller matrix for
Rayleigh scattering is (Ishimaru, 1978; Bohren and Hoffman, 1983):

I.
Q.
u.
w

8

ji*

N

o

‘

(1 + c o s ^ 0 )

(c o s^ 0 -l)

0

0

4

(c o s^ 0 -l)

(c o s^ 0 + l)

0

0

Q.

0

0

COS0

0

0

0

cos0^

.

0

m ^-l

(3.19)

m ^+2

Here N is the particle density, a the particle radius, r the distance to the observer, X the
wavelength of the light and m the relative refractive index of the particles. For
unpolarised incident light equation (3.19) simplifies to:

/ -

m^+2

(3.20)

(cos^0 + l)7.

The above equations are exact for a small spherical particle. Most of the features of the
scattering by small spherical particles however will apply to any small particle. The
main features of Rayleigh scattering for small particles of any shape are:
i) There is not a large angular dependence in the scattering distribution. In particular,
backscattering is as strong as forward scattering.
ii) There is a large change of the scattering cross-section with wavelength of (1/X^).
iii) The scattering efficiency, Qsca* which is the scattering cross-section divided by the
surface area Tta^ of a disk with the same radius a as the particle, is «

1.
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3.3.2

Mie Scattering

For the case of light scattering by a sphere, exact solutions to the Maxwell
equations were found at the beginning of this century. Although he was not the first to
solve the theoretical problem of light scattering by a sphere, this theory is attributed to
Gustav Mie and is therefore named Mie scattering (Mie, 1908). For the derivation, the
reader is referred to the literature (Bohren and Huffman, 1983). This theory gives the
following result for the amplitudes of the scattered electric field components, for the
case of polarised light:
\

fç
X

(\\fr \
o'

W w

N

(3.21)

- ik r

where £// is the field in the plane of observation, £1 is the field component at right
angles with that plane, k is the wavenumber and r is the distance from the observer to
the point of scattering. This two by two matrix is called the amplitude scattering matrix.
The components 5, and S2 are equal to:

5.(6) -

52(6) -

(3.22)
n(n + l)

(3J3)
,-i n(n +l)

Here Oq and 6, are coefricients which depend on the size parameter x and the relative
refractive index m. The functions Tt, and

depend on the scattering angle 0, and are

defined in terms of associated Legendre polynomials,
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"

(3.24)

- ------

sin0

d0

This leads to the following expression for the Mueller scattering matrix:
/

>
I.
Q .
u .

k

The matrix elements

j

1
'

•

t v *

s„ 0

0

s„ 0

0

0

0

5,3 5„

0

0

5„ 5,3

\ / \
6,

(3.25)

V

are related to 5, and

by the following relations:

5..

5,3 -^(|53P-|5.P)

5,3 - 1 (5; 5, +5 3 5 ,')

5„ - 1 (53-5, - 5 3 5 ,-)

(3.26)

For unpolarised light we get:

12'i

(3.27)

V - 0
The degree of polarisation of the scattered light equals: P = QJI^. This means that for
unpolarised incident light, the scattered light is slightly polarised. Expression (3.25)
gives the Stokes parameters for the scattered light as a function of scattering angle,
given the Stokes parameters of the incoming light. If unpolarised incident light is used,
then Sii(0)/Af gives the single particle differential scattering cross-section. A number of
illustrative examples of this are given for the case of unpolaiised incident light and
spherical particles, with a medium refractive index of 1.33 and a particle refractive index
of 1.40, values representative of biological tissue in water. Figure 3.4 shows the
differential scattering cross-section as a function of the scattering angle 0 for particle
radii of 0.1,1 and 5 ^im and a wavelength of 1(X)0 nm, corresponding to size parameters
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X of respectively 0.83, 8.3 and 41.8. The differential scattering cross-section for the

smallest particle size is much smaller than those for the bigger particles and shows little
variation with wavelength. The bigger particles show much increased scattering
cross-sections. They also exhibit a strongly oscillatory behaviour as a function of
scattering angle, due to interference effects, and a strong peak in the forward direction,
with a slight increase in the scattered intensity for total backscattering (180°). The
sharpness of the peak in the forward direction increases with increasing size parameter
jc, as do the values of g, which in this example have values of 0.18, 0.96 and 0.98
respectively. Figure 3.5 shows the dependence of the average cosine of the scattering
angle, g, on the size parameter x Also shown is the value of (1-g), a parameter which
is frequently used in diffusion models for light transport in tissue. The value of g
increases broadly speaking with size parameter, but not in a monotonie fashion. These
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results were obtained using a program described in Bohren and Huffman
(Bohren and Huffman, 1983).
The total single particle scattering cross-section, QcA, equals:
27t

(3.28)

Dividing the scattering cross-section Csca by the geometrical cross-sectional area,
gives the scattering efficiency, Gsca^
(3.29)
«

Figure 3.6 shows the behaviour of Csca as a function of the size parameter %, for a
relative refractive index, m of 1.053. For a small size parameter x the scattering
efficiency drops dramatically, indicating the relatively minor contribution of small
particles to the total amount of scattering. For x > 1 the behaviour is oscillatory around
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the value of 2, to which the scattering efficiency asymptotes for %

oo. To get a feel

for the wavelength dependence of C sca for the wavelength range of interest of 4001000 nm, Figure 3.7 shows the wavelength dependence of C sca for m = 1.053 and for
3 particle radii which are typical for tissue: a = 0.5,1 and 4 pm. In the same figure the
Rayleigh l/X,"* dependence is displayed, to illustrate the large difference in wavelength
dependence between Rayleigh and Mie scattering. While for particles with a radius less
than about 3 pm, the scattering efficiency decreases with wavelength, this trend is
reversed for a particle radius between 3 and 7 pm. Rayleigh scattering exhibits a much
faster decrease with wavelength than that of larger particles.

3.33

Scattering by non-spherical particles

Various authors have described, mostly approximate, methods to calculate the
scattering

behaviour

for

non-spherical

particles.

One

approximation,

called

Rayleigh-Gans or Rayleigh-Debye scattering, divides the irregularly shaped particle into
small volume elements. Each element is treated as if it were a Rayleigh scatterer excited
only by the incident field. The total far field is obtained by taking the vector sum of the
scattering contributions of all the individual volume elements. In this approximation the
phase shift caused by neighbouring volume elements is ignored, which implies that
2ka{m~l) «

1, where a is the largest dimension of the particle. This approximation

gives reasonable results for m ^ 1.2 and size parameter % < -10 (Kerker, 1969). Others
have investigated light scattering by regularly shaped particles which can be considered
to be slightly deformed spherical shapes, such as oblate and prolate spheroids. Valid
results are only obtained for small deviations from spherical shape (Latimer, 1978).
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The number of possible approximations is large. In the following some general
features of the scattering by non-spherical particles is given. When the scattering
particles are not spherical, the axial symmetry is lost, and therefore the resulting single
scattering phase function will depend on both the polar angle 0, the azimuth angle <|) and
on the orientation of the particle relative to the incoming light Other ways in which
scattering for such particles differs from that of spherical Mie particles are the following
(Bohren and Huffman, 1983; Koepke and Hess, 1988):
1) Large non-spherical particles scatter similarly to surface area equivalent spheres in
the forward direction.
2) The scattering diagram for incident non-polarised light tends to be flatter than that
for spheres at angles greater than 90°, with more side scattering and less backscattering.
3) The difference between scattering by spherical and non-spherical particles increases
as the size parameter x increases past -3, and decreases with absorption.
4) For small particles it has been shown that for a collection of randomly oriented
particles an average scattering cross-section can be obtained by averaging the
cross-sections for all the different possible particle orientations.

4

Parameters for tissue characterisation

From the discussion in this chapter the following parameters can be seen to be
required to characterise tissue optical properties for visible and NIR light:
(i) The absorption coefficient, p,(X,r,r).
(ii) The scattering coefficient, p,(X,r,t).
(iii) The scattering phase function:
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These are the fundamental parameters. The following parameters which are often used
in the literature can be determined from these:
i) The sum of the scattering and absorption coefficient is called the total attenuation
coefficient: K = 14 + P,- This is the coefficient for the exponential decrease with distance
of the intensity of a collimated light beam in a tenuous medium,

= exp(-p/f)

The

total attenuation coefficient, m, should not be confused with the effective attenuation
coefficient,

which is the coefficient for the exponential decrease of the diffuse light

intensity with distance,

= expC-p^n^

Confusingly, in the literature this is

sometimes also called the ’attenuation coefficient a ’, and its inverse Ô is called the
penetration length. The coefficient p,fr is highly dependent on the geometry of both the
light source employed and that of the medium. Care should therefore be taken in
comparing published values of Pe^ where the geometries used are not specified or differ.
The effective attenuation coefficient, p^fy is always smaller than the total attenuation
coefficient, p*.
Two further parameters will be introduced with special reference to the
possibility of (time resolved) imaging in tissue. The first parameter is the Point Spread
Function (P5F), which describes the spatial broadening of a narrow, collimated beam
as it passes through tissue (Figure 3.8). From the PSF can be derived the more
commonly used Modulation Tranffer Function (MTF) (Ishimaru, 1978):

MTFif) -

(330)
|J/>SF(p,)dp,|

Here the MTF is the modulus of the normalised two-dimensional Fourier transform of
the PSF. The second parameter is the Time Point Spread Function (TPSF), which
describes the broadening in time of an ultra-short pulse of collimated light as it goes
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Figure 3.8 Point Spread Function showing
broadening of a narrow input beam for a
narrow collimated beam.

Figure 3.9 Time Point Spread Function (TPSF) as
measured on a rat head, shown together with the input
pulse.

through tissue (Figure 3.9). These last two parameters give an indication of the
"imaging" properties of the tissue under consideration. They are the result of the
scattering and absoiption processes in the tissues and can therefore in principle be
derived from the scattering and absorption parameters. It is relatively easy to measure
them, and they are fundamental parameters for imaging.
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Chapter 4

Tissue Optics

1

Introduction

In the preceding chapter the general concepts of light absorption and scattering
in turbid media were considered. In this chapter, the histology of various tissues, and
that of brain tissues in particular, is examined. The relationship between cell structure
and content, and the mechanisms responsible for absorption and scattering are discussed.
A short review of the absorption and scattering coefficients published in the literature
is given.

2

General structure of the cell

All tissues are made up of cells, linked together mainly by collagen fibres, with
some space, the extracelluar space, between most cells. The sizes of cells can vary
greatly, from muscle cells of 10-100 pm in diameter and lengths up to 30 cm, down to
blood platelets with diameters of 2-4 pm. Figure 4.1 shows a generalised picture of a
cell, with its main constituents. Almost every cell consists of a cell membrane, about
10 nm thick, which surrounds the cytoplasm, and a nuclear membrane, which consists
of a double membrane each about 10 nm thick which surround the nucleoplasm and one

84

cell
membrane
golgi
apparatus

vacuole

nuclear
membrane

smooth
endoplasmic
reti cul um

nucleus
nucleolus

cytoplasm

ribosomes

m i t o c ho n dr i a

rough
endoplasmic
r eti cul um
lysosome

o

©

Figure 4.1 General picture of a cell.

or more nucleoli. The cytoplasm forms the fluid compartment between the cell
membrane and the nuclear membrane. The clear fluid part of the cytoplasm, the cytosol,
mainly contains dissolved proteins, electrolytes, glucose and a small amount of
phospholipids, cholesterol and esterified fatty acids. In the cytoplasm are also various
particles. These include ribosomes which are tiny granules, about 25 nm at their largest
dimension, with a high RNA content. They are the sites of protein synthesis. Other small
particles in the cytoplasm are neutral fat globules and secretory and glycogen granules.
There are also many highly organised structures, the organelles. The most important
organelles are the endoplasmic reticulum, the mitochondria, the lysosomes and the Golgi
apparatus. The endoplasmic reticulum is a network of tubules and vesicles, with walls
constructed out of lipid bilayer membranes. It has numerous functions related to
homeostasis and gives mechanical support to the cell. In some cells its total surface area
can be quite large, in liver for instance its surface area can be 30-40 times as large as
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the cell membrane area (Guyton, 1987). The mitochondria are spherical or oval in
shape, with the size of the minor axis being up to 2 pm. The number of mitochondria
in a cell varies from less than a hundred to several thousand, depending on the energy
requirement of the cell. The mitochondria provide most of the energy for the cell in the
form of ATP. They consist of an outer and an inner lipid bilayer membrane, similar to
the cell membrane. The inner membrane is highly convoluted, and within this membrane
are found substantial amounts of the cytochromes aa3, b and c. The cytochromes are one
of the groups of carrier molecules which are part of the electron transfer chain. The
inner cavity of the mitochondrion contains a large number of dissolved enzymes which
play a role in the Krebs cycle. The lysosomes have a single bilayer membrane. They
vary a lot from cell to cell, but typically have a diameter of 250-750 nm. The lysosomes
are filled with small granules of protein aggregates, 5 to 8 nm in diameter, and play an
important role in the intracellular digestion of the cell. The Golgi apparatus consists
of four to eight flattened membranes of variable extent stacked on top of each other. It
performs many different functions in the cell, the most important of which is to process
and transport proteins to various parts of the cell. There are also vacuoles which in
animals are used for temporary storage and transportation. Finally, the cytoplasm has a
complex internal structure called the cytoskeleton consisting of many microfilaments
made of actin, a protein, with a diameter of 6 nm and of variable length, intermediate
filaments of about 8-12 nm in diameter, and microtubules which are straight cylindrical
structures of 18-30 nm diameter, made of a protein called tubulin.
The membranes surrounding the cell, most of the organelles and the nucleus,
consist of a lipid bilayer, made out of amphipatic molecules which have both a
hydrophobic and a hydrophillic end. Although the membranes consist mainly of lipids.
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they also contain protein and carbohydrate, in proportions which vary with organelle and
cell type. For instance, the mass ratio of protein to lipid is 3.2:1 for the inner
mitochondrial membrane, which is rich in enzymes, but only 0.2:1 for peripheral nerve
myelin (Warren, 1987). The membranes generally vary in density from 1.0 to 1.2 gcm'^.
A typical thickness of the membranes is «7.5 nm (Ishimaru, 1978). The relative
refractive index of a biological cell in water is about 1.05 (Latimer, 1978; Mullaney and
Dean, 1970). The refractive index of tissues relative to air is in the range of 1.38-1.41
for

most

tissues,

except

for

adipose

tissue,

for

which

it

is

1.455

(Gahm, 1986; Bolin, 1989).

3

Mechanisms responsible for absorption and scattering in tissue

In the following, some of the mechanisms responsible for absorption and
scattering in tissue will be discussed.

3.1

Absorption

Most of the absorption in the wavelength range of interest, 400-1000 nm, is by
the various pigments and enzymes in the cells, by water and by body fats. The major
chromophores are: mélanine which is found mainly in the skin, haemoglobittj bilirubin
and fi-carotene in the blood (the latter is also found in the dermis of asian people),
myoglobin in muscle cells, and the cytochromes_aa3, b and c, which are found in every
cell, mainly in the mitochondrial membranes. Most of the absorption spectra that follow
arc presented as extinction spectra, in units of mm * mMolar * on a log-e base, except
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Figure 4.2 Water absoiption spectrum. Note the log scale for the absorption coefficient
(Hale and Query, 1973).

those for fat and water, which are given as absorption coefficients, in m m'\ The
absorption of water, as can be seen in Figure 4.2, has a minimum at 500 nm, with a
reasonably low value in the wavelength range from 200 to 9(X) nm. Outside this range
the absorption rises strongly. This low absoiption region gives rise to what is often
called the ’window of transparency’ in the tissues. Outside this region very little light
can penetrate the tissues. It should be noted that the relatively high absorption of light
by water arises not only from the magnitude of the extinction coefficient of water but
also from its very high concentration in tissue (>50 Molar). Above

^m water

therefore becomes the dominant absorber in tissues.
For most of the chromophores, absorption is generally high between the UV and
650 nm, and sharp spectral peaks can be observed. As discussed in chapter 3, these are
largely due to electronic transitions. For the cases of haemoglobin, myoglobin and
cytochromes these result firom the haem groups (Fe^). In the near infrared region
between 650 nm and 1(X)0 nm the absoiption of most chromophores decreases quite
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Figure 4.3 Extinction spectra for oxygenated and deoxygenated haemoglobin (Honecker 1943).
dram atically com pared to that in the visible, w hile m ost o f the absorption bands are
quite broad. T hese are m ainly the result o f overtones o f m olecular vibrational and
rotational bands, and transition m etal spectra.
In the w indow o f transparency o f the w ater absorption in the visible and near
infrared, the m ost im portant absorbers in tissue are haem oglobin and m yoglobin. The
absorption spectra o f these chrom ophores depend on their state o f oxygenation. The
spectra o f haem oglobin and m yoglobin are sim ilar, therefore only the extinction spectra
fo r oxygenated and deoxygenated haem oglobin are displayed, see Figure 4.3. T here is
considerable difference betw een the spectra for the oxygenated and deoxygenated form s
o f haem oglobin. T his is reflected in the different colour that can be observed for arterial
and venous blood. Even in the near infrared region there is sufficient difference betw een
oxygenated and reduced form s to enable the determ ination o f the oxygenation state o f
the blood from a sim ple set o f m easurem ents at a few w avelengths.
A lthough they can be found in every cell, the absorption spectra o f the
cytochrom es_aa3, b and c tend to be dom inated by those o f haem oglobin and
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myoglobin. Like haemoglobin and myoglobin, their absorption spectra depend on the
state of oxygenation. Figure 4.4 shows the absorption spectra for the oxidised and
reduced forms of the cytochromes. The broad absorption band in the near infrared in the
cytochrome_aa3 spectrum is attributed to copper. As can be seen, the extinction
coefficients of the various cytochromes are quite similar in magnitude to those of
haemoglobin. The dominance of haemoglobin in the tissue absorption spectra is
therefore due to the much larger concentration of haemoglobin.
The absorption spectrum for (pig) fat in the near infrared is shown in Figure 4.5,
together with that for water. The values in the graph are the absorption coefficients for
100% concentrations of respectively fat and water. Water and fat show a similar
absorption peak, at 930 nm for fat and 960 nm for water. These wavelengths are
sufficiently different to allow for the two components to be separated in a composite
spectrum. No data is available in the literature on the absorption of fat in the visible
range.
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Figure 4.6 Absorption spectra for melanin and bilirubin (Anderson, 1983) and 6-carotene
(Zerbi, 1980).

Figure 4.6 shows the extinction spectra for bilirubin, 6-carotene and melanin. The
spectrum for bilirubin, which is mainly found in the blood, and 6-carotene are only
shown for the visible range. No data could be found for these chromophores in the near
infrared region. For billirubin, concentrations in blood in the neonate varies from
0-10 mg/100ml (Bruce, 1978). The spectrum for 6-carotene is seen to have a large
absorption around 500 nm, but very little of this can be found in the total absorption
spectrum for blood, indicating a low concentration. The extinction spectrum for melanin
is quite unusual in that it does not exhibit any distinct peaks, but rather shows a rapid
decrease with wavelength. Melanin occurs in granules, about 1 ^m in size. These
melanin granules are very efficient absorbers. Based on the observation that the
wavelength dependence of the absorption spectrum of the granules follows that of a
Rayleigh scatterer, l / ^ \ Wolbarsht concluded that multiple Rayleigh scattering inside
the granule is the main source of its high light absorption (Wolbarsht, 1981).
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3.2

Scattering

Most light scattering in tissue is believed to take place at the various membrane
boundaries, both the cell membranes as well as the membranes of the various organelles
inside the cell. This scattering arises from both the difference in refractive index
between membrane and surrounding fluids as well as from the difference in refractive
index between extracelluar and intracellular fluid, or intracellular fluid and the fluid
inside the nucleus, the organelles and other enclosed particles. Estimates of the refractive
indices of the various compartments, based on the osmolarity of solvents and proteins
are given in Table 4.1. The value for blood plasma is from the Documenta Geigy book
(Geigy, 1956). The rest of the data was obtained from Ross (Ross, 1967). Barer found
that, depending on the amount and size of the intracellular structures, an important part
of the scattering caused by cells in a suspension could be made to vanish when the
refractive index of the supporting medium was matched to that of the cytoplasm
(Barer, 1955). The other particles in the cell, the ribosomes, fat globules and the
glycogen and secretory globules were however also found to contribute to the total light
scattering. The scattering by these particles will depend on their size relative to the
wavelength of the light used, their shape and relative refractive indices. The smaller
particles are expected to lead to Rayleigh type scattering whereas the larger structures

Table 4.1 Estimates of the refiractive index of the various substances found in the cell.
Cytoplasm
Cerebrospinal fluid
Extracelluar fluid
Nuclear sap
Nucleolus
Phospholipid

1.354
1.335
1,335
1.354
1.415
1.416

Mitochondria (young rats)
Mitochondria (old rats)
Triglyceride
Dried protein
Blood plasma

1.428
1.444
1.491
1.53-134
1.343
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will give rise to Mie type scattering. The actual shape of the measured single scattering
phase function will give an indication of the relative importance of the scattering
contributions of the various sizes of scattering structures. Based on the simple
observation that, when viewing a non-stained tissue sample under a microscope, the
various membranes both within and around the cell show up most clearly and give the
most contrast, it can be concluded that in tissue an important part of the scattering must
be due to the various membranes.
The foregoing discussion has concentrated on the microscopic aspects of
scattering in tissues. On the more macroscopic level, additional scattering can be
expected at the boundaries between different types of tissue, where sometimes a large
change in refractive index can occur, for instance at muscle-fat boundaries or at the
junction of various connective tissues.

3.2.1

Effect of temperature

Little is known yet about the effect of temperature on the optical properties of
tissue. There are some examples however which indicate a change of tissue properties
with temperature. Mantsch et al looked at the change with temperature of the lipids in
the cell membrane of the live bacterium Acholeplasma laidlawii. They observed a phase
transition from an ordered gel phase at temperatures below 25 °C to a conformationally
disordered, more fluid phase at temperatures above 45 ®C (Mantsch, 1985). Phase
transitions in human stratum comeum were reported by van Duzee, who found
transitions at 40 ®C and 75 °C, which were attributed to the melting of lipids (van
Duzee, 1975). Similar phase transitions can be expected to occur in other types of
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cells/cell membranes. These phase changes are likely to cause variations in the refractive
index and the scattering and absorption properties of a tissue.

3.2.2

Difference in vivo <-> postmortem

Several things happen at and after death. First of all, the heart stops pumping. One
effect of this is a drop in blood pressure from which a redistribution of blood in the tissues
will result. If a tissue sample is cut from the intact animal then a further change in the
amount of blood in the sample will occur, particularly if the sample is kept in water or
saline. This will lead to changes in the fraction of the total measured absorption coefficient
that is due to blood. Another effect of the stopping of the heart is that oxygen and
nutrients are no longer supplied to the cells. After a while this will result in a breakdown
of the active pumping mechanisms in the cell membrane. This will lead to a diffusion of
ions across the cell membrane due to concentration gradients in those ions, causing a
change in intra and extracelluar osmolarity. This in turn will lead to a change in the ratio
between intra and extracelluar water content, in the shape and size of the cell and in the
refractive indices of intra and extracelluar fluid. All this will be expected to lead to
changes in the scattering behaviour after death. Due to the difficulty of measuring optical
properties directly in vivo, little information is available about this difference. However,
time of flight measurements on adult rats showed little difference before and after death,
indicating that there are no gross changes in the bulk absorption and scattering properties
(Delpy, 1988). A number of measurements have been made in vivo. However, most of
these measurements were interstitial measurements of the effective attenuation coefficient.
This type of measurement tends to be dependent on measurement geometry (ie numerical
aperture of source and detector used etc.), and give a value for a not very well defined
effective attenuation coefficient rather then an independent measurement of

and p.,, or

the phase function (or g) (Svaasand and Ellingson, 1983; Wilson, 1985; Wilson and
Muller, 1986; Wilson and Patterson, 1986).
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Optical properties and structure of different tissues

Gradually, more data is becoming available on the optical properties of various
tissues. A lot of this data is still quite incomplete. For some types of tissue for instance,
the only data available is the penetration depth. Often data is only available for
particular wavelengths. Few tissue phase functions have been published to date, although
more authors give the g-value for some tissues. In the following, a short review will be
given of the optical properties of various tissues, together with some general information
on the histology of the tissues concerned. Because it is the main area of interest in this
study, the emphasis will be on data reported for brain tissue.

4.1

Brain tissue

On a microscopic level, the brain consists largely of nerve cells, or neurons, and
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Figure 4.7 Drawing of a typical neuron in the brain.
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glial cells. Figure 4.7 shows a typical nerve cell. It consists of a cell body containing
the nucleus and a number of terminal nerve fibres. The nerve fibres that are responsible
for receiving impulses are called dendrites. They tend to be quite short and occur in
large numbers. The axon is responsible for sending nerve impulses away fiom the cell.
A nerve cell has normally one axon, which can be quite long. The nerve cell has an
outer membrane with a thickness of about 10 to 15 nm. In the adult brain most nerve
fibres are covered by a fatty sheath of myelin, produced by the Schwann cells, which
surround the myelin sheath in a thin layer. There are interruptions in the myelin sheath
called the nodes o f Ranvier which occur at regular intervals with a repeating length of
about 12 nm. Myelin is composed of a complex of protein and fat characterised by a
very low protein to lipid mass ratio of about 1:3 (Warren, 1987). This large percentage
of lipid in the myelin sheath gives rise to a high refractive index (fats typically have a
refractive index of ~1.4S) and hence a large difference in refractive index compared to
its surroundings. This difference will therefore give rise to an appreciable amount of
extra light scattering compared to that of non-myelinated cells. In the brain of premature
or full term altricial animals (eg man) the myelination of the axons has not yet taken
place throughout a large part of the brain. This is expected to give rise to scattering
properties in the newborn brain which are appreciably different from those of the adult.
In addition to nerve cells, the brain also contains a large number of glial cells, which
in the adult form the supporting matrix for the neurones. They tend to weave around the
nerve cells and associated fibres.
On the macroscopic level the brain is also a complex structure. The main parts
of the brain are the cerebrum, the cerebellum and the brain stem (Figure 4.8).
The cerebrum consists of two hemispheres separated by the longitudinal fissure.
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Figure 4.8 Sagittal slice of the brain showing its main constituents; cerebrum, cerebellum and
brainstem.

The surface of the cerebrum is very wrinkled, with deep fissures, and the shallower sulci
which give rise to the wrinkles or convolutions. In the cerebrum are three cavities or
ventricles, the two lateral ventricles and the third ventricle. These are filled with a clear
fluid, the cerebrospinal fluid, which also fills the space between the surface of the brain
and the dura lining the inner surface of the skull. The top surface of the cerebral
hemispheres is the cortex, which is greyish in colour and contains many of the nerve
cell bodies. The parts of the brain that have this grey colour are called the grey matter.
Other parts of the cerebrum consisting of grey matter are called the basal ganglia, which
are located deeper inside the cerebral hemispheres. Their position in the cerebrum can
be seen in a coronal slice (Figure 4.9). The basal ganglia consist of five pairs, the
thalamus, the hypothalamus which is situated below the thalamus, the caudate nucleus,
the putamen and the globus pallidus.
The material between the cortex and the basal ganglia is whitish in colour and
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Figure 4.9 Coronal slice through the

showing the ventricles,

is therefore referred to as white matter. White matter consists largely of myelinated
nerve fibres. The myelin sheaths around these nerve fibres cause the white appearance.
The hemispheres are connected by the coipus callosum, which is composed of white
matter.
The cerebellum is attached to the brain stem through bundles of nerve tissue. It
has a cortex of grey matter and an interior of both grey and white matter.
The brain stem emerges from the base of the cerebrum and consists mainly of
white matter. It comprises the midbrain which is connected to the base of the cerebrum,
the pons and the meduUa, which connects to the spinal cord. Between the pons, the
medulla and the cerebellum is situated the fourth ventricle, which is connected to the
third ventricle.
The whole of the brain is protected by the meninges^ which consists of three
fibrous membranes, the dura mater, the arachnoid and the pia mater. The dura contains
blood vessels, the durai sinuses, for the transport of venous blood from the brain.
Between the arachnoid and the pia mater is a space which is filled with cerebrospinal
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fluid.
Most of the light absorption in brain tissue is due to the haemoglobin and
cytochromes that are present, with an increasing contribution from water and fat in the
near infrared above 900 nm. There is no myoglobin in brain cells. The amount of
haemoglobin is quite low, in adult humans the mean regional cerebral blood volume in
the resting state is reported to be 48.1 ± 3.7 pl/g of brain tissue and a mean regional red
blood cell volume of 15.0 ± 0.9 p,l/g, with the mean cerebral haematocrit values being
76% of that of large vessel haematocrit (Sakai, 1985). Using the molecular weight of
haemoglobin of 64500, and assuming a tissue density of 1 mg/mm^, gives
Ipl = 0.0155 iiMole.

This

leads

to

a

total

haemoglobin

concentration

of

0.23 ± 0.014 pMoIe/g of brain tissue. For full term newborn piglets, total blood volume
was reported to be 33 |il/g of tissue, with little change with age, but the red blood-cell
volume was 12.1, 11.2, 7.9 \i\Jg of brain (0.187, 0.174, 0.122 |xMole/g) at respectively
24h, 7 and 14 days after birth (Linderkamp, 1980). Adult rats are reported to have a
total cerebral blood volume of 25.0 ± 2.2 pl/g, with a red cell volume of 10.3 ± 0.9 |il/g
(0.160 ± 0.014 pMole/g) (Everett, 1956).
Estimates of the nMolar concentrations of the cytochromes in the brain are harder
to come by. Brown reported for rats a cytochrome_a concentration of 1 nMole/g brain
at birth, increasing to about 5 nMole/g after 40 days (Brown, 1991). A similar increase
with age after birth was reported by Chepalinsky and Amaiz for cytochrome_aa3, b and
c, again for rat brain. They also give figures for the ratios between cyt_c/cyt_a and
cyt_b/cyt_a, as a function of age after birth. The ratio of cyt_c/cyt_a was 1.42 at five
days after birth, decreasing to 1.36 at 30 days after birth. For cyt_b/cyt_a these values
are respectively 0.88 and 0.79 (Chepalinsky and Amaiz, 1970). Using these ratios.
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together with the data of Brown leads to the following values for the nMole
concentrations of cyt_aa3, b and c:
[cyt_aa3] nMole/g

[cyt_b] nMole/g

[cyt_c] nMole/g

At birth

1.00

0.88

1.42

After five days

2.00

1.72

2.84

After thirty days

4.80

3.80

6.50

For the figures at birth, the same ratios were assumed as for 5 days. According to
Dallman and Schwartz, the concentration of cyt_c in the adult guinea pig is the same
as that for an adult rat, ie about 6-7 nMole/g of brain, with substantially lower values
for the neonatal pig. For the guinea pig however (a precocious animal), adult values
were already approached at one day of age (Dallman and Schwartz, 1964). Data on the
concentrations of the cytochromes in various animals and man is still incomplete. From
the data that is available however it is obvious that the concentrations of the
cytochromes are substantially less than those of haemoglobin (20-50 times less). This
explains the relatively small contribution of the cytochromes to the total absorption
spectrum of brain with a normal blood content.
The absorption caused by water becomes important in the near infrared at
wavelengths above 960 nm. The concentration of water in the brain is quite high and
changes with gestational age. Millichap et al report water concentrations in the cerebrum
of rats of 87.6, 81.3 and 78.3 % at respectively 5, 30 and 60 days after birth. The ratio
of intracellular to extracelluar brain water at five days was found to be approximately
half that of the adult rat. For newborn guinea pigs the water content of the brain was
81.4 % (Millichap, 1958).
In the near infrared region the total amount of absorption due to all
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chromophores is quite low. The effect of scattering is therefore much more important
than absorption. This is borne out by some of the data for the optical parameters of
brain that have recently become available. For the wavelength of 630 nm the in vitro
absorption and scattering coefficients for pig brain are reported to be p. = 0.026 m m '\
|i,(l-g) = 5.7 mm *(Patterson, 1987) and g = 0.94 ± 0.029 (Flock, 1987). For calf brain
the in vitro values are |i. = 0.18 mm**, p*(l-g) = 0.64 mm * at 630 nm and
p. = 0.12 mm'*, ^i,(l-g) = 0.29 mm *at 1064 nm (Karagiannes, 1989). For adult human
brain in vitro Sterenborg et al give data for the wavelength range of 400-1100 nm for
various different parts of healthy and diseased brain. They report an absorption
coefficient p. = 0.1-0.2 mm * in the range of 700-9(X) nm, with an increase towards
shorter wavelengths due to the haemoglobin present. The reduced scattering coefficient
was about: ^i,(l-g) = 2-5 mm *, with p,(l-g) decreasing with increasing wavelength
(Sterenborg, 1989).

4.2

Muscle tissue

Muscle tissue consists of long, striated and aligned cells. Because of this
alignment, the optical properties of muscle tissue cannot be expected to be isotropic, ie
be the same in all directions (Wilksch, 1984). Muscle cells contain myoglobin in large
amounts as well as cytochrome. The total blood volume in resting muscle is quite low,
» 0.5 ml/lCX)g, but during exercise this can increase to as much as 2ml/KX)g. Light
absorption in muscle is therefore higher than in brain tissue, particularly during exercise.
Values in the literature for the optical parameters for post mortem bovine muscle at the
wavelength of 630 nm are

= 0.15 mm'*, p,(l-g) = 0.7 mm * (Wilson, 1986) and
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g = 0.954 ± 0.016 (Flock, 1987). Karagiannes et al report values at the above
wavelength of p, = 0.166 mm ’ and p,(l-g) = 0.438 mm*’, and at 1064 nm they report
p. = 0.118 mm*’ and |i,(l-g) = 0.281 mm*’, showing a decrease in scattering with
increasing wavelength (Karagiannes, 1989). Data for human muscle at 515 nm are
|X, = 1.12 ± 0.18 mm*’ and p, = 53 ± 4.4 mm*’ (Marchesini, 1989).

4.3

Skin

The main absorber in skin tissue is the pigment melanin, a highly effective
absorber of light, particularly in the UV and the visible range, as can be seen in
Figure 4.6. Also in asian people there is a contribution from carotene, which is
responsible for their slightly yellow skin complexion. Skin consists of a distinct number
of different layers, each with different optical properties, see Figure 4.10. The two main
layers are the epidermis and the dermis.
The epidermis is the top layer of the skin. It can be further subdivided into

epidermis

stratum
corneum
stratum
granulosum
stratum
b asa le

dermis

blood
v e s s e ls

s u b c u ta n e o u s
fat

Figure 4.10 Simplified model of the various layo^ in the skin.
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several layers. The outermost layer is the stratum corneum^ with a thickness of 8-15 p-m
and a refractive index of 1.55 (Anderson and Parrish, 1981; Anderson, 1983;
Diffy, 1983). The stratum corneum is a homy layer consisting of dead squamous cells
which are highly keratinized with a high lipid and protein content, and a relatively low
water content for tissue. It is a very highly scattering and absorbing layer. In the
wavelength range of 254-546 nm values for its scattering and absorption coefficients are
p, » 250 mm'* and p. « 10 mm'*, both decreasing with wavelength, particularly p.. The
value for g is about 0.9, where g is reported to slowly increase with wavelength.
(Everett, 1966; Bruls, 1984; Bruls and van der Leun, 1984; van Gemert, 1989).
The remaining layers of the epidermis have a total thickness of typically 100 pm.
They contain most of the skin pigmentation, mainly melanin. New cells are formed in
the stratum basale. These cells gradually progress up into the stratum spinosum and into
the stratum granulosum. The stratum granulosum contains granules of keratohyalin,
which is involved in the keratin formation. In this layer the nuclei and other cell
components including melanin start breaking down. The epidermis minus the stratum
corneum has scattering and absorption coefficients which are lower than those for the
stratum corneum but still appreciably higher than for most other tissues. Typical values
for the absorption and scattering coefficients in the visible range are p, = 50 mm * and
p, - 4 mm'*, with p. increasing dramatically toward the UV. The value for the mean
scattering cosine is g » 0.75 where again g increases with increasing wavelength
(Wan, 1981; Bruls and van der Leun, 1984; van Gemert, 1989). There are no values for
the optical properties of these individual layers in the epidermis.
The dermis is a much thicker layer with a thickness of 2-4 mm. It is highly
vascularised and the main absorbers are the blood-borne pigments haemoglobin.
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B-carotene and bilirubin. Scattering is mainly attributed to the collagen fibres in the
connective tissues in the dermis. Values for the scattering and absorption coefficients
for the dermis are p, = 20-50 mm * and

= 0.2-0.5 mm'*, with g = 0.7-0.9

(Jacques, 1987; van Gemert, 1989).

4.4

Liver

Liver stands out from most other organs because of its much higher absorption
due to its high blood and haem protein content, hence its dark red-brown colour. It is
also a relatively homogeneous organ. The surface area of the endoplasmic reticulum in
the cells is a factor of 30-40 larger than that of the cell membrane and would therefore
be expected to contribute considerably to the scattering. Crudely speaking, the substance
of the liver consists of small granular bodies, the lobules held together by a fine areolar
tissue. The lobules consist of a mass of cells, the hepatic cells which are more or less
spheroidal in shape, with a dense network of blood capillaries and small bile capillaries
and ducts. Recent measurements of the optical properties of liver show it to be highly
absorbing and moderately scattering, with typical values in the visible range for
0.6 mm * and for

of

of 10 mm *. As is the case for most other tissues, the scattering

coefficient decreases with increasing wavelength. The mean cosine of scattering, g, is
reported to be in the range of 0.90 to 0.95, slowly increasing with wavelength up to
7CX) nm, above which there is a decrease with increasing wavelength (Parsa, 1989), so
like many other tissues the light scattering by liver is strongly forward peaked.
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4.5

Blood

Although blood is strictly speaking not a tissue, its absorption and scattering
properties are nevertheless of great importance since all tissues are perfused with blood,
distributed through large vessels and a true myriad of small capillaries. The
haemoglobin, the spectrum of which was depicted in Figure 4.3, is contained in the red
blood cells and is the most important absorber in blood. Most of the scattering in blood
is also due to the red blood cells. There are also small contributions from the leucocytes,
the platelets and from the large albumin molecules. For the scattering by red blood cells
the shape of these cells has to be taken into account. The red blood cell is normally a
regular doughnut shape (a biconcave disk), with a mean diameter of approximately 8 pm
and a thickness varying from 1-2 pm. In a situation of laminar flow through a larger
blood vessel, these ’doughnuts* will tend to align themselves along the direction of flow,
thereby causing an anisotropy in the optical parameters, for instance a loss of axial
symmetry for the phase function (Chadwick and Chang, 1973). In the smaller capillaries
the shape of the red blood cells get deformed as the cell ’squeezes* through the
capillary. For blood with an average haematocrit (40-45%), typical values for the optical
parameters are p, = 141.3 m m '\ p. = 0.5 mm * and g = 0.9947 (determined from Mie
scattering for sphere) at 685 nm (Pederson, 1976), and p, = 160 mm'*, g = 0.985 for
human blood at the HeNe line of 633 nm (Steinke and Shephard, 1988).
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4.6

Breast tissue

There is an interest in the optical properties of breast tissue in order to find the
best way of detecting and locating lesions and tumours using diaphanography. Some
data is available on the optical properties of various types of breast tissue. For the
wavelength of 700 nm Key et al report values for

for respectively fibroglandular and

adipose human tissue of 15 ± 5 and 25 ± 4 mm, and g values of 0.95 ± 0.02 for
adipose, 0.92 ± 0.03 for fibroglandular tissue and 0.88 ± 0.03 for carcinoma
(Key, 1991). Marchesini gives a scattering coefficient, p, of 39.5 mm *and an absorption
coefficient, p. < 0.02 mm * (Marchesini, 1989). Peters et al report on in vitro
measurements on normal glandular, adipose, fibrocystic, fibroadenoma and ductal
carcinoma breast tissue at wavelengths between 500 and 1100 nm. The scattering
coefficients for these tissues were found to range from 30-90 mm * at 500 nm and to fall
to 10-50 mm * at 1100 nm, except for adipose tissue which was found to have a
scattering coefficient of 30 mm * ± 6 mm * with little change with wavelength. The g
values for all the samples were 0.945-0.985. The absorption coefficients, p„ for all types
of breast tissue except for fibrocystic tissue were about 0.35 mm * at 540 nm,
0.050 mm * at 700 nm and 0.06 mm * at 900 nm. For fibrocystic tissue these were
respectively 0.16, 0.022 and 0.027 mm * (Peters, 1990).

4.7

Aorta

The optical properties of the aorta are important in the application of laser
angioplasty. The aortic tissue is mainly made of elastin and collagen fibres, and as
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would be expected is very strong. Its appearance is whitish, due to the high amount of
scattering. Yoon reports the following values for aorta at 632 nm:

= 0.052 mm**,

|i, = 31.6 mm * and g = 0.87 (Yoon, 1988). Keijzer et al made separate measurements
on the different layers which constitute the aorta, the intima, the media and the
adventitia at 476, 580, 600 and 633 nm. For all three layers absorption and scattering
were found to decrease with increasing wavelength. At 633 nm they reported the
following

values:

Intima:

= 0.36 mm'*,

p, = 17.1 mm'*,

g = 0.85;

Media:

p. = 0.23 mm'*, p, = 31 mm'*, g = 0.90; Adventitia: p. = 0.58 mm'*, p, = 19.5 mm'*,
g = 0.81 (Keijzer, 1989). A point to note here is the considerable difference in reported
absorption coefficient when comparing their measurements with those of Yoon.

4.8

Bone

Although bone is more opaque than tissue in X-ray pictures, this is not
necessarily the case for light. Particularly in the near infrared region, bone is found to
be more transparent than most tissues. This is because although bone causes
considerable scattering, there is in general little absoiption except from haemoglobin in
the blood inside the bone. With the exception of some of the larger bones, the blood
content is low. No information on the optical properties of bone could be found in the
literature. A recent set of measurements for pig skull over the range of 650 to 950 nm
gives values for g varying from 0.925 at 650 nm to 0.945 at 950 nm. Values for p.
varied from 0.04 mm * at 650 nm to 0.06 mm * at 950 nm, with corresponding values
for p, of 35 at 650 nm and 24 mm * at 950 nm (Firbank, 1992).
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4 .9

T e n d o n s /lig a m e n ts

T h e te n d o n s , w h ic h c o n n e c t th e m u s c le s to th e s k e le to n , a n d th e lig a m e n ts a re
w h ite f ib r o u s c o rd s , a n d c o n s is t m a in ly o f a s u b s ta n c e s im ila r to g e la tin . T h e y h a v e a
v e ry lo w

b lo o d c o n te n t a n d s h o w

re la tiv e ly little a b s o rp tio n . S c a tte rin g is h ig h ly

a n is o tr o p ic d u e to th e d ir e c tio n a lity o f th e f ib r e s in th e te n d o n . T h is c a n u n d e r c e r ta in
c ir c u m s ta n c e s le a d to s ig n ific a n t c h a n g e s in e x p e c te d lig h t d is tr ib u tio n s in tis s u e s ,
b e c a u s e th e te n d o n s c a n a c t a lm o s t lik e a lig h t g u id e . T h is e f f e c t w a s o b s e r v e d in tim e
o f f li g h t s tu d ie s o n th e lo w e r a r m , w h e r e s ig n if ic a n t lig h t ’le a k a g e ’ a lo n g th e d ir e c tio n
o f th e te n d o n s w a s o b s e rv e d . A s im ila r e ffe c t h a s b e e n o b s e r v e d in h ig h ly s tru c tu re d
p a r ts o f th e b ra in in th e c o rp u s c a llo s u m , w h e re a x o n s a n d d e n d r ite s a re g ro u p e d
to g e th e r in b u n d le s (S a n d e m a n , 1 9 9 1 ).

4 .1 0

S u m m a r y o f tis s u e o p tic a l p ro p e rtie s

T h e tis s u e o p tic a l p r o p e r tie s m e n tio n e d in th e p r e v io u s s e c tio n s a re s u m m a r is e d
in ta b le 4 .2 , to g e th e r w ith s o m e d e ta ils a b o u t th e tis s u e s a m p le ty p e a n d p re p a ra tio n ,
m e a s u r e m e n t te c h n iq u e a n d m e th o d o f a n a ly s e s .
T is s u e s a m p le s : A s c a n b e s e e n fro m th e a b o v e ta b le , m a n y o f th e tis s u e s a m p le s u s e d
b y th e a u th o r s w e r e f r o z e n . F r e e z in g is lik e ly to c a u s e d a m a g e to th e c e lls in th e tis s u e
d u e to th e fo rm a tio n o f ic e c ry s ta ls . F o r th a t re a s o n , in th is w o r k tis s u e s a m p le s w e re
s to r e d a t 4 ° C , w e ll a b o v e fre e z in g . S o m e a u th o rs a ls o u s e d g r in d in g o r h o m o g e n is in g
o f th e tis s u e , to g e t s a m p le s o f a s u ita b le s iz e a n d s h a p e , a n d to o b ta in a la r g e r
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homogeneity in the sample. This however is likely to cause damage to cells in the tissue,
which in turn might change the scattering properties of the tissue concerned. In this
work therefore, tissue samples were left unhomogenised. The problem with tissue
inhomogeneity was reduced first of all by illuminating the sample with a relatively broad
beam (7mm ({)), thereby averaging over a relatively large surface area, and secondly, by
averaging over a number of samples.
Measurement techniques: As can be seen from the table, the majority of authors used
integrating sphere measurements of the diffuse reflectance and transmittance to
determine p., and

or

Exceptions to this are Wilson (Wilson, 1986) who used the

added absorber method. Key (Key, 1991), who did a measurement of diffuse
transmission, and Pederson (Pederson, 1976), who measured the diffuse reflection from
a thick sample. Since the integrating sphere technique with diffuse reflectance and
transmittance measurement provides a relatively simple and reliable measurement, that
method was used in this work. Methods used to determine g (and p^) were either
collimated transmission measurements on thin tissue samples or full integrating sphere
measurements. In this work the latter method was chosen. Because it was felt that for
an accurate description of in particular low order scattering, the full single scattering
phase function is required.
Analyses techniques: For the analyses of collimated transmission measurements through
thin samples the Beer Lambert law (exponential attenuation) was used by the above
authors. This is valid as long as the sample was sufficiently thin compared to the mean
free path for scattering. For the determination of p.^ and p.^ or p^% the majority of authors
used either Kubelka Munk theory or diffusion theory. Pederson (Pederson, 1976) used
transport theory, while Peters, Key and Firbank (Peters, 1990; Key, 1991; Firbank, 1992)
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u s e d a M o n te C a rlo te c h n iq u e . B e c a u s e o f th e d is a d v a n ta g e s a s s o c ia te d w ith

th e

d if f u s io n a n d K u b e lk a M u n k th e o r y , a s o u tlin e d in th e n e x t tw o c h a p te r s , in th is w o rk ,
w h ic h w a s s ta rte d in 1 9 8 6 , th e d e c is io n w a s m a d e to u s e a M o n te C a rlo te c h n iq u e ,
b e c a u s e o f th e m o r e a c c u r a te r e s u lts it w o u ld y ie ld .

Table 4.2 Summary of existing tissue data
Tissue

ft, mm *

lt,(l-g)m m *

X nm

It, mm *

630

0.026

5.7

g

Samples

Method

Theory

Reference

ground tissue

Added absorber

Diffusion

WiIson,1986

ground tissue

Goniometer

frozen & sliced

Int. Sphere

Diffusion

Karagiannes, 1989

Brain
Pig brain

0.9410.029

630
Calf brain

Adult human brain

Flock,1987

630

0.18

0.64

1064

0.12

0.29

"

"

"

"

400-1100

0.1-2.8

1-5

freshly excised

Int. Sphere

Kubelka Munk

Sterenborg,1989

630

0.15

0.7

ground tissue

Added absorber

Diffusion

Wilson, 1986

ground tissue

Goniometer

Muscle
Bovine muscle

0.95410.016

630

Human muscle

Flock,1987

630

0.166

0.438

frozen & sliced

Int. Sphere

Diffusion

Karagiannes, 1989

1064

0.118

0.281

"

"

"

Karagiannes, 1989

frozen & sliced

Int. Sphere +
collimated
transmission

Beer Lambert

Marchesini,1989

biopsies, fresh

Int. Sphere +
collimated
transmission
(Everet),
Goniometer (Bruls)

Diffusion

Everet,1966;Bruls,
1984; van
Gemert, 1989

Goniometer (Bruls),
Int. Sphere (Wan)

Kubelka Munk

W an,1981 ;Brals and
van der
Leun, 1984; van
Gemert, 1989

freshly excised

Int. Sphere

Kubelka Munk

Anderson, 1983

frozen

Int. Sphere +
Goniometer

Diffusion

Jacques, 1987; van
Gemert, 1989

freshly excised

Int. Sphere +
collimated
transmission

Diffusion

Parsa, 1989

515

1.12±0.18

5314.4

Skin, human

Stratum corneum

254-546

-1 0

Epidermis, excl.
stratum corneum

250-800

3-100

Dermis

300-2400

0.3-14

633

Uver, rat

350-2200

0.2

0.6-7.7

«0.9

«250

0.71-0.78

50-100
0.5-25
18.8

3.4-26

0.8

0.9-0.95

biopsies, fresh. Wan
heats to 60°C

o
Breast, human

oo

o

Average

Fibroglandular

Adipose

635

39.5

1.210.5

700

1.310.5

700

500-1100

Carcinoma

< 0.02

0.06-0.35

1.810.5

580

0.31-0.41

0.75

Beer Lambert

Marchesini, 1989

frozen & sliced

Goniometer +
collimated
transmission

Beer Lambert

Key,1991

Goniometer +
collimated
transmission

Beer Lambert

Key,1991

Int. 8pdiere +
collimated
transmission

Monte Carlo

Peters, 1990

Goniometer +
collimated
transmission

Beer Lambert

Key, 1991

Diffuse transmission

Monte Cario

Key, 1991

0.9510.02

0.945-0.985

30±6

700

0.9210.03

frozen <fe sliced

Int. 8f^ere +
collimated
transmission

freshly excised,
frozen &
homogenised

0.8810.03
freshly excised

850

0.005-0.15

0.75

freshly excised

diffuse transmission

Monte Carlo

Key,1991

1300

0.01-0.21

0.75

freshly excised

diffuse transmission

Monte Carlo

Key, 1991

632

0.052

freshly excised

Goniometer +
diffuse transmission

asymptotic diffusion

Yoon,1988

Beer Lambert +
Diffusion

Keijzer, 1989

Aorta
31.6

4.1

0.87

Intima

633

0.36

17.1

0.85

frozen & sliced

Goniometer +
collimated
transmission

Media

633

0.23

31

0.90

....

....

....

Keijzer,1989

0.81

....

....

....

Keijzer,1989

Monte Carlo

Firbank, 1992

Adventitia
Bone

633

0.58

19.5

650-950

0.04-0.06

24-35

0.925-0.945

sliced

Int. 8phere +
Goniometer

685

0.5

141.3

0.9947

whole blood,in vitro
H=0.41, 802=100%

Reflection from
thick sample

Transport theory

Pederson, 1976

red blood cells, in
vitro, 802=100%

collimated
transmittance +
angular scattering
measurements

Beer’s law, Mie
theory

8teinke and
8hefJiard,1988

Blood
40-45%
Heamatocrit

„

633

160

0.985

o
s
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Chapter 5

Models for light transport in tissue

1

Introduction

In this chapter a brief overview will be given of the various theories that have
been used to describe light transport in tissue. Their relative merits will be discussed and
some generally used terms and concepts will be introduced. In general, a model is used
to explain and interpret measurements and make predictions. More specifically, for the
purpose of this work, a model is needed to determine the tissue optical parameters p.,
Ps and /(§•§') from a set of measurements. Conversely, with a knowledge of these
parameters, a model can be used to predict various quantities such as the absorbed dose
and the light distributions in tissue, and the light fluxes emerging from the tissue, for
a given light source and tissue geometry.
There are a number of distinctly different approaches to the modelling of light
transport in a scattering and absorbing medium. In order to assess the relative merits of
these different approaches, a brief outline will be provided of the requirements for the
modelling of light transport in tissue:
i) Tissue is a highly scattering medium. Any model therefore has to be able to deal with
the effects of multiple scattering.
ii) For most tissues, over the wavelength range of interest (500-1000 nm), the scattering
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coefficient is considerably larger than the absoiption coefficient. The exception to this
is liver, which is highly absorbing.
iii) Scattering of light in biological tissue is highly anisotropic. It tends to be strongly
forward peaked, representative of large particle scattering.
iv) On a macroscopic scale, tissues are not homogeneous. Ideally a model should be able
to take into account multiple layers or sections within the tissue each with different
absorption and scattering coefficients.
v) Although in the case of in vitro measurements it is possible to confine oneself to
simple slab geometries, this is most certainly not true for the in-vivo case. More
complex geometries must therefore be dealt with by the model.
vi) The computation time necessary to obtain the required results should not be
excessive.
vii) As explained in chapter 3, at the wavelength range of interest in this study, non
elastic scattering effects (fluorescence, phosphorescence, Brillioun and Raman scattering
etc) can be ignored.
The following is a list of current models for light transport in scattering media.

2

Multiple scattering theory

This theory is sometimes also referred to as the analytical theory. In this theory
light is treated as a scalar wave propagating through the medium. In general terms, the
multiple scattering theory starts with the wave equation for a scalar field \|/ in free
space:
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{V^*k^)'¥ =

0

(5-1)

For this wave equation, solutions are obtained for scattering by a single particle, and this
is subsequently extended to include the effects of many particles and multiple scattering.
Statistical averages are then obtained for quantities such as the coherent power, noise
etc. In principle, all the effects of multiple scattering, diffraction and interference can
be included. An example of this type of theory is the work of Twersky (Twersky, 1964;
Ishimaru, 1977; Ishimaru, 1978). Let p (rj be the density of scattering particles per unit
volume at r,. A field \|/* at r, in a random medium will in general be a function of r, and
time. The average of the field, also called the coherent field, is denoted <\)/*>. The
square of this, | <V|/*> | ^ is the coherent intensity, which corresponds to the unscattered
light intensity. The total intensity is equal to the average of the square of the total field:
< I \|/* P>. In Twersky’s theory, two integral equations are the basic starting point :
<Y> ~

+j^ w /< Y '> p (rJd r,

(^*2 )

This is the basic Foldy-Twersky integral equation for the coherent field.
= <\|/"><\|(*'>+Jv/v**<|\|/* |^>p(r^)dr^

(^*3)

where
v / = M /+jM /v/p(r,)dr,

(5.4)

Equations (5.3) and (5.4) define Twersky’s integral equation for the correlation function.
The terms in these equations represent the following:
\(/* 5 total field at position r,.
(|)i* s incident unscattered light at r,.
p (rj s number density of scatterers per unit volume.
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m/ s operator,

representing

the

-< />
scattering characteristic of the particle
at r, scattering light into point r., see

a

Figure 5.1. The notation u*<s\^> is to
be interpreted as the field at r. due to
the scatterer at r, when a total

o

effective field <\|/‘> is incident at r,.

Figure 5.1 Field at r , due to incident wave and the

The total field at r, is then the sum of contributions from the other scattering particles.

the incident wave (|)| and the contributions from all the other particles, v / s operator,
representing all the scattering processes, both single and multiple, leading from the
scattering particle at r, to r, and going through various scatterers (Figure 5.2).
Although some practical solutions are known to these equations, these can only
be obtained at the expense of many simplifications (Twersky, 1970). These equations
are very intractable, and do not appear to provide a viable tool for obtaining results for
the case of tissue optics.

3

Fa

Radiative Transfer Theory

This theory is sometimes also called
Transport Theory. The basic equation is the
equation of transfer, which is equivalent to the
equations for Boltzmann's kinetic theory of gases
and

to

n e u tr o n

tra n s p o rt

th e o r y
Figure 5.2 Scattering processes leading
scatterers.
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based on heuristic arguments, and deals with
the propagation of intensities through a
medium containing particles. Polarisation

e

can be included in the description through
the

use

of

the

(Chandrasekhar, 1950;
,

tt

Stokes

m atrix

Carter, 1978;
,

1

-

van de Hulst, 1980), but most authors leave

Figure 5J The radiance L(r4) at r in direction
solid angle dS and the normal Sq to the
surface through r.

this out to simplify the mathematics. This
can be justified by the fact that after multiple scattering, any initial polarisation
information is lost (Bohren and Huffman, 1983).
Before introducing the equation of transfer, some of the terms used will be
defined (Figure 5.3). Sometimes, different names are used by different authors. In that
case the first name mentioned will be used in the remainder of this work. These largely
follow the notations and the normalisations employed by Case and Zweifel.
- Radiance ( Specific Intensity ):
The radiance L is defined as the average power flux density at r in the direction
§ within a unit solid angle:
(W m V ‘)
- R ayant energy fluence rate ( space irradiance or average diffuse intensity) at r.
V (r) = f L ( r ,f ) d /

(iV rn'^)

(5.5)

4x

- Flux :
The flux at r through a surface with normal
F = the backward flux are defined as:

with F+ = the forward flux and
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f±W «) =

(5.6)
± 2*

- Flux density:
F(r) = jL(r,l)^di

W m'^

(5.7)

4k

- Single scattering Phase function, as introduced in chapter 3:
W )
Note its normalisation,

(sr')

dl = 1. This is the normalisation used by, amongst

others. Case and Zweifel. Another often used normalisation is

df =

The latter normalisation is favoured by Ishimaru.
- The Albedo:
a =

(5.8)

The equation o f transfer for light transport is then as follows:
f-VL(r.f)+H,(r)L(r,f)

(5.9)
4k

Here |i, =

is the total attenuation coefficient, and Q{rJ§) is a source term. The

term S.VL(r,§), also sometimes written as ôL(rJ)/dS, represents the change in radiance
in the direction §. It is equal to \iJ^JL (rX W J)àS\ the total amount of energy from all
directions scattered into direction S, plus the contribution from the source term Q{r,§)
minus the amount of light in direction § that gets scattered or absorbed, |i,(r)L(r,^). This
equation of transfer is equivalent to the one speed transport equation for neutron
transport, with no secondary neutron production (Case and Zweifel, 1967). No exact
solution in closed form exists for this equation. Therefore one has to resort to various
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approximations, or use numerical solutions. The simplest problem to examine is the
plane parallel problem, where a plane wave is normally incident on a slab of thickness
d of infinite extent. Because of symmetry considerations, the equation of transfer
simplifies to:

(5-10)
2K

0 2

Here p, = cos(0) and Foexp(-p^z) is the reduced incident radiation (Star, 1988). In this
equation the radiance

only describes the scattered light, with the collimated part being

treated as the source function. The total radiance equals: L =

+ 5(p-l)Foexp(-p^z),

where Ô is the Kronecker function: 5(jc) = 1, x = 0; 5(x) = 0, x # 0. The modified phase
function equals:
2x

2k

- 4 - fd(t. rd f/(n .< |,y .4 )0
^

0

Note that even in the case of axially symmetrical scattering,
general/o(p*,p)

<5.11)

0

= /(f f ), in

=J{cosy\ where y is the angle between incoming and scattered

light. This is because §•§' =cosy = |xp* + (1-p^) (l-p ’^> cos(<|)-(t)’). For the axially
symmetrical case /c a n be expanded in Legendre polynomials:
/(cosy) - ^ 5 3 (2n + l ) ^ / / c o s y )

(5.12)

471 .

with
P.(cosY) -

))

(5-13)

After integration over <)>and (|)* the terms containing cos(m(<|)-())’)) vanish. Therefore:
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from which it follows that:
1

(5.15)

The above slab problem can be solved analytically for the case of a linearly anisotropic
scattering phase function, for w h i c h = l/(4jt)(l+3gf'f ) and for infinite thickness
d. This of course includes the case of isotropic scattering (Star, 1988). In general though,
even for the simple slab problem, it is necessary to resort to various approximations and
numerical methods. In the following some representative examples of these are given.
The first two

examples

are obtained from

the

book by

van de

Hulst

(van de Hulst, 1980).

3.1

Method of successive orders

This method begins with the unscattered light, and then calculates where this
light is scattered for the first time, then where it is scattered for the second time etc. So
each successive scattering order serves as a source function for the next scattering order.
The total light distribution is then obtained by summing the contributions from all the
scattering orders together. The starting point is therefore the light originating from the
light source(s). This gives the unscattered zero order light component Lq. For the
description of this method it is convenient to use the optical depth:
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f

(5.16)

t( z ) -

In the case of an infinite inhomogeneous slab geometry with a thickness of b optical
depths, with no azimuth ((|)) dependence, the following are the required steps. For light
originating from an external source incident at the surface x = 0 :
(5-17)
And for light incident at

X=

6

:
(5.18)

The nth order source distribution, in van de Hulst’s notation /o(x,|i), is obtained by
integrating the (n-1 ) order light distribution,

over all angles, multiplied by the phase

function:
1

(5.19)

Because the slab is not assumed to be homogeneous in the x (z) direction, the albedo a,

T kT

T

T

Figure 5.4 The nth order light distribution, L^(%,p) is derived from the nth order source term, Jg(x\p), with
an attenuation proportional to the distance between the two.
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and the phase function

are functions of x. The nth order light distribution

arising

from the nth order source distribution 7, is obtained by integrating the source function
over all space. For the case of the slab geometry (Figure 5.4) this becomes :

(5.20)

L/X.H) - 1

df

n<0

(5-21)

p -0

(5.22)

and:
L /x,0) - y/T,0)

This leads to a recursive relationship giving the light distribution for n times scattered
light from that of (n-1) times scattered light. The total light intensity distribution is then
the sum over all the scattering orders. This turns out to be a power series in the single
scattering albedo, a. The speed of convergence therefore depends on the magnitude of
the albedo. Unfortunately, for tissues in the near infrared wavelength range, the albedo
is of the order of 0.99, so that a large number of scattering orders may be required. The
method of successive orders applies to the cases of inhomogeneous slabs, anisotropic
scattering and to problems with azimuth dependence. Its main drawback is a
prohibitively long calculation time for ’thick* slabs (>5 optical depths). The applicability
of this method to tissue optics is therefore limited.
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3.2

Adding or doubling method

In the adding method, two layers with known reflection, /?, and transmission, T,
functions are added together. For an inhomogeneous slab, R and T are deflned through
the following equations, see Figure 5.5 (van de Hulst, 1980):
1

L^dl') - R L^ 0

1

Z,,(nO - TL^ -

(5-24)
0

The notation R*L means R operating on L as defined in the above equation. For an
inhomogeneous slab the functions R and T are different for light incident from below.
These are therefore designated by R* and T . For the case of several layers, the R and
T functions will be subscripted by the layer number.
The above functions can for instance be obtained with the method of successive
orders for a thin layer. The reflection and transmission functions for the layer resulting

m

RL.
in
Figure 5.5 Reflection, R(p4i*>. and Transmission, T(p4i*), functions for a single layer. For an
inhomogeneous layer R and T are diffoent for the top and the bottom of the slab.
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T ,.R

T ,T ,

Figure 5.6 Addition of two layers. Multiple reflections between the two layers lead to an infinite sum
for both the total Transmission and total Reflection functions.

from the addition are determined from those of the original 2 layers, see Figure 5.6:
( s .2S)

T.. - T J , ^T , r : r J , ^T , r : r , r : r J , + .......

(5-26)

These include an infinite sum due to the repeated reflections between the two original
layers. Since the functions R and T each already include the effect of multiple scattering,
this sum converges quite fast. If the angles p and }i’ are made discrete, then R and T can
be written as matrixes, where the R matrix is symmetrical, and the infinite series in the
terms

can be replaced by:
1*r : r ^*( r ; r ^)(r ; r ^) + .......- (i - r : r ^)

(S-27)

This leads to the following (matrix) expressions for R,^ and
r^

-

r ,* t ; r , ( i

- r : r ,) t ,

T ^ - T , ( 1 - R : R , ) - ‘ T,
Similar expressions can be derived for R^^* and

(5.28)

(5.29)

If the layers are homogeneous and

of the same thickness then the method is called the doubling method. The adding
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method provides a fast way to go from thin to very thick samples. It applies to problems
with inhomogeneous layers and anisotropic scattering. Most of the tables for
transmission and reflection functions in van de Hulst*s book were derived with this
method.

3.3

Method of singular eigenvalues

This is a formal mathematical solution to the equation of transfer for a slab
geometry. The starting point is the determination of all the discrete and singular
eigenvalues, together with their eigenfunctions P, of the integral equation:
1
( 1

(530)

This is equivalent to finding all modes of propagation in an unbounded medium in the
absence of sources (Case and Zweifel, 1967). The eigenvalue to the least damped mode,
ie the smallest value for X, is the effective attenuation coefficient in the diffusion
approximation. The method gives the intensity distribution as a function of depth, and
is applicable to problems concerned with homogeneous slabs and anisotropic scattering.
The computation time is quite fast for a phase function that can be expressed as the sum
of only a small number of Legendre polynomials. The mathematics required for this
method is quite involved and will not be discussed here.
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3.4

Discrete Ordinate methods

In the discrete ordinate method for a slab geometry, the angle variable \i is made
discrete. The radiance, L, the single scattering phase function, /j, and the source term,
(2 * are then expressed as vectors, the components of which are the values for the
different discrete angles.
For the case of a plane wave normally incident on a homogeneous slab, the
equation of transfer equation (5.10), rewritten in the variable for optical depth, x, and
with the integral over the angle replaced by a discrete sum is:

p °

+L(x,p,)) -

c.L (x,pp/>.,^,) + ^ /,( l,p .) F o ^ "

QX

(5.31)

27t

where the constants Cj depend on the integration scheme used. In the Gaussian
quadrature scheme (Case and Zweifel, 1967; Ishimaru, 1978; Profio and Doiron, 1981;
Stamnes, 1988), the integral over |i is approximated by N discrete terms using Gauss’s
quadrature formula. This method requires less terms than a simple discretisation of p
with equal increments. For order N this leads to a matrix equation of the form:
-1

dx

t(x ) +SZ, (X ) - Be "

(532)

where L and B are 2/Vxl column vectors, S is a 2Nx2N matrix. The elements of B and
S are:

271^1.

s.. -

(5J4)

127
The coefficients Cj and the values for p., are determined from Gausses quadrature
formula. The i-th element in the column vector L refers to the radiance in direction Hj.
This is a linear first order differential equation, the solution of which is relatively
straightforward (Ishimaru, 1978). The general solution is the sum of a particular solution
and a complementary solution, where the complementary solution satisfies the
homogeneous equation;
- I t (t)+SL (T) - 0
dx

(S3S)

L^(x)-pe^"

(5.36)

Making the assumption that

and substituting this into equation (5.35) leads to the following matrix equation:
(XU+S)p - 0

(5*37)

where U is a unit matrix. This is a matrix eigenvalue problem which can be solved
readily. In the limit of an infinitely fine angular division this method approaches that of
the method of singular eigenvalues.
A slightly different approach is taken by Mudgett and Richards (Mudgett and
Richards, 1971), who calculate the elements of the matrix S from first principles from
the single scattering phase function. This gives them a greater freedom in the choice of
the discrete values for JL This can be an advantage when the phase function fg is very
strongly forward peaked. In the discrete ordinate method it is relatively straightforward
to include the effect of specular reflection and refraction at the boundaries due to
differences in refractive index.
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3.5

Expansion into spherical harmonies

The radiance L and the phase function y(s,s’) can be expanded into spherical
harmonics (Case and Zweifel, 1967). This technique is used by many people to find
suitable approximate solutions to the radiative transfer equation. It also provides an
elegant way to derive the diffusion equation from the radiative transfer equation (see
section 3.6). The expansion proceeds as follows:

L(r,f) -

É (2/ +1 )L^(r)K,„(f)
47C

fis r ) Here the functions

4Jt /-o

(5-38)

m—/

) - Ë É

M m—i

)y,„(f)

(5-^o)

are the spherical harmonics and the functions P, are Legendre

polynomials. In the above expansion rotational symmetry is assumed for the phase
function. Substitution of the above expansions into equation (5.9), multiplying both sides
by y*hm(f) and integration over f, lead to an infinite set of coupled differential equations.
Truncation of this set can be achieved by assuming that the derivatives of
/ = N+l. This leads to a set of (7V+1)^ equations, and is called the
Numerical calculations using the

vanish for

approximation.

approximation have been used for instance by

Storchi for N = 29 (Storchi, 1984). More recently, an analytical solution for the infinite
slab problem using the P 3 approximation has been published (Star, 1989), showing
considerably better agreement with experimental results than those that can be obtained
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with the diffusion theory, particularly close to the boundary.

3.6

The diffusion approximation

Because it is the most widely used device to calculate the fluence rate in tissue,
the diffusion approximation will be given quite an extensive coverage. Historically, the
diffusion equation was derived on the basis of heuristic arguments, but derivation
through the use of a spherical harmonic expansion of the transport equation gives more
insight into the required approximations. The diffusion or

approximation can be

obtained by using the lowest order spherical harmonics approximation. This leads to:

47C

47C m—1

Back substitution of this expansion into equation (5.9) leads to four equations in the four
unknowns Lqo, 1 ^ , where m = -1,0,1. Case and Zweifel (Case and Zweifel, 1967) give
a derivation of the diffusion equation which gives a better feel for the approximations
made. Because Tqo is a scalar and the functions

are the components of a vector,

(5.41) can be written as L(r,^) = A + S'B. Integration over S gives for the fluence rate:
V (r) = j l ( r , f ) d f = 4jl4

(5.42)

Multiplying by S and integrating over dS gives for the flux density:
F (r) = jL {rJ)S d § =
The radiance can therefore be written as:

(5.43)
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L (r4 ) - J _ [ v ( r ) + 3 F (r):f]
4n

(5.44)

The radiance is thus seen to be the sum of an isotropic term, equal to 1/4tc times the
fluence rate, plus 3/4ji times the net photon flux in direction §. This equation may be
regarded as the first 2 terms in a Taylor series expansion of L(r,f) in terms of powers
of f-ff, where £f is the direction of F, and therefore \|/(r) should be much larger than

IF(r) I .

This means that the radiance L(r,f) should be nearly isotropic for this

approximation to yield reasonable results.
The source term Qir^S) can be similarly expanded:
e (r ,f) - ± [ g ,( r ) + 3 f ? ,( r ) ]
4tc

(5.45)

Inserting (5.44) and (5.45) into (5.9) gives:
f-V [y (r) + 3§F (r) ] +)i,(r) [\jr(r) +

F (r)] (5.46)

j*[V ('‘) + 3 f '* F ( r ) l /( f ',f ) d ^ ' + [ ^ o ( r ) + 3 f 'ç /r ) ]

An
By

integrating

(5.46)

and

f<5.46)

over

S

and

by

noting

that

d§* = /4 ,cos(0 )y(f’*f) df = g, the average cosine of the scattering angle,
two equations are obtained:
H .(r)V (r) +V-F(r) - % (r)

(5.47)

• iv \|/( r ) + [ H .( r ) + n /r ) ( l- g ) ] F ( r ) - î ,( r )

(5.48)

By eliminating F(r) firom these two equations, and by setting:
D (r)

-------------- i--------------

(5.49)
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we obtain:
F(r) = -Z )(r)[V v (r)-3 ? ,(r)]

(5^0)

-V -(£ )(r)V v (r))+ V '(P (r)3 ç ,(r))+ n _ (r)v (r) = % (r)

(5.51)

The term |i^(r) = [ ^i,(r) + H,(r)(l-^) ] and is called the transport cross section. The
above approximation is valid for p, « p /l-g ), except in the vicinity of sources or
boundaries (Star, 1988).
Boundary conditions: At the tissue boundaries, no diffuse intensity should enter
from the outside, implying that l(r,f) = 0 when § is pointing inwards. This however is
not possible with L having to obey equation (5.44). Instead therefore the total diffuse
inward directed flux is set to zero:

J {S-n)L{r,S)àS = 0

(5.52)

where n is the unit vector normal to the surface pointed inward. By substituting (5.44)
for L it can be shown (Ishimaru, 1978) that this leads to:

d«

■-_l_Y (r) +— dig, (r) = 0
2 D ^
27t ^

(5.53)

which is a Cauchy type boundary problem.
Some applications of the diffusion theory:
i) For an infinite half slab:
V (z )

with (i, = (n, + jO and ^

=

<5.54)

The constants A and B are detemiined from the

boundary conditions.
ii) For an isotropic source in infinite space, with Qq = {PJ4n)b(r) and

= 0:
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w (r) «

(5-55)

4jt£) r

F(.r) = ^
4tc r

-K,r

(5.56)

r'

The total radiance equals: L(r^) = (l/ 4 7 c)[\|f(r) + 3F(r)*f ]. This last example can be
applied to the case of an isotropic fibre inserted into tissue.
Examples of the use of the diffusion equation are given in Jacques and Prahl
(Jacques and Prahl, 1987).

3.7

Multiple flux theories

In these theories, the light transport problem is simplified by only considering
a limited number of light fluxes in certain directions. Historically these theories were
not rigorously derived from the transport equation, but were derived using heuristic
arguments. They can be regarded though as simple cases of the discrete ordinates
method. Of these, the two and four flux theories have been used extensively in the past,
and have the advantage of only using simple algebraic equations. They apply to the case
of an infinite slab geometry, and allow for analytical expressions for the diffuse
reflectance and transmittance of a slab.
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3.7.1

Two flux theory

This theory was initially proposed by Schuster (Schuster, 1905) and further
developed by Ryde (Ryde and Cooper, 1931; Ryde, 1931) and Kubelka and Munk
(Kubelka and Munk, 1931; Kubelka, 1948; Kubelka, 1954) and is often referred to as
the Kubelka-Munk theory (KM). The KM theory describes the light transport through
an infinite slab, for a diffuse incident light source with flux

in terms of two diffuse

light fluxes (Figure 5.7). One is the diffuse flux travelling in the positive z direction, F+,
while the other flux F is travelling in the opposite -z direction. These fluxes are related
to the radiance L through:
1

F = 2 tcjl(z ,p )p d ^ i

(5.57)

F_ = -271 jL (z ,p )|id |i

(5.58)

-1

For these two fluxes, two differential equations can be obtained by heuristic means.
Over the distance dz, the flux F+ decreases due to flux being absorbed: K+dz, and flux
being scattered into the opposite
hemisphere:

5+dz.

The

flux

F+

V

increases due to light scattered out of
the F flux, S dz. Similar arguments

in

A

/I N

apply to the F flux, leading to the
following equations:

F V/
Figure 5.7 Two diffuse fluxes used in the Kubelka
Munk theory.
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dF

dz

^

1 =

'

'

F
- "

'

(5.59)

= (5 .-^ ^ .)F -5 ,F ,

dz

(5.60)

Note that in the above equations the coefficients S and K have different suffixes, +, -,
for respectively the forward and the backward directions. This is because in general they
will all be different. The parameters

are related to p. by:

1

0

K. = n. ^ -------------------a:. = u .

jL(z,tl)tidn

(5.61)

-Jz,(z,n)ndn
-1

The parameters

are related to p, by:
0

1

JdnjL(z,nO /o(H .^O dn'
S. = H.

----------------------

(5-62)

J t(z ,n )n d n

1

0

jd n ji( z y ) x ,( n y ) d n '
S = u °__ -■________________

(5.63)

0

- j l( z ,p ) p d p

Obviously, the above S and K coefficients are not constants, but depend on the angular
distribution of L(z,p). If this distribution changes with depth, then
change with depth. In general also

and

and

will also

. If the radiance L(z,p) is isotropic

at all depths, then the S and K values are the same for forward and backward directions.
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In that case, K = 2|i, and:
1

0

0

-1

If the phase function is also isotropic then S = ji*. Various other approximations exist
to relate K and S to |i, and p,. For those cases where p. « p,(l-g), Patterson et al give:
K = 2p., S = (3/4) P;(l-g) (Patterson, 1992). For the same case but, in the normalisation
scheme followed here, with /o = (gô(p-p’) + 1/2(1-g), van Gemert et al give:
K = ___________________ 5 = ^
,^1
P.
4 ^19
^

p,

(5.65)

30p^+P^(l-g)

(van Gemert, 1987). The two flux theory has the disadvantage that the K and S
parameters are not easily related to the transport equation absorption coefficient p, and
scattering coefficient p,, which can be derived from the physical properties of the
scattering particles. Nonetheless it is frequently used because of the ease with which it
leads to analytical solutions for the problem of transmission and reflection of light
through a slab. With the boundary conditions F+(z=0) = F q and F_(z=d) = 0, the two
equations can be solved to obtain expressions for the diffuse reflectance, R, and
transmittance, T:
R =

suA (bSd)
a sinh(b5d) +bcosh(bSd)

asm h(bSd) +bcosh(bSd)
with

(5 .6 6 )

(5.67)
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(5.68)
The inverse of the above can be easily obtained to yield:
In
5 =

1 -R (jc -y )
K = ^(1 -%)

xd

(5.69)

with:
(5.70)
This gives an easy way to determine the parameters S and K from a simple set of diffuse
reflectance and transmittance measurements. To convert these parameters into the more
meaningful scattering and absorption coefficients

p.,, the following conditions have

to be satisfied. 1) The incident light flux has to be diffuse. 2) The radiance inside the
slab has to be isotropic. For the latter to be true, the condition p, « p,(l-g) has to be
satisfied.

3.7.2

Four flux theory

For the case of the light source consisting of a collimated beam, the light
transport can no longer be described by only two diffuse fluxes. In the four flux model,
the intensity inside an infinite slab of scattering and absorbing material of thickness d
is described by the two diffuse fluxes of the Kubelka-Munk theory and the forward and
backward directed collimated fluxes

and

Considerations similar to those for the

KM model apply concerning the need for an isotropic diffuse radiance inside the slab
for the non-collimated component. Under this assumption, differential equations similar
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to the two flux theory can be obtained:
dFc*
dz

=

(5.71)

^

df

dF

Here

(5.72)

= ~(K*S)F^*SF,*S,F^,*S^F^_

(5.73)

« (iSr+S)F -SF.-S,F,_-SjF^.

(5.74)

is the absorption coefficient for the collimated flux, 5, and S2 are the scattering

parameters for the collimated fluxes into the diffuse flux in respectively the same and
the opposite direction as the collimated flux. The relationship between these parameters
and |i„ Ps is as follows:

1

5, = M.jk(H.l)dH

(5.75)
5 ; = n , J /„ (H ,l)d H

5i

= M,

The comments made for the two-flux theoiy concerning the relationship between K, S
and ^i„

also apply to the case of the four flux theory. Both the two and the four flux

methods assume an isotropic light distribution inside the slab. Mudgett and Richards
(Mudgett and Richards, 1971) compared the two and four flux theory with discrete
ordinate solutions and found them to give reasonable results with errors less than 5%
for slab thicknesses exceeding 5 optical depths and for K/S ratios of less than 10 \ They
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reported that the errors increased when specular reflection and refraction at the slab
boundaries had to be taken into account.

3.7.3

Six and seven flux theories

A further refinement of the four-flux theory can be obtained by considering
fluxes in more different directions. To take the effect of a finite collimated beam
illumination into account, Cummins and Nauenberg added two radial fluxes (Figure 5.8),
one directed inwards and the other outwards from the main axis of the collimated beam.
They assumed scattering to be isotropic (Cummins and Nauenberg, 1983). Another
approach has been followed by Yoon et al, where they consider seven discrete fluxes
(Figure 5.9), one collimated flux to represent the input beam and six diffuse fluxes in
the

and z , x+ and x , and y+ and y directions. Equations similar to the two and four

flux theories were obtained, for example for F+:

(5.76)

The coefficients

represent the fraction of the flux in direction i which is scattered into

V
Fc-

F.-/

F._

F,-

F,<^
‘c+
Figure 5.8 Six flux model, where ingoing, f,.,
and outgoing,
radial fluxes are added to the
four flux model.

>

F,+

^F,1 +
F ^ r e 5.9 Seven flux model, with one
downward directed collimated flux,
and six
diffuse fluxes in the
and
dhections.
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direction y, and can be derived from the scattering phase function

This phase

function is not required to be isotropic. An analytic solution of the resulting set of
coupled first order differential equations can be obtained for the case of a uniform
incident beam, while for two and three dimensional cases a finite difference method was
used to numerically solve for the fluxes. The radiance and fluence rate were obtained
from these fluxes in an approximate way (Yoon, 1987).

3.8

Numerical methods

In the above, various methods to solve the problem of light transport in tissue,
some derived from the transport equation and some arrived at via more heuristic means,
have been given. In most of the methods discussed, analytical solutions could only be
obtained for very simple cases, such as infinite homogeneous slabs and isotropic
scattering. There are however various general mathematical techniques to numerically
solve differential or integral equations, which can be applied to the case of light
transport in tissue. The discrete ordinate method, already discussed, is an example of a
particular numerical solution for the transport equation valid for an infinite slab of
tissue. Two frequently used numerical methods, which allow for more complex
geometries and for an inhomogeneous medium, are the finite difference method and the
finite element method. Both methods apply to linear differential equations and are based
on a discretisation of the problem, ie the required function such as radiance or fluence
rate is approximated by its value at a discrete mesh of points. In so doing, the linear
differential equation governing the transport problem, together with its boundary
conditions, is reduced to a system of linear algebraic equations (Greenspan, 1974;
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Fried, 1979). These can be solved in a relatively straightforward manner.

3.8.1

Finite difference method

In the finite difference method, a rectangular grid of discrete points is formed on
the domain of the independent variables of space (and time), and the continuous function
of those independent variables is replaced by a discrete function which samples the
continuous function at the grid points. The main idea is then to approximate the
derivatives of the continuous function by taking the difference between adjacent points.
For example, the continuous function f{x) is replaced by the discrete function / = f{x^,
i = 0,...M, where {jcJ are the grid points or nodes. The first and second derivatives o f f
with respect to x are:
fi.i ~fi

dx

àV ix)

(5.77)

(5.78)

Here h is the step size in the grid for jc. If the differential equation describing the
problem at hand is linear, then the replacement of the derivatives by finite differences,
with the inclusion of the boundary conditions for the problem, leads to a system of
linear algebraic equations in the unknown function values at the grid points. These can
readily be solved using standard methods of solution. For the 1-D diffusion equation for
instance:
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(5.79)
this leads to:
= Qi

-(Y,_y -2 V, +V,.;)

For the boundary conditions we can take (5.53) with

d*

=

f= lr\/z -l

(5.80)

= 0:
(5.81)

0

which for the discrete case leads to:

Vo- 2 0
V

2h

(5.82)

= 0 => V - 1 = V, --^Vo

and similarly for i = n:
(5.83)
Use of these boundary conditions in the equation for i = 0 and i = n leads to the
following matrix equation:

/

-2-A/D 2 0 ...
1 -2 1 ...
0 1 -2 1

\

3^0

...
...

3^0
3^1

f \
^0
(5.84)

•••
...

f \

1 -2 1 •••
...
2 -2WD^

...

•••

...

•••

hj

S

This matrix equation can easily be solved for the unknowns {yj. For the inhomogeneous
case the scalar

can be replaced by a matrix whose diagonal elements are the

absorption coefficients p.; at different depths. A number of authors have used a finite

142
difference technique to solve particular light transport problems (van Gemert, 1982;
Cummins and Nauenberg, 1983; Zardecki, 1986; Yoon, 1987).

3.8 J

Finite element method

This numerical method has its history in civil and mechanical engineering. It is
similar to the finite difference technique in that it approximates the function required by
a discrete function on a mesh of points, called nodes. In the finite element method
however, the domain of the function is divided into a number of sub-domains called
’finite elements’. In each finite element, the function values between the nodes are
approximated by simple functions, called ’shape functions’ or ’interpolating functions’,
which are generally polynomials of a low degree. The following discussion will use as
an example the one-dimensional problem represented by the differential equation:

dx
Using the notation

Q(x)y-f(x) = 0

(5.85)

for the shape functions, the approximate solution to the above

equation can be written as:
m

y(x) = u(x) -

Nj(x)Uj = N^u

(5.86)

y-i
Here N and u are column vectors, where the superscript T indicates the transpose, and
m is the number of shape functions required per element. For each finite element a
matrix equation is obtained for the unknown nodal values, Mj. This equation can be
obtained in two ways. The first is to use a variational method which minimises the
potential energy of the element as a function of the shape functions. If the potential
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energy is denoted by IT, then the condition for a minimum for 0 is that:
(5.87)

4 2 -0 ,
For differential equation (5.85) the potential energy takes the form:

n (« ) = l )

p

W

*q(X)uOc) +2/(*)u

(5.88)

ÔX

Substitution of this last equation into (5.87) will lead to the required equation for u. A
problem with this method is that it is not always easy to find an expression for the
potential energy.
The second more general method relies on locally applying a weighted residual
method (Galerkin method) to the differential equation. In this method the approximation
(5.86) is substituted back into the differential equation (5.85), which leads to:
(5.89)
dx
The residual, R(x)y is due to the fact that u is only an approximation to the exact
solution y. In the Galerkin approach, the weighted average of the residual is required to
vanish over the element for each shape function Nf.
-,

J/?(.x)N.(a:) = J

- p ( x ) i _ î i ^ -^q(x)u(x) -fix) N-ix)dx = 0 ,
dx^

(5.90)
y=l,..,m

This set of equations can be solved by integration in parts. (NAG level 1 doc, 1982;
Rao, 1989). Either of the above two methods will lead to the following element matrix
equation in u:
(K* + M *)u* = F*

(5.91)

where K* is called the element stiffness matriXy M' the element mass matrix and F the
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element/(9 rcmg vector. They are related to the shape functions through the following
relationships, for example for the element containing nodes x^.i, x^:

K,. =

M, =
0

(5.92)

f, =
To describe the total system comprising all elements, global matrices can be assembled
from the local element matrices. For this the local numbering system for Mj, j=l..m is
replaced by a global numbering system Wj, /=l../i, where n is the total number of degrees
of freedom of the discrete system. If for the case of /n = 2 the local values
mapped to the global values

,« 2

are

then for example the element stiffness matrix K' can

be expanded with zero’s to obtain:

r

K' =

s

•

^11

^12

•

^21

^22

(5.93)

The total global stiffness matrix, K can now be obtained by summing the expanded
element stiffness matrices over the total number,

of finite elements:
(5.94)

I« 1
The other global matrices are formed in a similar way. Finally, the boundary conditions
of the problem have to be included. Methods for this are: i) Direct elimination of the
freedom firom the system. This method can lead to a final matrix equation of a smaller
order than the original, at the cost of a major reordering operation for the unknowns, ii)
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The Payne-Irons method, where use is made of a large weighting value for certain
elements in the matrix equation to impose the boundary condition. This leads to a small
error, but has the advantage that no further re-ordering of the unknowns is necessary,
iii) Through the use of Lagrange multipliers. This last method is sometimes necessary
for the case of more complex boundary conditions, but has the disadvantage that it leads
to a final matrix equation of a larger order, which is no longer banded in structure.
The above is only a very schematic description of the finite element method. In
a practical implementation, many problems need to be addressed, such as the shape and
size of the elements, the type of shape functions and the positions of the nodal points.
There are also a plethora of techniques for solving the resulting (sparse) matrix
equations. The implementation of a finite element scheme is therefore non-trivial, and
it is best to make use of one of the many finite element software packages that are
a v a ila b le .

(F ried , 1979;

NAG

level

1

doc, 1982;

R ao, 1989;

Zienkiewicz and Taylor, 1989). The finite element technique has been used in the fields
of atmospheric optics, and more recently been applied to light transport problems in
tissue (Gerstl and Zardecki, 1985; Keijzer, 1988; Arridge, 1990).
For the more complicated case of the general equation of transfer, often a
combination of the discrete ordinates method and the finite difference or element method
is used (Gerstl and Zardecki, 1985a,b).

4

Monte Carlo techniques

In a Monte Carlo model for light transport in tissue, the light paths of individual
’photons’ are simulated. The model assumes a non-deterministic, stochastic nature for
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the light scattering and absorption of individual photons (a Markov process, see chapter
6

). Because the physics of elastic light scattering and absorption processes is relatively

simple, the model is not too difficult to implement The required parameters for a Monte
Carlo simulation are the scattering coefficient, the absorption coefficient and the single
scattering phase function. These parameters determine the probability distributions for
the free path length, the likelihood of absorption and the photon scattering angles.
Individual photon path lengths and scattering angles are determined from these
probability distributions using random numbers (hence the name ’Monte Carlo’).
Inclusion of the geometry of the problem being simulated as well as tissue
inhomogeneities is quite straightforward. In general, the light is considered to be non
coherent, so that interference and diffraction effects are ignored. Also the effect of
polarisation is normally ignored, although it can be quite easily included.
Advantages of the Monte Carlo technique over analytical models are the
following:
i) The MC technique allows for a full 3-dimensional description of the problem at hand,
for almost any geometry.
ii) Tissue inhomogeneities can be easily included. This makes it possible to give a more
realistic treatment of real tissues and organs, and makes it possible to look at the
possibility of imaging.
iii) In as far as the single photon physics is exact and the assumption of the randomness
of the scattering is valid (precluding for instance light scattering in a regular lattice of
scattering centres), the Monte Carlo technique gives exact results.
iv) The effect of refi*action and reflection at boundaries between different media are
easily taken into account.

147
v) The technique is very flexible: the geometry of the problem can easily be changed.
It is also straightforward to look at many different quantities of interest, for instance
transmitted/reflected intensities, the absorbed dose within the tissues, or the effect of
time of flight discrimination or detector acceptance angle on the received intensity.
A disadvantage of the Monte Carlo technique is the large amount of computer
time that is required. As the speed of computers has increased in quite a dramatic
fashion over the last ten years this has become less of a problem. Even in those
instances where the routine use of a Monte Carlo technique would require too much
computer time for day to day use, it is still useful as a more exact model against which
more approximate analytical solutions can be compared, see for instance Groenhuis, and
Star (Groenhuis, 1983; Star, 1988).

5

Required assumptions and approximations

It is a big step to go from a description of light transport in some abstract
medium containing, preferably spherically symmetrical, scattering particles to something
as complicated as biological tissue. The following discussion will highlight the validity
of some of the assumptions that are needed in order to be able to model light transport
in tissues in terms of the transport equation and its scattering and absorption parameters.
This discussion will largely be limited to the case of brain tissue.
i)

Incoherence. Most theories assume incoherent scattering, which is equivalent

to saying that all the scattering events are independent, causing the initial phase
information to be lost. This means that there should not be a regular periodic structure
in the position of the ’scattering centres’. Observations of slices of brain tissue show this
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to be largely true, although in some areas one can observe a series of parallel axons.
ii) Axial symmetry. In most cases, axial symmetry is assumed for the single
scattering phase function. This can strictly speaking only be achieved with spherical
particles, which is obviously not the case for brain tissue. If however the phase function
is taken to be the average over many different scattering events, then the average phase
function will show axial symmetry due to the fact that all the different orientations and
shapes of the scattering particles are more or less random and will therefore average out.
This implies that there should be no preferential alignment or direction for the scattering
centres. This is a reasonable assumption for large parts of the brain tissue, with the
exception of areas with a high directionality, such as major bundles of axons.
iii) Assumed homogeneity. Most theories assume a homogeneous scattering and
absorbing medium. The question of homogeneity versus heterogeneity is very much a
matter of scale. It is obvious that no two cells are alike. Also different organs in the
body are clearly very different in their optical properties. Therefore when talking about
the optical parameters of a particular tissue, this should refer to an average value over
a small region of that tissue, large enough to average out differences between individual
cells. The question of heterogeneity in terms of optical parameters then comes down to
a comparison of the optical parameters for different small regions. In brain there are
clearly two different types of tissue: grey matter and white matter. Heterogeneities
within white or grey matter are not very large by visual inspection under a microscope.
Comparison of measurements over different small regions should give a more conclusive
answer to this question.
iv) Isotropy. In general it is assumed that the optical parameters for the tissue
are simple scalars which do not depend on the direction of the light relative to the
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tissue. This again is true for an average over several cells for tissues with randomly
shaped or at least randomly oriented cells. In highly structured organs or parts of organs
like muscle or in bundles of neurons in the brain this assumption is strictly speaking not
valid. Although anisotropy of the optical parameters in brain tissue may be of
importance, it is outside the scope of this work.
v)

Time Dependence. The tissue optical parameters are normally considered to

be independent of time in most theories. This is clearly not the case for real tissues in
vivo. In the case of in vivo measurements there are short term variations, in particular
changes in absorption, with heartbeat, breathing, changes in blood volume and
metabolism. Taken over a longer period, there are great differences with gestation,
where the changing degree of myelination causes considerable differences in scattering
behaviour and optical penetration depth (Svaasand and Ellingsen, 1983). For the in vivo
case therefore, either time averaged values should be quoted, or the time and details of
gestation or infant age, should be specified.
For the case of in vitro measurements, one has to be aware that there may be
significant differences compared to in vivo tissue. In postmortem tissue, the optical
parameters may change as the tissue denatures. The results of measurements are also
expected to depend on the sample temperature, see the discussion in section 3.2.1. For
post mortem measurements therefore the time after death, method of storage and
temperature at which the measurements were performed need to be specified.
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Chapter 6

Monte Carlo model for light transport in tissue.

1

Introduction

In chapter 5 various models of light transport in tissue were discussed, together
with their relative merits. In this chapter the choice of a Monte Carlo model will be
further justified. General techniques used in Monte Carlo modelling are discussed,
followed by a short review, mainly concentrating on the application of the technique to
light transport in tissue, as used by other workers in the field.

1.1

Justification of choice

As explained in chapter 5, if a model for light transport in tissue i. to be
successful, it has to be able to cope with the following:
i) A high degree of multiple scattering. This rules out the use of single or small angle
scattering theories and Twersky’s multiple scattering theory.
ii) Anisotropic scattering. This is not taken into account by the simple 2- and 4-flux
models or the diffusion theory.
iii) Tissue inhomogeneities and non-trivial geometries. It is almost impossible to take
these into account in any analytic model like the transport theory or approximations
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derived thereof.
iv) Ability to describe non steady state light distributions, as required in time of flight
studies.
The above is too complex a problem to tackle with any analytical model. By a
process of elimination this leaves the Monte Carlo model as the most suitable tool for
tackling the problem of light transport in tissue.

2

The Monte Carlo method

The Monte Carlo method deals with ’’experiments on random numbers”. It finds
extensive use in many different fields, including astronomy (Witt, 1977), operational
research

(Harling, 1958),

nuclear

(G iiell and Holcombe, 1990),

physics

biolo gical

(Berger, 1963),
sc ien c es

and

chemistry
m ed icin e

(Hoffman, 1955; Schull and Levin, 1964). The method is applied to those cases where
a rigorous analytical description of the problem at hand is either lacking or too
intractable to yield a solution. The problems dealt with in Monte Carlo are either
probabilistic or deterministic in nature. Probabilistic problems are directly concerned
with the behaviour and outcome of inherently random processes. This is for instance the
case in nuclear physics, where the particle reactions are described in terms of
probabilities. In deterministic problems, there exists a strictly causal link between events,
described by an analytical theory, or in a mathematical problem a solution in closed
form exists, but the analytical treatment does not lead to manageable numerical
solutions. An example of this is the solution of the Laplace equation subject to certain
complex boundary conditions.
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The problem of light transport through a scattering medium like tissue is
considered to be probabilistic in nature, for two reasons. Firstly, at the level of
individual photons, light scattering is a probabilistic phenomenon governed by the laws
of quantum mechanics. Secondly, even when considering light intensities averaged over
larger numbers of photons, the nature of the scattering medium itself is random due to
the large variety in distribution, shape and orientation of the scattering centres.
The basic assumption of the Monte Carlo method is that one is dealing with a
sequence

of

random

non-correlated

events,

or

Markov

processes

(Bremmer, 1964; Hammersley and Handscomb, 1964). For the case of light transport in
a random medium this means that the probability that a photon will change from it’s
present state "A" to another state "B" is independent of it’s previous states, i.e. it has
no knowledge of its history. For this to be true, the scattering centres will have to be
distributed non-periodically (a regular lattice would produce a diffraction pattern), and
the light should be non-coherent so that interference effects can be ignored. In this
instance it is also assumed that non-linear effects can be ignored.

2.1

History

The following historical review is by no means complete or exhaustive since
many comprehensive reviews are available (Hammersley and Handscomb, 1964;
Raeside, 1976).
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2.1.1

General

The first time the name Monte Carlo was used for what are essentially
experiments on random numbers (random sampling) was in 1944. However long before
then Monte Carlo type techniques were sporadically applied. One of the first
applications in the second half of the nineteenth century can be considered to be
’Buffons needle problem*, where a needle is thrown a large number of times onto a set
of equally spaced lines on a board to find the value of Pi (Hall, 1873). In 1901, Lord
Kelvin is reported to have used Monte Carlo type techniques in a discussion of the
Boltzmann equation (Kelvin, 1901), and since the early 1900’s statisticians have been
using random sampling techniques to investigate many of their problems. For example,
in 1908 Student (W.S. Cosset) used random sampling techniques to determine the
distribution of the correlation coefficient and the so-called t-distribution (Student, 1908).
Random sampling techniques became very widely used in the 1940’s for work
on the atomic bomb, to model the random diffusion of neutrons in fissile material. This
is also when the name ’Monte Carlo’ was coined. A lot of this work is credited to Ulam,
Fermi and von Neumann, who refined the original direct simulations with various
variance reduction techniques, see for instance (Ulam and Metropolis, 1949). In 1954
Hayward and Hubbell made Monte Carlo studies on the reflection of gamma-rays from
various media (Hayward and Hubbell, 1954). Charged particle diffusion simulations, in
particular electron studies, were first reported by Wilson who verified range straggling
formulas for electrons (Wilson, 1951).
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2.1^

Applications in medical physics

In 1955 a method for calculating the growth of tumour cell populations by Monte
Carlo methods was reported in the journal Science (Hoffman, 1955). The efficiency of
gamma-ray detectors for use in medical physics was examined by Wachter, Ellett and
Brownell (Wâchter, 1960). At the same time Bruce and Johns (Bruce and Johns, 1960)
made the first systematic radiotherapy study by determining the depth dose for monoenergetic beams incident on low atomic mass media. The application of the Monte Carlo
technique to the problem of the absorbed dose due to internal gamma-ray sources, in
particular organs in nuclear medicine, was pioneered by Ellett, Callahan and Brownell
(1964). In diagnostic radiology, Koblinger and Zarand (1973) used a Monte Carlo
method to determine the radiation dose to various organs during chest radiography and
quantified image quality. More recently, Monte Carlo therapy studies for the use of
neutron sources (1971), and pion sources (1972) were performed. A reference for the
above is Raeside (Raeside, 1976). The present state of the art in modelling radiation
transport of almost any type of particle and energy is represented by the EGS4 package
(Nelson, 1985). First use of Monte Carlo techniques for the modelling of light transport
in the visible range was for the determination of the optical properties of photographic
emulsions (Bowker, 1962), and the technique is now used extensively in astronomy and
remote sensing. The first medical application in the visible range was reported in 1983
(Wilson and Adam, 1983).
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2.2

Ins and outs of the method

In a direct Monte Carlo simulation of the transport of light in a scattering and
absorbing medium, the method in general goes through the following sequence of steps
(N.B., Hammersley and Handscomb, 1964, distinguish between ’direct’ and
’sophisticated’ Monte Carlo, where the direct method refers to a straightforward simple
simulation of the problem at hand, whereas in the sophisticated method a given problem
is solved by simulating a different problem, leading to a more efficient model):
i) Select a starting point for a ’photon’. The starting point of a photon is
determined from the known distribution of sources, and need not be randomly sampled.
ii) Trace its history as it gets scattered or absorbed in the medium until some
terminating condition is met. To trace the history of the photon, random samples are
taken from the probability distributions which govern the various transitions or
interactions the photon undergoes. These probability distributions can be derived from
knowledge of the physics of the interactions, or can be based on measurements.
iii) Score, i.e. extract the parameters of interest from the photon history. There
are a multitude of different parameters that can be scored from the photon history, such
as the point of exit, the total photon path length, the deposited dose etc. This is one of
the attractions of the method.
iv) Repeat steps i to iii a sufficient number of times to accumulate sufficient
statistics. The number of photon histories that is required depends upon the quantities
being scored, the parameters and distributions describing the scattering medium and the
required accuracy in the quantities scored. Depending on the problem being simulated,
there exist various techniques to reduce the number of photons required. These methods
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are called variance reduction techniques. Some of these techniques are quite straight
forward whereas others are very complex, requiring a great deal of sophistication in
statistics (Hammersley and Handscomb, 1964). The variance reduction techniques which
are of relevance to this application will be discussed in section 2.5 later in this chapter.

2.3

Probability distributions and sampling

As a photon propagates through scattering matter, it undergoes changes in its
state due to interactions with this matter. The point where an interaction occurs, and the
likely outcome of that interaction are all described by probability density functions, also
called ’frequency distributions’. For instance, if x is the random variable describing the
outcome of an interaction, then the likelihood that x lies in the range x^< x < x"+ dr
equals/(jc)djc, where/(jc) is the probability density function for that particular interaction.
This probability density function is in general not a simple constant, and the problem
therefore is how to draw random samples from this distribution. The most
straightforward way of doing this is the direct method of random sampling
(Raeside, 1976). This method makes use of the cumulative probability function:
X

F{x) = Probability (X<jc) = J/(jc ')d x '
with 0 ^ F{x) ^ 1. By taking the inverse,

(^*1)

of F, the random samples can then be

obtained from this function by the use of random numbers, r^, uniformly distributed
between 0 and 1 according to: x^ = F*(rj), see Figure 6.1. This is the preferred method
if the inversion of F(jc) is reasonably straightforward. For cases where the latter is not
true, other techniques exist, such as rejection sampling and composition methods

2
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(Butler 1954; Hammersley and
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follow an exponential probability
density function,/(jc) = |ie*^, where 1 /p equals the average distance travelled:

X = f x 'p e ' ^ ' d b c ' = -L
i
^

(^*2)

This leads to the following cumulative distribution function:
jr

F{x) = j f( x ') d x ' = 1 -c

(6.3)

The inverse, F \ equals -(l/p)ln(l-r), where again r is a random number uniformly
distributed between 0 and 1. Because of this, (1-r) can be replaced by r. For the sampled
parameter x this leads to: x = -(l/p)ln(r).
ii) The angles over which the photon is scattered. In general this means sampling a solid
angle from a distribution of solid angles on the unit sphere. For the case of spherical
symmetry, either due to a spherical symmetry of the scattering particles themselves, or
due to a random orientation of the scattering particles, this can be simplified to sampling
from two angular distributions. Instead of using fls)ds as the likelihood for scattering
within the solid angle s to S+ds, the following can be used: /(s)ds = /( 0 )sin(0 )d0 d(j),
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where the probability density function / does not
depend on the angle of rotation ^ around the axis
of symmetry, see Figure 6.2. The angle (|) can
therefore be selected from a uniform distribution
of angles between 0 and 360°, so that (() = r*360°,
0<r<l. The cumulative probability distribution for
0

Figure 6.2 Directions and solid angle for
scattering.

equals:

f/(e')sine'de'
^ _o__________________

f( 0 ) =

K
f/(e')sin0'd0'

(6.4)

where the denominator serves to normalise F(0). The angle 0 can now be sampled as
follows:

0

2.4

= F^(r), 0 <r<l.

Random numbers

For a successful Monte Carlo simulation of a problem, a large sequence of
*good' random numbers is required. For the purpose of this chapter, a random number
will be understood to refer to a continuous variable on the standard uniform distribution
in the interval (0,1). For such a random number the symbol r will be used.
A *good* random number sequence is then one which passes a number of
statistical tests, is reproducible and sufficiently fast. The above criteria can be applied
more or less stringently depending on the application in which the random number
generator is used. What is considered ’good* enough in one application can be wholly
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unacceptable in another.

2.4.1

Tests for random numbers

The quality of random numbers can be assessed with a number of tests
(Raeside 1976; Hammersley and Handscomb, 1964; Press, 1988; Rubinstein, 1981;
Jansson, 1966). The following list for these tests is not exhaustive:
i) Frequency test. This tests for the uniformity of the distribution. Here the unit interval
(0,1) is divided into

bins. The random number generator is run N times, with N » Ny,

and the total numbers that falls in each bin is scored. The result can be inspected
visually, but a better measure is the use of a Chi-square test. For this case the Chisquare parameter equals:

^
i«o

(6 Æ)
no

where Nj equals the number of random numbers observed to fall in bin i and
the expected number of random numbers in bin /,
value of Chi-square exceeds a particular value

equals

= NfN^. The probability that the

by chance is G(v/2,x^/2), where Q is

the incomplete y-function (Press, 1988), and v is the number of degrees of freedom,
which in this case equals N^-l.
ii) Serial correlation test. This tests for the correlation between pairs of random numbers
in the generated sequence,

A:=l,2,3.......As above the result can be displayed

graphically as points in the x-y plane with jc = jc^ and y =
for this case is:

The Chi-square parameter
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^
v»o

(6.6)
n.j

where Ny is the number of bins in which the unit interval is divided,
number of occurrences that

is in bin i and

equals the

is in bin J and Wy is the expected

number for Ny, /ly = N/N^^. The number of degrees of freedom for this case is:
V=

N," -

-

1.

iii) Correlation between k successive numbers (correlation in k-space). This looks at the
sequential correlation between k successive numbers. An example of this type of test is
the so called simulated poker hand.
iv) Runs up or down test. In this test the number of monotonically increasing sequences
of random numbers of length k,

or decreasing

sequences similarly defined, are determined. The total number of expected runs for a
sequence length of N equals (2N-l)/3. The total expected number of runs of length k
equals:
.

* = i ,2,.. jv -2

(6.7)

(k*3)\
Because of the very small probability of long sequences, the results for k>n^ are
normally grouped together. In that case the number of degrees of freedom, v, equals
Again:

. ii

(6.8)

* •0

where the last term for /:=«, is the sum of the total number of run lengths >ny
v) Gap test. The gap test is related to the runs up or down test. A gap is the distance
between consecutive maxima or minima in the random number sequence, where the

164
maximum or minimum numbers are included. A maximum is defined as a number that
is surrounded by two smaller numbers, and a minimum is defined analogously. The
distribution of these gaps for an unlimited sequence is:
p .

(*:.?),
k'-

k = 3,4,5,-

(6.9)

(it+2)

is the probability of occurrence of a gap length of k.

where

vi) Repetition time. For random numbers derived from integer sequences, which is the
case for most pseudo random number generators, a further requirement is that the integer
sequence should have a suitably large repetition time, and that there are a sufficiently
large number of distinctly different values in order to get a narrow enough spacing
between neighbouring numbers in the resulting random number sequence in the (0 , 1 )
interval.
There are broadly speaking two different types of random number, depending on
the way they are generated: true random numbers and pseudo random numbers.

2A2

True random numbers

These are derived from a random physical process. First of all, there are manual
methods such as the throwing of dice, the picking of a playing card from a pack of
shuffled cards etc. Secondly, there are systems which employ a physical device, using
for instance electronic white noise or radioactive noise (Jansson, 1966). Taking care, all
of the above methods will produce true random numbers. In general though this form
of generation is too slow and cumbersome to be useful, and needs constant quality
control due to ageing components. An added disadvantage is that the generated
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sequences are not reproducible. These methods are therefore very rarely used in Monte
Carlo simulations.

2A 3

Pseudo random numbers

These are calculated by following a mathematical algorithm. The numbers are
not strictly random, in the sense that the generating algorithm, together with a starting
value, determines the whole sequence of numbers. They can however be made to pass
most of the previously mentioned tests for a good random number, and have the added
advantage that ’random’ sequences can be reproduced for debugging purposes and
variance reduction.
Pseudo random number sequences can be generated in a variety of ways:
Generation with a shift register (Press, 1988; March, 1988; Freeman, 1988).

i)

Using the electronic circuit in Figure 6.3, a pseudo random sequence can be generated.
The output of a shift register is exclusive or’d with the value at one or more tapping
points, ki. The resulting value is inverted and fed back into the input of the register.
Maximum length sequences can be produced (period of 2"-l) for suitable register lengths
and tapping points k^. These shift registers can be implemented in both hardware and
software. The software version is most easily implemented in machine code but suffers
in that case from not being very
portable. Although the above
method

produces

sequence of
sequential

k,

n

a random

’O’s and
bits

1

from

’I ’s,
this

6 3 Implementation of a random number generate using

a shift register and exclusive or’s.
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technique should not be used as the bits of a large random integer (Knuth, 1981).
ii) The first method suggested by Metropolis and von Neumann was the
midsquare method (Metropolis, 1954) where each successive number is obtained by
squaring its predecessor and taking the middle digits of the result This method turned
out not to satisfy the requirements for a good random number.
iii) The currently most frequently used method uses generation by a congruential
method (Hammersley and Handscomb, 1964; Raeside, 1976). In this method, a random
sequence of integers is generated according to the rule:

= ax^.^ + c (modulo m). Then

Tj = x/m is the required uniformly distributed random number on (0,1). The maximum
sequence length of this generating algorithm is m. It can be achieved with a suitable
choice of a, c and m (Press, 1988). A variant on the above method is the multiplicative
congruential method: x^ = ax^.^ (modulo m). The maximum period of this method is less
than m, and it is harder to specify the optimum values for a, m and Xq, the starting value
of the sequence.
All of the above methods of generating pseudo random numbers are suspect
when it comes to the tests of serial- and k-space correlation. Also their low order bits
are often less random then their high order bits. Therefore some extra measures are
required to further de-correlate the random number sequences. Press et al (Press, 1988)
suggest the use of a randomising shuffling routine, based on an algorithm devised by
Bays and Durham (Knuth, 1981), where an array is filled with random numbers. In the
output sequence the previous random number is used as an index into this array. The
element indexed becomes the next random number. The element that was just indexed
is then refilled with a new random number. This method effectively de-correlates the
sequence and also greatly increases its period of repetition. Another method is given by
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Wichmen (Wichmen and Hill, 1987) where they add three simple mutually independent
random numbers generated by the multiplicative congruential method and each divided
by m to obtain a random variate on (0,1) with good statistical properties. Claimed
advantages of this method are portability and the requirement of only a 16 bit word size.

2.5

Variance reduction

Various methods have been devised to reduce the variance, i e the statistical
error, in the scored quantities. Any method which can reduce the variance without
requiring a larger number of runs is veiy valuable, because an increase in the number
of simulated photons, N, only reduces the variance in the scored variables by a factor
of Vn . Therefore, to increase the accuracy by a factor of 10 requires a hundred-fold
increase in the simulation time. The variance reduction techniques which are applicable
depend on the details of the problem at hand. The validity of the use of a variance
reduction technique needs to be thoroughly tested before any faith can be put in the
results produced.
In general, most techniques rely on some form of biasing of the probability
density functions which are being sampled. In more abstract terms, if ( is the
expectation value of g(jc), where x has the probability density/(jc), Ç = J g(jc)/(jc)djc, then
the variance of Ç can be reduced by choosing a different probability density h{\) such
that the expectation value of Ç remains unaltered: Ç = / g*(jc)A(x)d%, where
gXx) = g{x)f{x)lh{x) (Marshall, 1954). Here the factor f{x)lh{x) can be regarded as a
weighting factor correcting for the different probability density function. The following
are examples of different types of schemes for variance reduction.
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2.5.1

Biasing techniques.

i) Survival weighting. In this case, when talking about photons, a photon history
is not terminated in the case of absorption or some other process that would normally
terminate its history, but instead it is assigned a weighting factor w. If the probability
of absorption is

then Wj+i = w>(l-P.). Therefore no calculating time is wasted on

absorbed photons.
ii) Importance sampling. In importance sampling, the probability density function
is biased in favour of those values which have a higher probability of leading to success.
The distortion introduced by this bias is remedied by the use of suitable weighting
factors. An example of this technique is exponential biasing (Levitt, 1968;
Karcher, 1968). Here, the mean free path between scattering events, X=l/pg is replaced
by X/fl, 0<j<l. To compensate for this bias towards longer free paths, the photon weight
is adjusted by a factor (l/a)e''^^'"\ where I is the next free path determined from
/ = -(Xya)ln(r), to preserve the expectation value of /. This method works well for
scattering probabilities P , « l (f, is the probability that at an interaction the particle
scatters elastically). Levitt found that an optimum value for the parameter a was found
from: P,{( 1 /^)0 *^*'“^} = 1. For the case of a high scattering probability (low absorption),
P,~l, which leads to an optimum value for j of 1. In this case the technique obviously
does not lead to any improvement.
iii) Splitting. In the splitting technique, sampling is increased in regions or
directions that are likely to contribute to scoring. Here "interesting" samples are given
more computer time by "splitting" the sample into independent branches. In the case of
photons, photons that are in ’interesting’ positions can be split into v ’sub-photons’, each
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with its weight reduced by a factor of 1 /v.
iv)

Russian roulette. This can be considered to be the opposite of the splitting

technique. Sampling is decreased for unfavourable samples which are for instance poorly
located or have a low weight. These samples are terminated with a probability of 1-v
(0<v<l). If the sample does not get terminated, its weight gets increased by a factor lA'.

2.5.2

Inclusion of analytic methods

Often in a Monte Carlo simulation of a problem, certain parts of the simulation
can be calculated analytically, thereby replacing random samples by expected values.
Doing so will reduce the variance of the final answer and at the same time reduce the
length of the history to be followed. Hammersley and Handscomb coin this the method
of control variâtes (Hammersley and Handscomb, 1964). Related to this is the technique
of systematic sampling, where the Arst stage of random sampling is replaced by a
systematic sampling. For instance for the case of a source of finite dimensions, a
systematic ’scan’ of the source can replace a random selection of points within the
source.

2.53

Correlation and regression methods

For those cases where one wants to compare the outcomes of two or more
similar simulations, particularly when the difference between the two is of interest, a
substantial improvement in the variance in this comparison can be achieved by
combining this comparison into a single simulation, using the same random numbers.
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This method of correlated sampling can also be used to test the accuracy of an
approximate analytical theory, which exactly describes a simplified situation, by
modelling the difference between the simplified and the real situation. The analytical
theory provides the control variate. Regression methods are a more general technique
for variance reduction, the details of which will not be discussed here. For a more
thorough treatment of this subject see Hammersley and Handscomb, chapter 5
(Hammersley and Handscomb, 1964).

2.5.4

Use of similarity relations

The name of this technique is derived from the similarity relations which are
discussed in van de Hulst’s work on multiple scattering theory (van de Hulst, 1980). He
investigated the possibility of replacing the problem of transmission and reflection from
an optically thick slab of tissue with optical thickness 6 , albedo a ( a =

) and

anisotropic scattering with a mean cosine of scattering g, by another problem with
isotropic scattering (g=0 ) and with different optical thickness bo and albedo Qq such that
the same values for transmission and reflection are obtained. Van de Hulst’s treatment
only took into account the first moment, g, of the scattering phase function. This
technique was subsequently generalised by Wyman et al (Wyman, 1989) to include
higher moments of the scattering phase function. The technique starts with the transport
equation and derives from it an equivalence relation between

|X.,

and/(^i), the single

scattering phase function. The radiance and the scattering phase function in this relation
are expanded into spherical harmonics and Legendre polynomials. By limiting the
anisotropy in the radiance to order V, the expansion of the radiance can be truncated at
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the value N. This leads to the following equivalence requirement:

S =

Here the

,

n = 1 ,-s^

(6.10)

/„* are the coefficients in the expansion of /(|x) and / (|x) respectively. The

smaller the factor S is chosen, the larger is the saving in time, because of the apparent
increase in the mean free path. At the same time the phase function,/(jx) becomes less
strongly forward peaked because its coefficients /n* are smaller than those for/(|i). The
admissible values of S are however limited by the requirement that always/(|x)>0. This
has the effect that S has to be increased with increasing N, thereby reducing the amount
of time saved. Because of the assumption about the degree of anisotropy in the radiance,
this method should only be applied away from sources and boundaries, where the
highest degree of anisotropy occurs. The use of similarity relations is different from
general biasing techniques in that they do not conserve the expectation values of
interactions. In this case, both the expectation value for the free path and the expectation
value for the scattering angle are changed.

3

Other Monte Carlo models for light transport

Monte Carlo models for light transport in a scattering medium have been and are
used in many different disciplines. The following gives an impression of the different
areas of application of Monte Carlo models for light transport, with an emphasis on the
application in medicine, and discusses some of the differences in implementation,.
Monte Carlo modelling has been widely used in Oceanography to simulate
scattering by sea organisms and small particles (Hessel and LaGrone, 1970; Lemer and
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Summers, 1982) and in the areas of remote sensing and LIDAR (Meier, 1978). Other
areas include astronomy, to model multiple scattering by dust and other particles
constituting interstellar matter (Witt, 1977), and in photography for the determination
of

the

optical

properties

of

photographic

emulsions

(Bowker, 1962;

DePalma and Gasper, 1972).
Presently numerous applications exist in medicine. The model of Meier et al
(Meier, 1978) was used by Groenhuis et al (Groenhuis, 1983) to look at the radial
distribution of light reflected off turbid materials, with the aim of determining the optical
parameters of human dental enamel. To look at light flux distributions in tissue for the
application of photodynamic therapy, Wilson and Adam used a MC model where they
made the assumption of isotropic scattering (Wilson and Adam, 1983). Maarek and Jarry
developed a MC simulation to model transmission and reflection in a ’slab’ of blood
(Maarek and Jarry, 1984). They further developed their model to study the propagation
of an ultra short pulse through a heterogeneous biological specimen to simulate time
resolved imaging (Maarek, 1986).
A method which is strongly related to the Monte Carlo technique or which could
perhaps even be classified as Monte Carlo is the random walk model. Here the more
realistic physical interactions in a Monte Carlo method are replaced by a random walk
on an evenly spaced discrete cubic lattice where ’scattering’ is always over a multiple
of 90°. This technique has been used by Bonner, Nossal and Weiss to look at the mean
path length and light distributions for detected photons emerging from a biological
medium (Bonner, 1987; Nossal, 1988; Weiss, 1989).
Recently, MC models have been used to study the use of time resolved
techniques. Patterson et al looked at the time resolved transmittance and reflectance of
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tissue to determine tissue optical properties (Patterson, 1989). Jacques has used MC
models to predict the presence of single or two-photon reactions when using ultra short
pulses within biological tissues (Jacques, 1989). Delpy et al used a time resolved MC
simulation to determine the effective optical path length for light in highly scattering
tissues (Delpy, 1988).
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Chapter 7

Monte Carlo model, implementation

1

Introduction

In this chapter a detailed explanation will be given of the particular features and
implementation details of the Monte Carlo model that was developed for the purposes
of i) the determination of the tissue optical parameters from measurements, ii) to aid in
the interpretation and quantification of tissue spectroscopic data and iii) to examine the
possibility of optical imaging through tissue. The features that were desired for these
purposes are set out below. In the section on the implementation, some of the
assumptions inherent in the model are explained, followed by details on how they were
implemented, together with some of the computational ’tricks’ used to speed up the
operation of the computer program for the model.
Before putting one’s faith in the numbers produced by any model, it has to be
thoroughly checked and tested. The random number generators used were therefore
subjected to statistical tests for randomness, and the coordinate transformations and the
specular reflection and refraction corrections were compared with exact calculations. The
resulting model as a whole has been validated against data obtained hrom numerical
solutions of the Transport Equation. The results of these validations are included in this
chapter. In Chapter 10 some of the results obtained with the Monte Carlo model, and
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a comparison with experimentally measured data and analitically obtained data are
presented. This includes the spatial broadening of light transmitted through or reflected
from a slab, the imaging of an artery in a finger, and results for the determination of the
effective path length.

2

Features of the model

The requirements for the modelling work were firstly to provide an accurate
reliable model for the interpretation of measurements for the optical characterisation of
biological tissue, secondly to aid in the interpretation and quantification of spectroscopic
data by providing information on optical path length and thirdly to examine the
possibility of imaging through tissue, with and without the use of time of flight
information. The main interest therefore lay in the analyses of transmitted and reflected
light intensities, together with optical path length/time of flight information. Because of
its effect on the program execution time, and because it was not of interest for the
current work, the study of absorbed dose within the tissue was discarded. It was
therefore felt that a useful Monte Carlo (MC) simulation should possess the following
features:
i) The model should provide a full 3-D simulation of light transport. This was
considered necessary for the following reasons. Firstly, the model should be able to cope
with more complex 3 dimensional shapes, in particular for the imaging simulations.
Secondly, even for the case of a simple slab geometry, a 3-D description is necessary
in order to get the right answers for path length and time of flight
ii) The model needs to be able to cope with anisotropic scattering because of the
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high anisotropy of the scattering found in tissue. The scattering phase function is
assumed to depend only on the polar angle of elevation,

6

, and not on the azimuth

angle, (j), ie on average there is no preferred direction or orientation to the scattering
centres in the tissue.
iii) Because of the interest in imaging in tissue, the model has to be able to
incorporate objects with absorption and scattering coefficients which are different from
those of the surrounding homogeneous medium.
iv) Since the time of flight and the path length of the light emerging from the
tissue are of interest, the model has to keep track of the path length of the simulated
photons.
v) In most practical situations there is a difference in refractive index between
the tissues and the surrounding medium, in most cases air. Therefore the effect of
specular reflection and refraction at the relevant boundaries has to be taken into account
For this it will be assumed that the boundaries between the different media are smooth
so that Snell’s law can be applied for the refraction correction and the Fresnel formulae
can be applied for the specular reflection correction.
vi) The initial geometry for the problems to be simulated can be a simple slab
geometry with cylindrical or spherical objects for imaging purposes. It should however
be relatively easy to change the geometry in the model to other, more complex
geometries. The same applies to the parameters that are scored in the model, which
should also be easy to change.
With the above requirements in mind, the Monte Carlo simulation program was
developed.
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3

Implementation details

Before embarking on the details of the implementation, a few more points have
to

be

clarified.

First

of all,

some authors

(Depalma

and

Gasper, 1972;

Wilson and Adam, 1983), make the assumption that absorption takes place at discrete
sites. A random number determines whether or not a photon is absorbed. The advantage
of that method is that it is relatively easy to keep track of the absorbed dose in the
tissue. In this model however, the assumption is made that absorption takes place at a
molecular level and can therefore be considered to be continuous along the path of the
photon. This approach is also taken by Meier et al and Groenhuis (Meier, 1978;
Groenhuis, 1984a,b). The implication of this assumption is, that for light that has passed
through a heterogeneous medium with regions with different absorption coefficients, the
intensity of the exiting light is given by:
C “

(7.1)

with |i,j being the absorption coefficient in region ’/ and /j the total photon path length
in that region. The advantage of this method is that it leads to a considerable reduction
in the variance of the quantities scored in the model.
Secondly, in order to keep the simulation time within reasonable bounds, a cutoff
criterion is required in order to terminate photon histories that are unlikely to contribute
in any way to the scored quantities. For this cutoff criterion, two factors need to be
considered. One factor is that ’photons* that are very far away from the ’detector
position’ can be discarded. Another is that photons for which the ’intensity’ has dropped
below a certain value can be discarded. Whenever a choice of cutoff criteria is
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Figure 7.1 Geometry for the model. The slab consists of two areas with different absorption and scattering
coefficients.

implemented, its effect on the MC simulation results has to be tested.
In the first instance, the program was written for a slab geometry, with
cylindrical objects inside it. This configuration will be used to illustrate the details of
the model implementation. For this slab geometry. Figure 7.1 shows the problem to be
simulated. For each photon incident upon the slab, its path through the slab is followed
as it gets refracted, reflected, scattered or enters a medium inside the slab with a
different absorption and scattering coefficient. This path tracing is continued until the
photon exits the slab or has its history terminated
in some other way. For the photons that exit the
slab, the relevant data is stored for the subsequent
scoring of parameters of interest.

Initialisation
P h o to n

Figure 7.2 shows a block diagram which

H istory

Scoring

P o rt

gives the major building blocks of the program.
The first part is the photon initialisation, where the
starting x,y coordinates and angles 6 ,(|) for each
.

.

Dote
Display &

S to r a g e
P ro ces sin g

Figure 7.2 Major building blocks for the

photon are determined in order to simulate a Monte Carlo program.
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particular angular and spatial distribution for the ’light source’. This is followed by the
section that traces the photon history. At the end of a photon history, its relevant
parameters get stored in an array for future use by the scoring part of the program. The
final parameters resulting from the scoring program get stored on disk for subsequent
analyses and display by the processing and display programs.
Some of these blocks will now be explained more fully. The most important
block is that responsible for the tracing of the photon history.

3.1

Photon history tracing

This is the part of the program that contains most of the physics of the problem
being simulated: the basic photon interactions within the scattering medium, and the
shape and optical properties of that medium.

3.1.1

General

To specify the position x = (jc,y,z) of a
photon, use is made of a Cartesian coordinate
system, see Figure 7.3. The direction of the
incident photons is initially specified by their
polar angle

6

and azimuthal angle (|). In order to

speed up the operation of the program, the angles
6

and ^ are treated as discrete entities with a step

size of 0.1». For efficiency reasons, values for sin

cooidinate system used m
model
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and cos functions are precalculated and
stored in arrays, thereby replacing the

Reflect/Refract

calculation of a transcendental function by a
Interaction

simple indexing into an array. To facilitate
the coordinate transformations that are
needed, the angles

0

Test

and (j) are converted

into their corresponding direction cosines
(W|,M2 .W3 ),

w ith

Wj = sin(0)sin((j)) and

« 1

Change
Medium

= sin ( 0 )cos(O),
= cos(0). These

R eflect/R efract

I

Store Data for Scoring

direction cosines form the components of a Figure 7.4 Block diagram for the photon history
tracing part.

vector II of unit length pointing in the
direction of movement of the photon. Photons enter at z = 0, at position %,y and with
starting angles

0

and (|), and exit at either z =

0

or z = d, where d equals the thickness

of the slab. Furthermore the photons have associated with them a weight factor, w,
which is initially set to one. Figure 7.4 shows the steps the program goes through in the
photon history block. These steps will be discussed in more detail in the following
sections.

3,12

Reflection/Refraction corrections

On entry into, and exit from the slab, a photon will undergo specular reflection
and refraction at the air tissue boundary. The refraction of light going from medium one
to medium two can be calculated from Snell’s law:
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(7.2)

sin(0') = sin (6)—

where /i, n’ are respectively the refractive indexes of medium one and two, and 0 , 0 ’ are
the corresponding polar angles. The azimuth angle ^ does not change under reflection
or refraction. In terms of the direction cosines this can be expressed as:
(7.3)

(7.4)

1 - d -W3)

l-(l-%3)

1/ 3 ^ 0

«3 < 0

(7.5)

(7.6)

In going from a medium with a higher refractive index to one with a lower refractive
index, total internal reflection occurs for angles larger than the critical angle,
0„ = asin(nVn). To take the specular reflection, r„ into account, use can be made of the
formulas for Fresnel reflection. For unpolarised light, the total specular reflection is:
(7.7)
Here r^_ is the reflection coefficient for the amplitude of the electric field component at
right angles to the plane of incidence, and r,, is the reflection coefficient for the
amplitude of the electric field in the plane of incidence. For r, as a function of angle this
leads to (Longhurst, 1957):
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sin^(0 - 0 ') ^tan^( 0 - 0 ')
sin^(0 +0 ') tan^(0 +0 ')

sin(0 ) < —
n

(7.8)

sin(0 ) ^ —
n

r, = 1,

0

(7.9)

' = asin sin(0 )ZL
n

For external reflection, from an optically less dense medium to an optically denser
medium, the name r, will be used, while for internal reflection, from an optically denser
to a less dense medium the name
calculates look up tables for r, and

will be used. Using equation (7.8), the program
as a function of angle, with a step size of

0 .1

°.

The light transmission through the boundary equals (1 - r j .
At the air-tissue interface, the incoming photon is ’split’ into two parts. A
fraction

(1

- r j gets transmitted, thereby reducing the photon weight factor w to

(1 - r^)w. This transmitted fraction gets traced as normal. The reflected part is stored as
an exiting photon with weight w’ =

At the tissue-air interface, for the case of total

internal reflection, the photon just changes direction:

= -W3 . For the case of partial

internal reflection, the photon again is split but this time the transmitted fraction gets
stored as an exiting photon with weight w’ =
the reflected part having a weight w* =

(1

- rjw, while the tracing continues with
By splitting the photon in the case of

reflection and transmission, the variance in the final result is reduced.
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3 .U

Photon interactions

The basic photon interaction is as
follows, see Figure 7.5. For a photon in the
slab of tissue at position jCj, moving in
direction u , a free path length is determined
according to:

= -ln(rj/p,j, where r, is a
Figure I S Basic photon int^ction path

random number and the index j refers to the
medium in which the photon is moving. The direction of the photon, «, together with
it's free path length,
place: jrj+, =

determine the point at which the next scattering event takes

+ /j+iii. At this point a new direction for the photon is determined,

relative to the old direction. The change in the polar angle, 0, relative to its previous
direction, is determined from 0 ' = F \ r ^ , where F( 0 ) is the cumulative probability for
the polar scattering angle and Tj another random number. The function F(0) is stored in
a look up table with an angular
resolution of 0.1°. The change in
azimuth angle is obtained by:
<|)’ = 27ir3, where

is a third

random number. These angles
are converted into a set of
direction
which

cosines,
are

relative

(v„V2 ,V3 ),
to

the

previous direction u = (m„M2 »W3 ).
Figure 7.6 Coordinate transformation to transform new

The

new

absolute

direction direction relative to old direction back to absolute coordinate
system.
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cosines for the photon, (Wi\w2 *,M3 ’)» are then obtained through the following
transformation, see Figure 7.6:
f

cos^ COS0 -sin(|) cos(j) sin0
sin(|> COS0 cos(|)
-sin0

0

sin(|> sin0

\
(7.10)

COS0

The angles 0, (|) are the old angles relative to the fixed coordinate system, corresponding
to direction vectors (UiyU2,u^). The above transformation corresponds to a rotation of the
vector V = (v,,V2 ,V3 ) over

- 0

degrees in the plane through the z-axis and the vector u,

followed by a rotation over -(() degrees around the z-axis. In terms of the old direction
cosines,

equation (7.10) becomes:

Ml

t

t

t

Hi
t

u.
(7.11)

m/

V )
\

-t

0

and
'u r
«i'

f \

^2

,

t =

(7.12)
0

where:
t = sin(0) = ^ 1 -u ^

(7.13)

The free path length /j+j is added to the total path length travelled in medium j.
Subsequently, after each interaction, a test is performed.
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3.1.4

Test part

After each photon interaction a number of tests have to be performed in order
to decide the fate of the photon being followed. The following situations can occur:
i) the photon can cross an internal boundary to a part of the slab with different
absorption and scattering coefficients, ii) the photon can fail the test for the cutoff
criterion, and iii) the photon can cross the external boundaries of the slab.
i) When the photon crosses a boundary inside the slab to a part with a different
absorption and scattering coefficient, the intercept with that boundary is determined and
the path length

is truncated at that boundary. This means that the next free path will

be taken from that boundary point, with the absorption and scattering coefficients being
those of the new medium. The difference in refractive index between the different parts
inside the slab are quite small for most tissues. Therefore the reflection and refraction
at these boundaries are very small and need not to be taken into account.
ii) After each photon interaction a test is performed to assess whether or not the
history of the photon should be terminated, based on whether or not it is expected to be
able to contribute in any significant way to the quantities to be scored. The exact criteria
to be used depend on the particular problem that is modelled. The following criteria are
used in the present model to decide on the fate of a photon: 1) If the radial distance of
the photon from the z-axis exceeds a maximum value, r ^ , then the photon history is
terminated. 2) If the total path length of the photon exceeds a maximum, /„„, then the
photon history is terminated. 3) If due to many internal reflections the weight factor, w,
of the photon is less than

then tracing is terminated.

iii) When the photon crosses the external boundary of the slab, the intercept of
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the path with the slab boundary is determined and the last path length

is truncated

at the boundary. Subsequently the data for the photon is stored for future scoring.

3.1.5

Photon history storage

Whenever a photon exits the slab, its relevant parameters are stored. These are
the jc and y coordinates of the point of exit, the three direction cosines, (Wj,

M3 ), the

photon weight factor, w, the number of interactions, m, and the total path lengths in the
different media inside the slab. If a photon history is terminated because its possible
contribution has become to small, the intensity of this photon is added to a parameter
which keeps track of the total lost energy.

3.2

Scoring part

After a number of photon histories have been traced, typically 1000 to 10000
histories, the parameters of interest are scored from the accumulated photon histories.
The choice of parameters depends upon the particular problem to which an answer is
being sought Typically, the following quantities will be required:
i) The exiting intensity, /, of each stored photon which equals:
I ■= w ex p (
j
where

'

/,„ )
'

(7.14)

equals the absorption coefficient and /,o,j the total path length in medium y.

ii) The total transit time, T = n*ï^

where n is equal to the refractive index of the

slab and the sum is over the different media in the slab.
iii) The polar angle at which the photon exits the tissue: 0 = acosCMa).
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iv) The radial distance of the exiting photon from the z-axis: r =
The average values for all the above parameters can be determined from all the photon
histories.
For practical reasons, the scoring is done over discrete values of the independent
variables. For example, to score the transmitted intensity as a function of radial distance
and exit angle 0, / = 7(r,0), the following procedure is followed, i) Divide the radial
distance, r, into discrete values r,, f=0,..,n. ii) Divide the possible exit angles, 0, into
discrete values 0j, y=0,..,m. iii) Determine into which intervals (ri,r^.,) and (0j,0j+i) the
coordinates of an exiting photon fall, iv) Add the intensity of this photon to /(rj,0j) = 7^.
A few final remarks that can be made concerning the scoring are the following.
First of all, the absoiption coefficient |i, does not occur in the photon histories.
Therefore the same set of photon histories can be used for the scoring of a range of
different absorption coefficients. Secondly, the scattering and absorption coefficients as
well as the sizes of the slab and the objects to be imaged are dimensionless and can
therefore be scaled. This means that if a set of data is available for say absorption
coefficient p., scattering coefficient |i, and thickness d, then this data set will also
describe the problem with parameters \JiJk, \ijk and d*&, where &i s a scaling factor.

3.3

Data storage

Although in theory the data of all the photon histories could be stored for future
use, so that the same data could be used to score many different problems, in practice
this would lead to a very large storage requirement. Therefore only the scored
parameters are permanently stored on disk. This data is stored in ASCII format.
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Although this requires more storage space than binary data, it greatly facilitates transfer
of data to different types of computers. This makes it possible to generate data on one
computer and then transfer it to another computer for further analysis and display.

3.4

Display and processing

For the analyses of the data generated by the model, a set of data processing and
graphics display routines was developed. The data processing routines written include
smoothing, curve fitting, interpolation and regression analyses. The graphics display
routines include display on a monitor and hard copy output to a dot matrix printer or a
plotter. These routines were initially written for an Acorn 32016 Scientific Co-processor
in Fortran 77, but were subsequently transferred to a SUN-4 work station using a C
program together with GKS, and an IBM-PC compatible computer using Turbo Pascal.

3.5

Further particulars

The Monte Carlo program as described was written in ISO standard Pascal.
Although writing in C might have resulted in a slightly faster running program,
familiarity with the Pascal programming language, and the ease of debugging the
program and making it robust resulted in the choice of Pascal. The program was initially
run on an Acorn 32016 Scientific co-processor with floating point hardware. This system
performed at about two times the speed of an IBM AT with a floating point chip. The
random number generator supplied by the system software on the above system turned
out to provide good random numbers and was therefore used. At a later stage the arrival
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of a SUN-4 workstation prompted the transfer of the program onto this system. It was
found that the SUN system supplied random number generator needed additional serial
de-correlation, which was added to the system routine, following the suggestions in
Numerical Recipes (Press, 1988). With this exception very few changes were required
to the program.

4

Model validation

To begin with, some of the more critical parts of the model were checked. The
coordinate transformations were carefully verified, and measures were taken to prevent
rounding off, overflow and underflow errors from occurring following a large number
of consecutive transformations.

4.1

Random number generation

The random number generators supplied by the computer manufacturers were
tested. The generating schemes on the SUN and the ACORN workstation make use of
respectively 48 and 32 bit generating sequences. This should lead to an acceptably long
sequence length and a sufficiently fine spacing between neighbouring random numbers
in the produced random numbers in the interval (0,1). The random number generator on
the SUN was found to need additional serial de-correlation. On the above random
number generators the following statistical tests were performed:
1) Frequency test. The unit interval (0,1) was divided into 400 bins, and the random
number generators were run 400 000 times.
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2) Serial correlation. For this case the unit interval (0*1) was divided into 20 bins. The
serial correlation between successive random numbers in the sequence was determined.
For this test the random number generators were run 400 000 times. The results can also
be inspected visually by plotting the pairs of numbers to be correlated in the x-y plane.
Serial correlation it that case would show up as distinct bands in the plot.
3) Gap test, for a random number sequence length of 1 000 000.
4) Run up or down test. This test was performed on random number sequence lengths
of

1

0 0 0

0 0 0

.

The above tests were repeated 30 times for both the Acorn and the SUN random
number generators. The resulting values for the above tests of the
probability, Q, that this value of

parameter and the

will be exceeded by chance are given in Table 7.1

for the modified SUN random number generator and in Table 7.2 for the ACORN
workstation random number generator. Both the random number generator routine
supplied on the Acom system and the modified routine for the SUN workstation can be
seen to pass these four tests.
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Table 7.1 SUN rand(xn number test
frequency
Chisq
Prob.
3 . 9e+2
3 . 8e+2
3 . 5e+2
4.2e+2
3.7e+2
4 . 5e+2
3 . 8e+2
4.3e+2
4 . 5e+2
4.1e+2
3 . 9e+2
4 . Oe+2
4.3e+2
4 . Oe+2
4.2e+2
3.9e+2
3.9e+2
3.8e+2
3 • 8e+2
4 . 4e+2
4 . le+2
4 .le+2
3.8e+2
4 . le+2
3 .7e+2
4 . le+2
3.8e+2
4 .le+2
3 .7e+2
3 . 5e+2

5.9e-l
7.3e-l
9.6e-l
2.1e-l
8.1e-l
3.0e-2
7.0e-l
1.3e-l
4.7e-2
3.0e-l
6.2e-l
4.7e-l
1.5e-l
4 .5e-l
2.1e-l
5.9e-l
6.1e-l
7 .6e-l
7.3e-l
6 . 6 e- 2
3 .le-1
3.2e-l
7.9e-l
3.8e-l
8.4e-l
3.8e-l
7.5e-l
3.9e-l
8.3e-l
9.7e-l

correlation
Prob.
Chisq
3 .6 e+2
3 . 4e+2
3 .8 e+2
3 .6 e+2
3 . 6 e +2
3 .6 e +2
3 .9 e +2
3 . 6 e +2
3 . 5e+2
3 . 7 e +2
3 . 6e +2
3 . 6 e +2
3 .7 e +2
3 .4 e +2
3 .4e+2
3 . 9e +2
3 . 5e +2
3 . 8e +2
3 . 8e +2
3 . 5 e+ 2
3 .3 e+2
3 .9 e+2
3 . 2e +2
3 .3 e+2
3 . 7e +2
3 . 8e +2
3 . 6e+2
3 . le+2
3 . 7e +2
3 . 6e+2

5 . le-1
8 . le-1
2.4e-l
4.3e-l
5.4e-l
5.3e-l
1.3e-l
4 .5e-l
6.5e-l
3.9e-l
5.4e-l
5.2e-l
3.7e-l
7.7e-l
7.9e-l
1.5e-l
6.5e-l
2.2e-l
2.8e-l
6 . le-1
8.6e-l
l.le-1
9.2e-l
8.5e-l
3 .le-1
2.2e-l
4.6e-l
9.8e-l
4.2e-l
5.2e-l

gap t e s t
Chisq
Prob.
9.4e+0
5 . 7e+0
8 . Oe+0
1.2e+l
4.4e+0
3 . 5e+0
5.2e+0
3 . 2 e +0
6 . 8e+0
4.4e+0
l.le+1
8 . 6e+0
3 . 5e+0
4.4e+0
8 . 8e+0
7.6e+0
8.1e+0
8.4e+0
9.7e+0
l.le+1
1 . 4e+l
4.6e+0
6 . 1 e +0
1 . 7 e+ 0
7.3e+0
3.9e+0
l .Oe +1
l.le+1
8 . 6e+0
6. 9 e+0

2.3e-l
5.7e-l
3.3e-l
l.le-1
7.3e-l
8.4e-l
6.3e-l
8.7e-l
4.5e-l
7.3e-l
1.6e-l
2.9e-l
8.4e-l
7.3e-l
2.7e-l
3.6e-l
3.3e-l
3.0e-l
2.0e-l
1.3e-l
5 . 4e-2
7 . le-1
5.3e-l
9.8e-l
4.0e-l
8.0e-l
1.7e-l
1.5e-l
2.8e-l
4 .4e-l

runud t e s t
Chisq
Prob.
1 . 6 e +l
1.5e+l
7 . le+0
7.5e+0
5.3e+0
9.7e+0
8 . le+0
1 . Oe+1
7.5e+0
5.7e+0
9.9e+0
9 . le+0
4 . 3e+0
4 . le+0
9.7e+0
5 . le+0
2.5e+0
8 . le+0
7.7e+0
4 . 5e+0
1.2e+l
7.3e+0
8.3e+0
7 . le+0
2.5e+0
1.3e+l
7.5e+0
1.2e+l
6 . 8 e +0
4 . 9e+0

6.8e-2
l.Oe-1
6.3e-l
5.9e-l
8 . le-1
3.7e-l
5.3e-l
3.4e-l
5.9e-l
7.7e-l
3.6e-l
4.3e-l
8.9e-l
9 . le-1
3.7e-l
8.3e-l
9.8e-l
5.3e-l
5 . 6e-l
8.8e-l
2.4e-l
6.0e-l
5.0e-l
6.3e-l
9.8e-l
1.8e-l
5.8e-l
1.9e-l
6.5e-l
8.5e-l

Table 7.2 ACORN random number test
frequency
Prob.
Chisq
4.2e+2
4 . le+2
4 . Oe+2
3.8e+2
3.9e+2
4 . le+2
4.3e+2
3.8e+2
4.2e+2
4 . Oe+2
4 . le+2
3.9e+2
3.9e+2
3.8e+2
4.4e+2
3 . 6e+2
4 . 3e+2
4 . Oe+2
4.2e+2
4.3e+2
4 . le+2
3.9e+2
3 .6e+2
3 . 5e+2
4 . le+2
3.8e+2
4 . le+2
3.9e+2
4 . le+2
4.4e+2

2.7e-l
3.8e-l
5 . le-1
6.9e-l
5.7e-l
3.0e-l
1.3e-l
7.0e-l
2.5e-l
5 .le-1
3 .le-1
6.7e-l
6.5e-l
7 . Oe-1
9.8e-2
9 . le-1
1.5e-l
4.3e-l
2.6e-l
1.2e-l
4 . Oe-1
6 .le-1
9.2e-l
9.5e-l
3 . le-1
1 .le-1

3.4e-l
6.2e-l
3.9e-l
7.8e-2

correlation
Chisq
Prob.
3 . 6 e +2
3 .8 e+2
3 . 4e +2
3 .6 e +2
3 . 6 e +2
3 .8 e +2
3 .2 e +2
3 .6 e +2
3 . 4e +2
3 .5 e +2
3 . 6 e +2
3 .7 e +2
3 .6 e +2
3 . 6e+2
3 .9 e +2
3 . 6e+2
3 . 5e +2
3 . 5e+2
3 . 6 e +2
3 . 5e+2
4 . 2 e +2
3. 5 e+2
3 . 8e +2
3 . 2 e +2
3 .3 e +2
3 .5 e +2
3 .8e +2
3 . 5e+2
3 . 7 e +2
3 . 9 e +2

4.4e-l
2.4e-l
8 . Oe-1
5.8e-l
4.9e-l
2.6e-l
9.3e-l
4.6e-l
8.2e-l
7 . le-1
5.5e-l
3.7e-l
5 . Oe-1
4.8e-l
l.le-1
5.5e-l
6.5e-l
6 .8e-1
5.2e-l
6.9e-l
1.6e-2
6 .8e-l
2.7e-l
9.4e-l
9 .le-1
6 . Oe-1
2.3e-l
6.2e-l
3 .le-1
1.5e-l

g ap t e s t
Prob.
Chisq
1.3e+l
6 . 5e+0
3.7e+0
7 . 4e+0
l.le+1
7 . 6e+0
1 . 9 e+ 0
3.3e+0
1.4e+l
4 . 4e+0
8.2e+0
6 . 5e+0
7.0e+0
9.2e+0
1.9e+0
5 . 5e+0
1 . 5 e +l
4.4e+0
1.3e+l
1.3e+l
8 . 7e+0
l.le+1
9.9e+0
l.le+1
4 . Oe+0
3.8e+0
1.2e+l
6 . le+0
4.8e+0
4 . 6e+0

7.8e-2
4.8e-l
8 . le-1
3.9e-l
1.4e-l
3.7e-l
9.7e-l
8 . 6 e -1
5.7e-2
7.3e-l
3.2e-l
4.9e-l
4.3e-l
2.4e-l
9.6e-l
6 . Oe-1
3.2e-2
7.3e-l
6 . 8 e -2
6 . 2e-2
2.8e-l
1.5e-l
2 . Oe-1
1.2e-l
7.8e-l
8 . Oe-1
l.le-1
5.3e-l
6.9e-l
7 . le-1

runud t e s t
Chisq
Prob.
7.5e+0
1.5e+l
l.le+1
6 . 4e+0
l.le+1
1.2e+l
4.2e+0
9.5e+0
4 . Oe+0
l.le+1
l.Oe+1
4 . le+0
1 . 6e+l
5.8e+0
7 . le+0
l.Oe+1
1.4e+l
l.Oe+1
5 . 9e+0
6 . 7 e+0
6 . 5e+0
l.le+1
l . O e +1
7.0e+0
1.3e+l
5.3e+0
5.7e+0
3 . 6e+0
2.9e+0
1.2e+l

5.9e-l
l.Oe-1
2.9e-l
7 . Oe-1
2.5e-l
1.9e-l
8.9e-l
4 . Oe-1
9 . le-1
2.9e-l
3.3e-l
9 . le-1
6.7e-2
7 .6e-l
6.3e-l
3.3e-l
1.3e-l
3.4e-l
7.5e-l
6.7e-l
6.9e-l
2.7e-l
3.2e-l
6 .4e-l
1 . 6e-l
8 . Oe-1
7.7e-l
9.4e-l
9.7e-l
2.2e-l
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4.2

Specular reflection and refraction

The specular reflection and refraction corrections were tested by running the
model with a practically zero scattering coefficient (0 .0

0 0 0 1

), and over a range of

different angles of incidence for the incoming photons. For this case the total reflectance
and transmittance can be determined according to (Kottler, 1960):
2iî, = r. +( 1 -r.)( 1

Here

(7-15)

T, = ( l - r , ) ( l - r ) l

(7.16)

D ‘ {\-r.Rf-r^T^

(7.17)

and 7, are the observed reflectance and transmittance and R and T the

reflectance and transmittance in the absence of a refractive index difference. The factors
fg = r,( 0 ) and

= f|(6 *) are respectively the external and internal specular reflections and

are a function of the angle of incidence,

0

and the refracted direction, 0 \ as determined

from equation (7.8). For the case of zero scattering and absorption the above equations
simplify to:
R, =
1

+r

1 — /*

T = ___ 1

(7.18)

(7.19)

I-'-.

The excellent agreement between calculated values and the values produced by the
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Figure 7.7 Reflectance and transmittance fw a non-scattering slab with a refractive index of 1.4 in air.

model for the case of n = 1.4, for input angles of 0 to 85° can be seen in Figure 7.7

4.3

Cutoff criterion

The possible effect of the cutoff criterion for the termination of photon histories
was tested by varying these criteria and observing the change in the resulting scored
quantities. The cutoff criterion depended on a large number of variables, such as
refractive index mismatch, scattering- and absorption coefficient. This test therefore
needed to be repeated for each different case.

4.4

Comparison with tabulated data

The model as a whole was tested by comparing the Monte Carlo model results
against values tabulated by Van de Hulst (Van de Hulst, 1980). Van de Hulst obtained
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values for the diffuse reflectance and transmittance, for a slab illuminated with a right
angle incidence collimated light source, by a numerical solution of the Transport
equation, using the doubling method which was described in chapter 5. This was done
both for the case of isotropic scattering and for anisotropic scattering, where the
scattering phase function used was the Henyey-Greenstein phase function:
/(|i) = ------L_£------- ,
(l+ g :-2 g p r

\L = f

^ = cos(6)

(7^0)

The van de Hulst data does not include the effects of refractive index mismatches at the
slab boundaries. The values are tabulated as a function of optical depth, x =
where d is the slab thickness, with as a parameter the albedo, a =

and for the

case of anisotropic scattering g, the average cosine of the scattering angle.
Table 7.3 shows the values for transmittance and reflectance obtained by the
Monte Carlo model, for a relative refractive index of 1.0, versus the van de Hulst
tabulated values for the case of isotropic scattering (g = 0), and for albedo values, a, of
0.4, 0.8, 0.9 and 0.99. In Table 7.4 results can be seen for Henyey Greenstein phase
functions with g values of 0.5,0.75 and 0.875, and for albedo values, a, of 0.9 and 0.99.
For all these different cases the Monte Carlo generated values can be seen to be in
excellent agreement with the values obtained by Van de Hulst.
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Table 1 3 Van de Hulst versus Monte Carlo reflectance and transmittance data for isotropic scattering.
Optical
depth

Tr ans m.
MC

Isotro p ic data
Tr ans m.
R eflect.
vdH
MC

R eflect.
vdH

a=0 .4
3.13E-02
6.25E-02
1.25E-01
2.50E-01
5.00E-01
l.OOE+00
2. 00E+00
4. 00E+00
8.00E+00
1.60E+01
3.20E+01

9.75E-01
9.51E-01
9.04E-01
8.12E-01
6.61E-01
4.26E-01
1 . 7 4 E - 01
2.72E-02
5 . 9 3 E - 04
2.35E-07
1.33E-14

9.75E-01
9.51E-01
9.03E-01
8.14E-01
6.58E-01
4.25E-01
1.73E-01
2.72E-02
6 . 2 0 E- 0 4
O.OOE+00
O.OOE+00

6.21E-03
1.09E-02
2.02E-02
3.70E-02
5.24E-02
7.16E-02
8.18E-02
8.37E-02
7.88E-02
8.20E-02
8.34E-02

5.89E-03
1.12E-02
2.07E-02
3.57E-02
5.53E-02
7.34E-02
8.20E-02
8.33E-02
8.34E-02
8.34E-02
8.34E-02

1.15E-02
2.55E-02
4.58E-02
8.37E-02
1.43E-01
2.09E-01
2.66E-01
2.87E-01
2.82E-01
2.85E-01
2.85E-01

1.21E-02
2.36E-02
4.50E-02
8.24E-02
1.40E-01
2.11E-01
2.66E-01
2.84E-01
2.85E-01
2.85E-01
2.85E-01

1.45E-02
2.76E-02
5.15E-02
9.75E-02
1.65E-01
2.66E-01
3.60E-01
4.08E-01
4.11E-01
4.14E-01
4.21E-01

1.38E-02
2.69E-02
5.18E-02
9 . 65E-02
1.69E-01
2 . 67E-01
3.62E-01
4.08E-01
4.15E-01
4.15E-01
4.15E-01

1.57E-02
3.03E-02
5.93E-02
1.09E-01
2.03E-01
3.29E-01
4.94E-01
6.45E-01
7.30E-01
7.50E-01
7.51E-01

1.52E-02
3.00E-02
5.82E-02
l.lO E-01
1.99E-01
3.33E-01
4.97E-01
6.45E-01
7.29E-01
7.51E-01
7.53E-01

a = 0 .8
3.13E-02
6 . 2 5 E - 02
1.25E-01
2.50E-01
5.00E-01
l.OOE+00
2. 00E+00
4. 00E+00
8.00E+00
1 . 60E+01
3.20E+01

9.82E-01
9.61E-01
9.27E-01
8.58E-01
7.34E-01
5 . 4 4 E - 01
2.86E-01
7.54E-02
4.67E-03
1 . 6 0 E - 05
1 . 0 8 E - 10

9.81E-01
9.63E-01
9.27E-01
8.59E-01
7 . 38E-01
5.41E-01
2.86E-01
7.51E-02
4.65E-03
2.00E-05
O.OOE+00
a=0 .9

3.13E-02
6.25E-02
1.25E-01
2.50E-01
5.00E-01
l.OOE+00
2. 00E+00
4. 00E+00
8.00E+00
1 . 60E+01
3.20E+01

9.82E-01 9.83E-01
9.66E-01
9 . 6 6 E - 01
9.34E-01 9.34E-01
8 . 7 3 E - 01 8 . 7 3 E - 0 1
7.71E-01 7.65E-01
5 . 9 4E - 01 . 5 . 9 2 E - 0 1
3.59E-01
3 . 5 7 E- 0 1
1 . 2 6 E - 01 1 . 2 9 E - 0 1
1 . 6 7E - 02
1 . 6 0 E - 02
2.40E-04 2.40E-04
5 . 3 6 E - 08 O.OOE+00
a=0.99

3.13E-02
6.25E-02
1.25E-01
2.50E-01
5.00E-01
l.OOE+00
2.00E+00
4.00E+00
8.00E+00
1.60E+01
3. 20E+01

9 . 8 4 E - 01
9.69E-01
9.39E-01
8 . 8 9 E - 01
7.90E-01
6.55E-01
4.69E-01
2.76E-01
1 . 2 1 E - 01
2.98E-02
1 . 97 E - 0 3

9.84E-01
9.69E-01
9.40E-01
8.86E-01
7.94E-01
6.51E-01
4.66E-01
2.75E-01
1.22E-01
2.96E-02
1.87E-03
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Table 7.4 Van de Hulst versus Monte Carlo transmittance and reflectance values for Henyey Greenstein
phase functions with g-values of 0.5, 0.75 and 0.875.
O ptical_depth
g= 0.5, a=0.90
5.00E-01
l.OOE+00
2. 00 E +00
4. 00 E+0 0
8 . 0 0E+00
1.60E+01

Tr a ns m.
MC
8.65E-01
7.39E-01
5.22E-01
2.49E-01
5.48E-02
2.65E-03

Transm.
VdH
8.67E-01
7.39E-01
5.23E-01
2.51E-01
5.44E-02
2.50E-03

R eflect.
MC

R eflect.
vdH

7.39E-02
1.29E-01
2.06E-01
2.62E-01
2.76E-01
2.80E-01

7.20E-02
1.30E-01
2.05E-01
2.61E-01
2.77E-01
2.78E-01

8.74E-02
1.69E-01
3.07E-01
4.67E-01
6.01E-01
6.57E-01

8.79E-02
1.71E-01
3.05E-01
4.70E-01
6.00E-01
6.56E-01

2.87E-02
5.40E-02
9.64E-02
1.40E-01
1.63E-01
1.64E-01

2 .94E-02
5 . 60E-02
9.74E-02
1.42E-01
1.63E-01
1 . 66E-01

3.38E-02
7.24E-02
1.51E-01
2.82E-01
4.30E-01
5.31E-01

3.65E-02
7.60E-02
1.54E-01
2.84E-01
4.33E-01
5.30E-01

l.lO E-02
2.26E-02
4.07E-02
6.50E-02
8.34E-02
8.70E-02

1.25E-02
2.38E-02
4.22E-02
6.57E-02
8.26E-02
8.64E-02

1.55E-02
3.22E-02
6.98E-02
1.40E-01
2.57E-01
3.77E-01

1.57E-02
3.27E-02
6.91E-02
1.42E-01
2.58E-01
3.75E-01

g = 0 . 5 , a = 0 .99
5.00E-01
l.OOE+00
2. 00 E+0 0
4. 00 E+0 0
8. 00E+00
1.60E+01

9.06E-01
8.16E-01
6.58E-01
4.55E-01
2.44E-01
8.54E-02

9.06E-01
8.15E-01
6.60E-01
4.53E-01
2.44E-01
8.68E-02
g=0.75, a=0.90

5.00E-01
l.OOE+00
2. 00E+00
4. 00E+00
8.00E+00
1.60E+01

9.12E-01
8.27E-01
6.61E-01
3.99E-01
1.31E-01
1 . 3 4 E - 02

9.15E-01
8.28E-01
6.61E-01
3.97E-01
1 . 3 1 E - 01
1 . 31 E - 0 2
g=0 . 7 5 , a = 0 .99

5.00E-01
l.OOE+00
2. 00 E+0 0
4. 00E+00
8 . OOE+00
1 . 60E+01

9.55E-01
9.09E-01
8.16E-01
6.47E-01
4.18E-01
1.93E-01

9.58E-01
9.11E-01
8.16E-01
6.47E-01
4.16E-01
1.93E-01
g=0.875, a=0.90

5.00E-01
l.OOE+00
2 .0 0E+00
4 .0 0E+00
8. 00E+00
1. 60E+01

9.35E-01
8.69E-01
7.44E-01
5.22E-01
2.34E-01
4.07E-02

9.35E-01
8.70E-01
7.43E-01
5.21E-01
2.34E-01
4.10E-02
g=0.875, a=0.99

5.00E-01
l.OOE+00
2. 00 E +00
4. 00 E +00
8 .0 0E+00
1 . 60E+01

9.79E-01
9.56E-01
9.05E-01
8.02E-01
6.10E-01
3.51E-01

9.79E-01
9.56E-01
9.06E-01
8.00E-01
6.08E-01
3.52E-01
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5

Conclusion

Since the model past all of the above tests and comparisons, the results produced
by it were considered to be reliable. This was also confirmed by the good agreement
between model predictions and results obtained by analytical or experimental means, as
will be described in chapter 10. The model has functioned as a reliable workhorse for
various types of modelling work, in particular for the integrating sphere measurements
and for the time resolved and imaging work.
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Chapter 8

Phase function measurements

1

Introduction

As has been discussed in the previous chapters, the single scattering phase
function is an important parameter for the determination of light transport in biological
tissues. This is particularly so for the case of highly anisotropic scattering. Based on data
published in oceanography papers on light scattering by small single cell sea organisms
(Duntley, 1963; Morrison, 1970; Kullenberg, 1970; Kullenberg, 1974), light scattering
by tissues was expected to be highly non-isotropic. This was confirmed by a set of
experiments (van der Zee, 1988) and publications by other workers in the field of light
transport in biological tissues (Bruls, 1984; Jacques, 1987; Flock, 1987). Knowledge of
the single scattering phase function, or at least some parameter(s) derived from the phase
function, for instance g, the average cosine of the scattering angle, is required for the
determination of the absorption and scattering coefficients from a set of measurements.
The phase function is also important in the study of effects at small optical depth,
X

=

d /( p .

+

|i , ) ,

where d is the depth into the tissue. One example of this is the light

distribution close to a tissue boundary, particularly for the case of a refractive index
mismatch. Another case, which is of relevance to the problem of imaging, is the
disturbance in the light distribution close to an object with different absorption and/or
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scattering coefficients. In both the above examples a non isotropic-light distribution
occurs close to the boundary, necessitating the use of the phase function in the light
transport model that is used. It was therefore decided to make a series of accurate
measurements of the single particle scattering phase functions for various brain tissues
and blood.
A complete description of the scattering behaviour of a sample would require the
determination of the full Mueller scattering matrix, since the single scattering phase
function can in general be expected to depend on the polarisation of the incident light,
and for non-spherical particles on the orientation of the particle. In the latter case the
non-diagonal elements of the Mueller matrix will not be zero. Polarization dependence
is

quite

high

for

the

case

of

Mie

scattering

by

spherical

particles

(Bohren and Huffman, 1983). A polarization dependence of light scattering has also
been reported for light scattering in the sea (Voss and Edward, 1984), for light scattering
by bacteria (van de Merve, 1989) and by blood (Kilkson, 1979). Consequently the effect
of polarization is of interest in the study of scattering by single cells or particles. In the
case of multiple scattering however, the total degree of polarisation decreases rapidly
with consecutive scattering events and thus becomes insignificant. Since the subject of
study in this work is that of the optical properties of bulk tissues, the effect of
polarisation was therefore not considered.
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2

Method

The single scattering phase function for a
particular tissue can be determined from a
measurement of the angular distribution of the
light scattered by an optically thin sample of this
tissue when illuminated by a well collimated
beam. B y using a beam for the illumination

Figure 8.1 Scattering angles 6 and <)> for
initially in the z-direction, S, scattered
into direction S’.

which is appreciably larger than the microscopic details in the sample, the scattered light
field arises from the light scattered by many individual cells. Due to the averaging effect
of this it can therefore be assumed that there is no dependence on the azimuthal angle,
(|), (Figure 8.1). This is likely to be true for the brain tissues of interest in this study,
since the samples will contain a random set of cell orientations and shapes. (This
assumption applies only when a more or less random orientation of cells can be
assumed. It does not apply to a tissue like muscle, where long cells are all aligned with
each other). Under these circumstances measurements of the scattered light intensity in
a single plane of constant <|>is sufficient for the determination of the scattering phase
function.
Because of the wavelength dependence of both Rayleigh and Mie scattering, the
phase function for a tissue is also expected to depend on the wavelength. The phase
functions were therefore measured as a function of wavelength using an unpolarised
white light source. Because of the long time required to measure a phase function (about
2-3 hours), only one wavelength range (550-950 nm) was used for the measurements.
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2.1

Samples

Initially attempts were made to measure the phase function of a suspension of
the cells of interest. The idea behind this was firstly to measure thescatteringof isolated
tissue cells, and secondly to easily obtain a sufficiently

small opticalthickness for the

sample. To this end a cylindrical sample cell was built which gave a sample thickness,
d, of 0.5 mm, and which had provision for the cell suspension to be circulated, both to
avoid precipitation of the cells and to allow for an averaging over a larger number of
cells during each measurement (Figure 8.2). This sample cell was used for the
measurement of the phase function for intact red blood cells.
In normal tissue the cells are bound together by collagen fibres, various proteins
and elastase. To get a suspension of brain cells, two methods are available to separate
the cells: mechanical or chemical dissociation. In mechanical dissociation, the brain
sample is put into a fine nylon mesh bag with a pore size of about 200 |im. Brain cells
are dissociated by stroking the outside of the bag with a glass rod (Schrier, 1973;
Honegger and Richelson, 1976). This method was
TOP VIEW

discarded because of the low yield of cells it gives
and the expected extensive damage to the cells.
Cell dissociation by chemical means can be

SIDE VIEW

FRONT VIEW

achieved by the use of the enzymes trypsin or
40

.10

Fukuda, 1985). This method was tried on a
number of samples of rat brain. Cell separation
Figure 8.2 Circulating cell used for

was tried with Collagenase II (Sigma no c-0255), measurement of cell suspensions.
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collagenase n i (Sigma no c-6885) and trypsin (Gibco no 043-5090). Best results with
least cell damage were obtained with collagenase U. However, inspection of the cell
suspensions thus produced still showed the presence of too much cell debris, which
would have severely distorted the measured phase functions. Attempts were made to
separate the debris from the viable cells by spinning the mixture down with a solution
of FicoU 400, to match the density of the cells, but this was unsuccessful due to the
small difference in density between viable cells and debris.
It was therefore decided to discard this method and instead to use very thin
samples of brain tissue. These were obtained as follows. The human or animal brains
were stored at 5°C in physiological saline, to prevent the brain cells from drying out or
lysing. Thin samples were produced by cutting small pieces of brain which were
subsequently squeezed between two glass half cylinders. The final thickness of the
samples was fixed by a spacer. All measurements were made at a temperature of 22°C
in an air conditioned darkroom. During the measurements the room lights were switched
off, to reduce the effect of stray light.
To ensure that the detected scattered light field arises from single scattering only,
the tissue samples used should be considerably thinner than the average scattering length
for that tissue. Since pilot measurements indicated a scattering length of about 0.1 mm,
it was decided to use a sample thickness of 20 ^m, being about 1/5 of the scattering
length. In that case, the relative contribution of second order scattering is of the order
of e^ = 6.7*10 \ and can therefore be ignored. Scattering contributions of orders higher
than two are insignificant.
For measurements over the whole angular range from 0-180°, two different
experimental configurations needed to be used, in order to enable reliable data to be
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(e/2 )+io^-^(e/2 )-io

sa m p le
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sa m p le

0/2

a)

b)

Figure 8.3 Measuring geometry for a) angles 0 < 90°, b) 0 > 90°.

collected at angles in the 45-135° range. For angles 6<=90°, the geometry of Figure 8.3a
was employed, while for angles 0>9O° that of Figure 8.3b was used. In the latter case
the angles of the incoming and detected scattered light were kept unequal to prevent
specular reflection at the glass-tissue interface from contributing significantly to the
measured intensity. The received intensity also needed to be corrected for the change
in effective thickness of the sample with the angle of incidence according to:
/(. = /„ cosa, where

is the corrected received intensity,

the measured received

intensity and a the angle indicated in Figure 8.3 a,b.

3

Instrumentation

For the measurements on red blood cells, use was made of a commercially
available goniometer (Ealing PTI 2301), with an accurate vernier readout for the angular
position of the two arms with respect to the sample, and two telescopes for respectively
source and detector. This system was used with a collimated laser diode at a wavelength
of 783 nm, and a Mullard PMT (type 9863KB/1(X)) as a detector. The sample cell used
was that described in section 2.1 (Figure 8.2). A magnetic stirrer was used to keep the
blood cells in suspension, while a peristaltic pump was used to circulate the solution
through the measuring cell. Results obtained with this system can be seen in section 5.2,
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see Figure 8.39. This system had a number of shortcomings. The angular resolution was
limited by the strong lensing effect of the relatively small diameter of the cell. Also, the
system response, measured with physiological saline, showed a large background
intensity with a strong specular reflection artifact at 122°. This was due to the small
radius of the cylinder combined with the fact that it was not anti reflection coated, and
not polished to optical standards, leading to scattering and reflections at the surface.
Measurements above 60° were therefore not reliable. The maximum angle at which data
could be obtained was limited to 148°, which did not make it possible to measure
anywhere near backscattering.
Figure 8.4 shows the improved system which was used for the brain
measurements. The source collimator consisted of a 180 mm long tube with two
pinholes of 0.7 mm, 165 mm apart, coupled to a fibre bundle of 3 mm diameter. This
provided a collimated beam with a diameter of 2.5 mm at the sample and an angular
dispersion with a half angle of 0.24°. The detector was a telescope with an input
objective of 30 mm and a focal length of 185 mm. The detecting fibre bundle, with a
diameter of 2.5 mm was placed in the focal point of the objective. This resulted in a
collimating detector with an acceptance halve angle of 0.46°. The aperture of this

cco
C o m o ro

Figure 8.4 Modified phase function measurement system.
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detector was large enough so that at all measuring angles all the light scattered by the
sample within the acceptance angle of the collimator was detected. The goniometer
mechanism was modified to allow for measurements at angles closer to 180° (total back
scattering). This was achieved by increasing the distances. Cl and C2, between the two
collimators and the centre of the goniometer, to 175 and 160 mm respectively, and by
reducing the external diameter of the source collimator tube. By these means the largest
angle 0 over which could be measured was increased from 148° to 172°.
The samples were placed between two optical quality glass semi-cylinders with
a diameter A of 66 mm and a refractive index of 1.516. A spacer was placed between
the two cylinders to fix the thickness of the tissue sample. This configuration was
chosen for the following reason. The incident light from the light source and the
scattered light that is detected are always at right angles with the glass cylinder. This
meant that specular reflection from the glass was always minimal, and refraction, and
the beam displacement caused by it were absent. To further reduce the effect of specular
reflection at the glass-air interface, the outsides of the glass semi cylinders were anti
reflection coated, optimised for the wavelength of 800 nm, which was roughly in the
middle of the wavelength range of interest, 550-950 nm.
The rest of the system consisted of a white light source (100 W quartz halogen.
Oriel 77501) with a stabilised power supply followed by a low pass filter with a cutoff
wavelength of 490 nm, to prevent the second order of the spectrograph from
contributing to the measured spectra. This was coupled to the transmitting collimator of
the system by means of a 3 mm glass fibre bundle. The receiving system consisted of
a collimating detector, coupled via a quartz fibre bundle to a spectrograph
(Jobin Yvon HR320). This was a 0.32 m coma corrected Czerny Turner configuration
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Figure 8.5 Overall system wavelength response for Halogen light source, 490 nm low pass filter, fibres,
goniometer and CCD spectrograph.

with a 60 line/mm grating, resulting in a dispersion of 50 nm/mm. The spectrograph was
coupled to a liquid nitrogen cooled CCD imaging system (Wright Instruments)
controlled by a PC-AT computer system. This imaging system enabled instant readout
of a full spectrum without the need for wavelength scanning. The CCD pixel size was
22 |im, resulting in a resolution of 1.1 nm/pixel, more than sufficient for the purpose of
these measurements. The overall spectral response of the system depends on a large
number of components. These include the spectral response of the light source, the lowpass blocking filter, the transmission of the source and detector fibre bundles, the
collimators and glass semi-cylinders, the wavelength dependent efficiency of the
spectrograph grating and finally the spectral response of the CCD sensor. The overall
response of the system was measured with ethylene glycol instead of tissue in the
sample space. The refractive index of ethylene glycol is 1.43, which is not too different
from that of tissue. Furthermore its viscosity prevented it from leaking out of the sample
space. It also has negligible absoiption (<0.016 mm'*) over the whole of this spectral
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Figure 8.6 Angular resolution of goniometer system with glass D's.

range (Sadder, 1981). The measured system response is shown in Figure 8.5. Subsequent
measurements were corrected for this response.
To determine the angular resolution of the system, a calibration measurement was
made, again with the sample space filled with ethylene glycol. The resulting system
angular response is shown in Figure 8.6. The Full Width Half Maximum (FWHM) for
the angular resolution of the system was 1.8°. This was the result of the angular
response of the source and the detector collimators and the curvature of the measuring
cylinder, together with any errors in centring the cylinder on the axis of the goniometer.
The angular resolution for the phase function measurements was limited by this system
response, particularly for angles in the forward direction close to 0°, where the phase
function changes very rapidly. It also set the limit for the smallest forward angle for
which the phase function could be measured.
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Data analyses

For each sample, spectra were obtained for every measurement angle. These
spectra were processed on a PC-AT compatible computer with the aid of a program
written in Turbo Pascal. This program performed the following functions:
i) Read and convert data files produced by the Wright Instruments system from FITS
format (Wells, 1981) to ASCII.
ii) Do wavelength calibration.
iii) Normalise the spectra obtained at different angles to the response at 0 degrees. This
normalised the spectra for the overall system response and the beam intensity.
iv) Correct the angular dependence of the spectra for the variation in effective sample
thickness with measuring angle. The effective thickness

equals d/cos(a), where d is

the thickness of the sample and a is the angle between the incident beam and the
normal to the sample, as indicated in Figure 8.3 a,b. The spectrum for each particular
angle was therefore multiplied by cos(a).
v) Remove *Cosmic Ray’ peaks fi'om the spectra. Due to the long exposure times
required for some of the spectra, spurious peaks which appeared in the spectra, caused
by cosmic rays and other radiation, had to be removed. A simple program to detect and
remove these was written. The effect of this on the spectra is illustrated in Figure 8.7.
The spectrum before the cosmic ray removal has an offset for better visibility.
vi) Compress the total amount of data and reduce the noise in the data by averaging
over four consecutive wavelengths, leading to a reduction in the number of data points
in each spectrum by a factor of four.
vii) Store the total data for a sample in a 2D array of normalised intensity versus
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Figure 8.7 Removal of *Cosmic ray' spurious peaks.

wavelength and angle, in an ASCII format which is readable by a spreadsheet program
(SMARTWARE, 1989).
The data arising from the previously mentioned steps resulted in a function,
p(0,X), of the normalised intensity as a function of scattering angle, 0, and wavelength,
X. Further data processing took place in the spreadsheet program, which allowed for a
greater flexibility in analysing and displaying the results. The final high quality plots
were produced with a graphing program (SIGMAPLOT, 1991). In the spreadsheet the
following parameters were calculated for each type of tissue sample:
i) The normalised phase function for each wavelength, averaged over all the
measurements of that particular type of tissue. This was calculated as follows:
The scattering coefficient for sample ;,

is proportional to p/0A ) integrated over all

angles:
n.(>.) = *Jpi(0A )df

(8.1)

4X

where the constant k depends on the sample thickness d and the geometry of the
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goniometer system. The normalized phase function for each sample i is:

4%

For the average phase function this leads to:

m x) =

=-Z l - --------1:-----------E
j>i

(* j)

E * Jp,(0A )df
1-1

or

7 (6 A) =

" ------------- = J L Ë

Jp(6A)di

,- l

4x

with
^

J P i(0 A )d f

P(0A) = - ^ E Pf(®'^)’
^

= -T-----------jp(0,A.)df
4X

where M is the number of tissue samples in the group.
The sample standard deviation for the average phase function, f(Q,X), for each angle and
wavelength is:
o} « M - I j . i «'■(7(6'^)
f
ii) The value of the mean cosine of the scattering angle, g, as a function of wavelength,
averaged over all samples. For each individual sample i:
8i(X) = j/(6,X )cos(6)df

(8.7)

4x

The average over all samples equals:
= J /( 0 ,A .) c o s ( 0 ) d f =

And the sample standard deviation :

M

w ,g .( k )
,-.1

( 8 .8 )
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M -i

,.i

iii) The average phase function for the set of samples under consideration, averaged over
the wavelength range used for the measurements:
Jf(e,X )dX

N

71(8) = ^ — 5—

(8.10)

= ^ E 7 (e - ^ ,)

where N is the number of discrete wavelengths in the range measured, together with the
standard deviation for each angle:

7 .\j\

J

(8.11)

iv) The value of g, averaged over all samples and wavelengths, together with its
standard deviation:

J«(X)dX
• t F C

^
■ s S »■>

and
(8.13)
fe -î« r
In the graphs of log intensity versus angle, all data points are included, together where
appropriate with their error bars. In the data, presented as a function of wavelength, all
data points are included in the graphs, but error bars are only shown for every fourth
data point to improve readability. The lines shown in the graphs are just straight lines
connecting the data points, where no attempt was made to fît the data to a model.
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Results

A series of measurements was performed on a number of different types of
postmortem brain tissues, and on adult human blood. All measurements were made in
an air-conditioned dark room at a temperature of 22°C.

5.1

Brain tissue

Although adult and neonatal human brain are of most interest, a substantial
number of measurements were made on rat and White pig brain. The reasons for this
were as follows. First of all there were problems with the availability of in particular
neonatal human brain. This has lead to only a rather small number of measurements
being made on neonatal brain. A second problem with both neonatal and adult human
brain was the lack of freshness of the samples, due to various understandable delays.
The third problem was that it was of course not possible to lower the blood content of
the brain prior to death through an exchange of blood with saline. This lead to an
unknown amount of blood being present in the human brain samples. It was therefore
decided to include more controlled measurements on a number of animals. The choice
fell on adult rats and neonatal White pigs. Both of these animals were readily available,
and were often used for other experiments, thereby reducing the number of animals that
needed to be sacririced. In addition, both of these animals were used in studies of
cerebral changes following hypoxia/ischaemia, including optical spectroscopic changes.
The data on the fundamental optical properties of the brains of these animals was
therefore needed for the interpretation of these other experiments.

218
Where possible, measurements were performed on brain with as low a blood
content as possible. The reason for this was that the intrinsic absorption and scattering
properties of the brain were considered to be the parameters of interest. The blood
content of brain samples is likely to vary quite a lot from sample to sample, depending
on preparation, amount of blood washed out etc, thereby constituting an unknown
variable.
Within the brain, there are quite visible differences between the various parts that
constitute it, particularly in the adult brain. In this study the area of the brain examined
was the cerebrum^ with where possible a differentiation between grey matter (mainly
from the cortex) and white matter.

5.1.1

Rat brain

The first series of measurements were made on the brain of adult Wistar rats,
with body weights of 185 to 220 grams. Measurements were made on eight different
samples of brain tissue from six different rats. Because of the small size of rat brain it
was not possible to measure on grey and white matter separately. Six of the samples
were from rats with a low blood haematocrit, obtained by exchanging the blood of the
live rats with saline. This was done as follows. The rats were anaesthetized with
urethane (5 ml/kg). The jugular vein was exposed, and a catheter was inserted in it, after
clamping the vein upstream. The carotid artery was similarly exposed and cannulated,
and clamped downstream. Blood was exchanged by extracting it from the carotid while
at the same time feeding in equal amounts of saline (with 0.2 ml heparin/100 ml saline)
into the jugular. During this exchange the rats were ventilated with 1(X) % oxygen
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through a tracheal tube, in order to keep them alive. With this procedure the blood
haematocrit was brought down to an average of 4 %. Two of the samples were from
non-blood exchanged rats. No significant differences were observed between the phase
functions of samples of the non-blood exchanged and the blood exchanged rats.
Measurements were made on samples between 4 and 26 hours postmortem,
where the older samples were kept in saline at 4°C. Figure 8.8 shows the phase function,
f(Q,X), resulting from the average of all the samples, for wavelengths of 600, 750 and
900 nm. The error bars, which for clarity are only shown for 750 nm, are the standard
deviations for each point, showing sample to sample variations. The bottom parts of the
error bars are missing for the largest three angles due to the fact that for these, the
standard deviation exceeds the average values of the measurements. The average relative
deviation from the mean is about 60 %. The wavelength dependence of this average
phase function is shown in Figure 8.9 for angles of 5, 30 and 150°. It can be seen from
both figures that scattering at larger angles decreases with increasing wavelength. This
is reflected in Figure 8.10 which shows the result for the average value of g, g % , as
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Figure 8.8 Average phase function /(0 A ) for rat brain, at wavelengths of X = 6(X), 750 and 9(X) nm.
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Figure 8.11 Rat brain phase function f ( Q X ) averaged over wavelength from 550 to 900 nm.

180

221

a function of wavelength, with error bars indicating the standard deviation for the
samples. The increase of g with wavelength is in agreement with the decrease in
scattering at larger angles with wavelength. The result for the phase function /(0,^)
averaged over the wavelength range of 550 to 900 nm, A(0), can be seen in Figure 8.11.
The value for g averaged over the same wavelength range,

5.1.2

was 0.89 ± 0.02.

White pig brain

Measurements were made on brain tissue samples from five neonatal White pigs.
The age of four of these animals was one day, while the fifth animal was suspected to
be at least several days old, judging by its weight and the more developed appearance
of its brain. Because the brain of White pig is larger than that of the rat, it was possible
to measure the phase functions for white and grey matter separately. This resulted in
three measurements for grey matter and four for white matter. The brains of three of
these animals were obtained after they had been used and sacrificed for other infrared
and NMR experiments. Therefore it was not possible to exchange their blood with
saline. In order to reduce the amount of blood in the tissue samples from these animals,
they were rinsed several times in saline. Two animals were obtained especially for these
measurements. They had most of their blood exchanged with saline in a procedure
similar to the one performed on the rats, but using the umbilical vein and artery rather
than the carotid and jugular. The animals had respectively 400 and 500 ml of blood
exchanged with saline, leading to a final blood haematocrit of less than 1%. For the
measurements there was no statistically significant difference between the results for
blood containing and blood free samples. All measurements were therefore grouped
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together.
For grey matter the results are shown in Figure 8.12 for the average phase
function versus scattering angle at wavelengths of 600, 750 and 900 nm, and as a
function of wavelength for the angles of 5, 30 and 150° in Figure 8.13. The average
g-factor as a function of wavelength, g (A,), and the phase function averaged over all
wavelengths, /x(0), can be seen in Figure 8.14 and Figure 8.15. The value for the
g-factor averaged over all wavelengths, g^, for grey matter was 0.97 ± 0.0025.
For white matter the average phase function versus angle can be seen in
Figure 8.16 and wavelength, /(0,X), in Figure 8.17. The average g-factor as a function
of wavelength, g(k), is given in Figure 8.18. Figure 8.19 shows the phase function
averaged over the wavelength range of 550 to 900 nm, /x(0). For white matter the
wavelength averaged value for the g-factor, g^, was found to be 0.84 ± 0.03, which is
substantially less than for grey matter.
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Figure 8.12 Average phase function for grey matter of newborn White pig, at wavelengths of 600, 750
and 900 nm.
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Figure 8.13 Average phase function for grey matter of newborn White pig brain as a function of angle
for wavelengths of 600, 750 and 900 nm.
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Figure 8.14 Average g value for grey matter of newborn White pig brain as a function of wavelength.
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Figure 8.15 Phase function for grey matter of newborn White pig brain vwsus angle, averaged over
wavelength.
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Figure 8.16 Average phase function for white matter of newborn White pig brain as a function of angle
for wavelengths of 600, 750 and 900 nm.
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Figure 8.17 Average phase function for white matter of newborn White pig k ain as a function of
wavelength for angles of 5, 30 and 150®.
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Figure 8.18 Average value for g for white matter of newborn White pig brain as a function of wavelength.
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Figure 8.19 Phase function for white matter of newborn White pig, averaged over the wavelength range.

5.1.3

Neonatal human brain

For the purposes of the research work in the Department of Medical Physics &
Bioengineering of UCL, the optical properties of neonatal human brain tissue are of
great interest. Unfortunately it turned out to be very difficult to obtain suitable samples.
The number of measurements on neonatal brain tissue is therefore rather limited.
Samples of neonatal brain tissue were obtained from a total of three different neonates,
at ages of gestation of 24, 28 and 40 weeks. Because of this difference in age of
gestation, and the accompanying changes in the brain, the data from each individual
baby is presented, with the aim of comparing brain at different stages of development.
Since there is only one baby per age group, no information is available about the sample
variability for a particular age of gestation.
All the samples obtained were between two and four days postmortem, the bodies
having been stored at 4°C. A total of five phase functions were measured, one on the
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brain of a baby with a gestational age of 24 weeks and two each on brains of
respectively 28 and 40 weeks of gestational age. In the brain samples from the 24 and
28 weeks gestation neonates, very little differentiation could be seen between white and
grey matter. Particularly the samples from the 24 week neonate looked almost
translucent and behaved like a liquid of high viscosity. The brain of the full term 40
week gestation neonate showed more differentiation between white and grey matter, so
that the samples could reliably be identified as white or grey matter.
For the measurement on the 24 week gestation sample, the result for the phase
function versus wavelength, /(0,A.), at angles of 5, 30 and 150° can be seen in
Figure 8.20. The behaviour of the scattering at 150° is different from other measured
samples in that the intensity increases with wavelength. The behaviour of the g-factor
as a function of wavelength, g(k), is given in Figure 8.21, where an increase can be seen
up to about 700 nm followed by a marked decrease for longer wavelengths. Figure 8.22
shows the phase function averaged over the wavelength range of 550 to 900 nm, /^(O).
The wavelength averaged value of the g-factor,

was 0.716 ± 0.045.

Measurements were made on two samples from the brain of a 28 week
gestational age neonate. Because of the big difference in the results for these two
samples, they will both be presented. The wavelength dependence of the phase function
for sample one is shown in Figure 8.23 and for sample two in Figure 8.24. The
wavelength behaviour of the g-factor for these samples, g(K), is presented in Figure 8.25.
The g-factor of sample one is quite a lot larger than that of the 24 week gestation
sample and does not vary much with wavelength, while for sample two the g-factor is
similar to that of the 24 week sample, with quite a low value and a marked decrease
with increasing wavelength. This probably indicates that sample one was from a part of
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Figure 8.20 Miase function for 24 week gestation neonate brain as a function of wavelength for angles
of 5, 30 and 150°.
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Figure 8.21 g-factor as a function of wavelength for 24 week gestation neonate brain.
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Figure 8.22 Phase function few 24 week gestation neonate brain, averaged over wavelength from 550 to
9(X) nm.
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Figure 8.23 Phase function of sample one firom a 28 week gestation neonate brain as a function of
wavelength for angles of 5, 30 and 150°.
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Figure 8.24 Fliase function of sample two from a 28 week gestation neonate brain as a function of
wavelength for angles of 5, 30 and 150°.
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Figure 8.25 g-factor for two samples from brain tissue of a 28 week gestation neonate.
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Figure 8.26 Phase functions for two samples of brain from a 28 week gestation neonate averaged over
wavelength from 550 to 900 nm.

the brain that had developed further than that of sample two. The phase functions of
sample one and two, averaged over wavelength from 550 to 900 nm,/j^(0), are given in
Figure 8.26. The g-values averaged over wavelength,

for these phase functions were

0.907 ± 0.056 for sample one and 0.695 ± 0.052 for sample two.
Two samples were obtained from the brain of a full term 40 week gestation
infant. Sample one consisted of grey matter and sample two of white matter. The
wavelength dependence of the phase functions, /( 0 ,^), for sample one and two can be
seen in respectively Figure 8.27 and Figure 8.28. Both show little wavelength
dependence. This is reflected in the behaviour of the g-factor with wavelength, as shown
in Figure 8.29 for both samples. The g-factor of sample two, white matter, is a little
lower than that for grey matter and shows a slight increase with increasing wavelength.
The two phase functions averaged over wavelength,/^(6 ), are given in Figure 8.30. The
values for the g-factors averaged over wavelength, g;^, were 0.9825 ± 0.0008 for sample
one, grey matter and 0.978 ± 0.002 for sample two, white matter.
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Figure 8.27 Phase function of grey matter (sample one) from a 40 week gestation neonate brain as a
function of wavelength for angles of 5, 30 and 150°.
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Figure 8.28 Phase function few white matter (sample two) from a 40 week gestation neonate brain as a
function of wavelength for angles of 5, 30 and 150°.
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Figure 8.29 g-factors for samples (me. grey, and two, white matter, of a 40 week neonate brain as a
functicMi of wavelength.
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Figure 8.30 Phase functions for samples one, grey, and two, white matter, of a 40 week neonate brain,
averaged over wavelength from 550 to 900 nm.

5.1.4

Adult human brain

The optical properties of adult human brain are of interest for a number of
reasons. First of all they are required for PDT work and for the interpretation of optical
monitoring data. Secondly they are of interest for examining the effect of age or disease
processes (eg Alzheimer’s disease) on the optical properties of brain. This last aspect
will only be looked at by comparing the optical properties of neonatal brain with those
of older adult brain. To look at the effect of age on the optical properties of brain for
all the intermediate stages through childhocxi and adolescence would be a major study
requiring a very large number of samples. This is outside the scope of this work.
To get an idea of the optical properties of the brain of the older adult, a series
of measurements was performed on samples from three adult brains, all males, with ages
of 50,60 and 82 years. The samples were between 40 and 100 hours postmortem. After
they were obtained firom the mortuary, they were stored in saline at 4°C. There was
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however a variable and unknown time between death and cooling in the mortuary. The
difference between the white and grey matter of these brains was quite marked by visual
inspection. Also the brains were much tirmer and behaved less like a liquid than
neonatal brain. This may be due to a larger amount of connective tissue in adult brain.
There was of course no blood exchange before death, and this implies that an unknown
amount of blood was present in the samples. From each brain a sample of white and
grey matter was obtained. This resulted in a total of three phase functions for grey
matter and three for white matter. The results for each type were averaged together.
For white matter the result for the average phase function as a function of angle,
/(0,X), for the wavelengths of 600, 750 and 900 nm can be seen in Figure 8.31, while
Figure 8.32 shows the sample averaged phase function as a function of wavelength for
scattering angles of 5, 30 and 150°. The sample averaged value for the g-factor as a
function of wavelength, g ( k \ can be seen in Figure 8.33. The value for the g-factor
averaged over wavelength, g^ was 0.82 ± 0.035, where the standard deviation is a
measure of the wavelength dependence of g. Finally the average phase function averaged
over wavelength from 550 to 900 nm, /x(0), is given in Figure 8.34.
The same results can be found for grey matter in respectively Figure 8.35,
Figure 8.36, Figure 8.37 and Figure 8.38. The value for the g-factor averaged over
wavelength, g^, was 0.957 ± 0.0075. This value is substantially higher than the one for
white matter. Note also the much smaller sample to sample variation for these three grey
matter measurements.
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Figure 8.31 Average phase function for white matter of adult brain as a function of angle for wavelengths
of 6(X), 750 and 900 nm. Error bars to indicate sample sp ta d are given for the results at 9(X) nm.
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Figure 832 Average phase function for white matter of adult kain as a function of wavelength for angles
of 5, 30 and 150°.
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Figure 833 Average value for g for white matter of adult brain as a function of wavelength.
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Figure 834 Average (rfiase function for white matter of adult brain, averaged over the wavelength range
of 550 to 900 nm.
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Figure 835 Average phase function for grey matter of adult brain as a function of scattering angle for
wavelengths of 6(X), 750 and 900 nm. Error bars are given fw the results at 9CX) nm.
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Figure 836 Average phase function for grey matter of adult brain as a function of wavelength for
scattering angles of 5, 30 and 150°.
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Figure 8.37 Average value for g for grey matter of adult brain as a function of wavelength.
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Figure 8.38 Average phase function for grey matter of adult brain, averaged over the wavelength range
of 550 to 900 nm.

5.2

Blood

The scattering phase function of blood is of in^ortance for the inteipretation of
blood oximetry and blood flow measurements, as well as for its effect on tissue imaging.
A preliminary set of measurements was performed of the scattering phase function of
intact red blood cells. This data is mainly presented to illustrate the limitations in the
initial system, rather than give a set of reliable blood scattering measurements.
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Figure 8.39 Measured phase function for red blood cells.

Adult human blood, with heparin added to prevent clotting, was spun down to
separate the red blood cells from the plasma. The plasma and white cells were then
decanted off, and the red cells resuspended in physiological saline. This procedure was
repeated four times. The remaining red blood cell suspension was then diluted with
physiological saline, resulting in a measured haematocrit of 0.4%. The data obtained for
the scattering by intact red blood cells was corrected for the background measurement
obtained with physiological saline. The results can be seen in Figure 8.39, with the
response between 0 and 10° shown on a larger scale. An increasing background can be
seen above 60°, culminating in a dramatic peak at 122°. Due to this, data above 60° can
not be considered to be reliable. The sources of this background was discussed in
section 3 under the instrumentation. Between 3° and 60° however, the background did
not contribute much to the measurements, so that for these angles useful information
was still available.
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6

Discussion

In the following, the features that can be observed in the various brain
measurements and the blood measurement will be discussed.

6.1

Brain tissue

General: The measured phase functions for the different types of brain tissue are
all strongly forward peaked and also show an increase in scattering at angles larger than
150°. This is reflected in the values of the g-factor, which in all cases were larger than
0.6. The large values of the g-factor indicate that the bulk of the scattering is caused by
structures which are larger than or similar in size to the wavelength of the light used.
The observed increase in backscattering could be explained by the presence of a
contribution from small particle Rayleigh scattering.
Wavelength dependence of / and g: With the exception of the results for
premature infant brain of 24 and 28 weeks of gestational age, all the measured phase
functions show a similar change with wavelength. The values of the phase functions
between 15° and 160° can be seen to decrease with increasing wavelength. This causes
an increase in the g-factors with increasing wavelength. The wavelength behaviour for
pure Mie scattering was shown in Figure 3.5, where g could be seen to decrease with
decreasing size parameter, ie increasing wavelength, for values of the size parameter,
X, less than 40, corresponding to a particle radius of 3.6 pm. A more complex behaviour
exists for size parameters larger than 40, where g can increase with increasing
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wavelength. Two possible explanations can therefore be given for the observed increase
of g with increasing wavelength. The first is that there is still a sizable amount of
Rayleigh scattering present, which lowers the value of g. Due to the rapid fall off of
Rayleigh scattering with wavelength,

this contribution of small particle scattering

to the g-factor will decrease with wavelength, leading to an increase in g. The second
explanation would be that there is a substantial amount of scattering caused by particles
(structures) with effective size parameters which are larger than 40. Of these two
explanations the effect of Rayleigh scattering on the wavelength behaviour seems the
most plausible. The anomalous wavelength behaviour of premature human neonatal brain
would then be an indication of either less Rayleigh scattering, or less scattering
structures with an effective radius larger than 3.6 |im.
Comparison of grey and white matter: There are quite marked differences
between the phase functions of white and grey matter for White pig, full term neonate
and adult brain. This is less so for the preterm neonatal human brain. The 24 and 28
week neonatal brain white and grey matter showed little differentiation between white
and grey matter, while for the full term neonate the differences between the phase
functions for white and grey matter were small. The following observations can be made
about the difference in the phase functions of white versus grey matter. First of all, the
phase functions for white matter show a less pronounced increase in scattering at angles
> 150°, resulting in a reduced back scattering. Secondly, the g-factors for white matter
are considerably smaller than those for the corresponding grey matter: 0.84 compared
to 0.97 for white pig brain, 0.978 versus 0.982 for 40 week neonatal human brain and
0.82 versus 0.957 for adult human brain. The g-factor also shows a larger wavelength
dependence for white matter than for grey matter. The small difference between the
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g-factors for grey and white matter for the full term neonatal human brain corresponded
with the small visual difference between white and grey matter. This is most likely due
to a much smaller degree of myelination of the white matter in the full term human
neonate than in the adult. The differences between the phase functions of grey and white
matter can be attributed to the following two factors. First of all, grey matter consists
largely of the cell bodies of the neurons, while white matter consists largely of bundles
of axons. Because the cell bodies are larger in diameter than the axons, the scattering
by grey matter would be expected to be more strongly forward peaked with a
consequently larger g-factor. Secondly, the refractive index of the myelin sheath
surrounding the axons is larger than that of the average cell membrane due to its high
lipid content. Calculations with a Mie scattering program showed that an increase in
refractive index leads to a decrease in the g-factor.
Effect of age, and different species: When comparing the phase functions of the
24, 28 and 40 week gestation human neonate and that of human adult brain, the
following observations can be made. For the premature infant the g-factor increases with
the age of gestation, from 0.75 to 0.98. The full term infant brain still shows little
difference between the phase functions of white and grey matter, as is illustrated by the
g-factors of respectively 0.978 and 0.982. For the 24 and 28 week gestation neonate the
g-factor decreases with increasing wavelength, while the opposite is the case for full
term neonate and adult brain. The adult human brain shows a marked decrease in the
g-factor of white matter compared to that of grey matter. These are respectively 0.82 and
0.957. This is probably due to the large increase in myelination. The phase functions for
white and grey matter of neonatal White pig brain, with g-factors of 0,84 and 0.97 for
respectively white and grey matter are more similar to adult than neonatal human brain.
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White pigs are more precocious animals than humans, and this is reflected in the degree
of myelination in the brain. Neonatal White pig is therefore not a very good model for
human neonatal brain as far as the similarity of optical properties is concerned. The
phase function of adult rat brain, which was averaged over white and grey matter, has
a g-factor of 0.89, which is broadly speaking halfway between those for white and grey
adult human brain. Apart from that, no conclusion can be drawn about the similarity in
optical properties of adult rat brain and adult human brain.
Comparison with Henyey-Greenstein phase function: Some authors use the
Henyey-Greenstein (HO) phase function as an approximation of real tissue phase
functions (Flock, 1987). The HO phase function is often used because it is a well
behaved analytical function which can be used to describe non isotropic scattering, with
only one free parameter, namely g. To see whether this approximation can be justified,
the wavelength averaged phase function for rat brain (Figure 8.11) was compared with
a HO phase function having the same value for g of 0.89 (Figure 8.40), where the phase
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Figure 8.40 Wavelength averaged rat brain phase function compared with Henyey-Greenstein phase
function. The g-factor for both is 0.89.
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functions are displayed on a log scale. As can be seen, there is a reasonable agreement
between the two phase functions for angles between 40 and 150°. However, for smaller
angles the HG phase function is less sharply forward peaked, while for angles > 150°
there is no increase in back scattering at all for the HG phase function. Use of the HG
phase function as an approximation for the real tissue phase function in problems with
small optical depth are therefore likely to lead to erroneous results, in particular for the
values of back scattered radiation.
Comparison with values in the literature: There are very few published results
for phase function measurements of brain tissue, especially so for the wavelength
dependence. Flock et al report on a measured phase function for pig brain at 633 nm,
without specifying the age of the animal(s) used. Their results are similar to the ones
measured in this work for grey and white matter (Flock, 1987). They report a g-factor
of 0.94, which was determined by fitting a HG phase function to their data. This leads
to an overestimation of the g-factor due to the absence of backscattering in the HG
phase function. A numerical calculation based on their data resulted in a g-factor of
0.90. This value is reasonably close to the average of the values for g at 633 nm of
respectively 0.97 for grey matter and 0.80 for white matter found in this work. For
human adult brain at 633 nm Splinter et al (Splinter, 1989) report g-factors of 0.88 for
white matter and 0.96 for grey matter, in reasonable agreement with the values obtained
in this work. The same authors report g-factors for canine brain of 0.93 for white matter
and of 0.97 for grey matter, again confirming the trend of a larger value of g for grey
than for white matter.
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6.2

Blood

The measured phase function was clearly not very reliable for large angles. To
determine the g-factor from the incomplete angular measurements, a Henyey-Greenstein
(HG) phase function was fitted to the experimental data over the angular range of 2 to
63°. This fit gave a g-value of 0.946 ± 0.001. Bearing in mind what was said previously
about the use of a HG phase function, this value is probably slightly too high, due to
the lack of increased backscattering in the HG phase function. The blood measurements
were also compared with a Mie scattering phase function calculation for a volume
equivalent sphere, with an effective radius of 2.75 ^im (volume ~90 |xm'^ for human
blood), and with the assumption of a gaussian size distribution with a standard deviation
of 0.5 |xm. The medium refractive index was 1.33, and the red blood cell complex
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Figure 8.41 Fit of a Henyey-Greenstein phase function to measured blood scattaing data, together with
the Mie phase function for an equivalent volume sphere.
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refractive index for 783 nm was 1.38 + 1*6.5*10 ®(Reynolds, 1976). The results for the
above two calculations can be seen in Figure 8.41. The g-factor for the Mie calculated
phase function was 0.99376. This calculated phase function is clearly very different form
the one measured here. The following points can be made here. Reynolds et al compared
forward and backward scattering measurements for blood with Mie calculations, Anding
good agreement for forward angles, but for backward scattering the experimental values
were ~22 times larger than the Mie values. In agreement with the above Steinke and
Shepherd, using a goniometer type system, found a measured g-value for red blood cells
in saline at 633 nm of 0.9818, and a Mie calculated value of 0.99257, which is
considerably larger than their measured value (Steinke and Shepherd, 1988). They found
this to be the case consistently across a range of blood scattering data. The latter authors
propose that this difference is due to the biconcave shape of the blood cells. Another
possible explanation is the effect of the cell membrane on the amount of backscattering,
although this is unlikely to account for the size of the difference (Lin and Guy, 1974).
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Chapter 9

Integrating sphere measurements

1

Introduction

The absorption coefficient,

and the scattering coefficient,

of a tissue

sample can be determined from a measurement of the diffuse reflectance and
transmittance of light by that sample. To determine the above parameters, it is necessary
to have some model of light transport in tissue with which to relate the measured diffuse
reflectance and transmittance parameters to the required absorption and scattering
coefficients. The model used also determines to some extent what system and method
need to be used for the measurements.

2

Possible methods

Under the assumptions of an infrnite slab geometry, and diffuse illumination of
the tissue sample, a number of possible models apply. The simplest model available for
this purpose is the Kubelka-Munk theory (Kubelka, 1948). This model, as discussed in
chapter 5, gives an analytical solution to the problem of relating the diffuse reflectance,
R, and transmittance, T, of light by a tissue sample of thickness d to two parameters, S
and K. These parameters are obtained through the following equations:
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S = —L in
bd

1 ~RAq ~b)

(9.1)

\
(9.2)

K = S (a -l)
where

2R
(9.3)
b =
d = sample thickness
Unfortunately, as explained in chapter 5, the K and S parameters can not in a simple
manner be related to the transport theory absorption coefficient, |i,, and the scattering
coefficient, |i,. For those cases where

« p,(l-g), the following relationships hold

between S and K, and p, and p, (van Gemert, 1987) :
%

K =

(9.4)

1+1
2

S =

(9.5)
u iE
30 .H .+ n .a -g)
V

/

It is also possible to apply diffusion theory or the PI approximation to calculate
diffuse reflectance and transmittance from known values of p, and p,(l-g). Although this
method is more accurate than the Kubelka Munk theory, it does not lead to an analytical
expression relating T and R to p, and p,(l-g). An inversion, to obtain p„ p, from
measured values for R and T is therefore not straightforward.
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Figure 9.1 Detail of the geometry of a tissue sample between two integrating spheres.

For the case of illumination of the sample under investigation by a collimated
beam, the above methods can still be applied, although in a slightly modified form. The
Kubelka-Munk theory needs to be replaced by a four-flux theory, where two collimated
fluxes are added to the diffuse fluxes. In the diffusion theory, a collimated source term
decaying exponentially with depth in the sample needs to be added (Ishimaru, 1978).
The above methods suffer from a number of shortcomings, and in order to
discuss these it is necessary to look at the typical dimensions involved in the
measurements, see Figure 9.1. Because of the small size of the tissue samples, the
diameter of the sample port hole, p, has to be limited to 5-10 mm. The sample thickness,
d, has to be significantly smaller than this diameter, of the order of 0.5 to 1.5 mm, to
reduce edge effects. The ffrst problem in this situation is the ratio of the sample
thickness to the effective scattering length. A typical value for the scattering coefficient
is p, ~ 10 mm * and g - 0.9. This leads to a reduced scattering coefficient, P;(l-g), of
1

mm *, or an effective scattering length of

1

mm, which is of the order the sample
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thickness. The above models are valid under the condition that there is a nearly
isotropic» diffuse radiance inside the tissue sample. This is only the case after a
sufficiently large number of scattering events and under the assumption that
« ^j(l-g). The former is clearly not the case, although the latter does apply for the
case of brain tissue in the near infirared (though perhaps not in the visible). Both the
diffusion theory, including the PI approximation, and the two- and four-flux models
break down however for the case of thin samples, and give rise to significant errors.
Other methods derived from the transport theory which do not make the
assumption of an isotropic radiance will lead to more accurate answers for p, and

For

instance, the P3 approximation to the transport equation already gives a considerable
improvement over the PI or the diffusion approximation in the description of the space
irradiance in a thin tissue slab (Star, 1989).
The second problem arises from the refractive index mismatch between the
tissue and the surrounding medium. For the case of a tissue sample clamped between
two glass cover slips, the main mismatch in the refractive index occurs at the air-glass
interfaces. For the glass used in these studies, the refractive index, n, is 1.516 at 800 nm,
and for tissue, /i ~ 1.4 (Gahm, 1986; Bolin, 1989). For normal incidence, the glass-air
interface leads to a specular reflection r = (l-n)V(l+«)^ = 0.042, while for glass-tissue,
r = 0.00158, ie a factor of 27 down compared to the glass-air reflection. Unfortunately,
the internal and external specular reflections are highly dependent on the angle of
incidence of the light. Figure 9.2 shows the variation of r^, the external reflection, and
Ti, the internal reflection, as a function of angle of incidence for the case of an air-glasstissue interface with

= 1.516, w, = 1.40 and unpolarised light. This reflection can be

seen to be highly dependent on the angle of incidence of the light. The total reflected
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intensity depends therefore very much on the radiance pattern. For a totally diffuse,
isotropic radiance we get:
K/ 2
= j r( 6 )cos6 sin6 dO
Using the expressions for Fresnel reflection for r(0), this leads to a total value for

(9.6)

and

Tj for the air-glass-tissue interface of 0.0956 and 0.5388 respectively. With the above
approximation, corrections can be made for specular reflections in two ways:
i) Calculate the true tissue sample reflectance, /?, and transmittance, T, from the
Expressions relating (TJi) to (r„,/?„) are

measured reflectance, /?„ and transmittance,
given by Kottler (Kottler, 1980):
ar

2rr>2

m

(9.7)
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^ ^ 1-^1 -4r..(/?„-r,-r,T ^)
2

(9 ^ )

r.

where
a = ( l - r .) ( l - r ^ )
B = ffC ll
a
In using the above corrections, an isotropic light distribution is assumed.
ii) Include the refractive index mismatch in the boundary conditions of the differential
equations used, again assuming an isotropic light distribution.
Because of the large dependence of the specular reflection on the angle of
incidence, slight deviations from an isotropic radiance distribution can give rise to an
appreciable error in the specular reflection correction for both of the above methods.
This becomes particularly worrisome for the case of a collimated incident light source,
where the light reflected from the tissue will be far from isotropic. This is therefore a
problem when using the four-flux or diffusion model. Again for more accurate models,
like the

approximation, a more adequate correction can be made.

Another problem arises from the measurement geometry as depicted in
Figure 9.1. Reflection and transmission are only measured over the porthole diameter,
p, while in the case of a collimated light source, illumination takes place over some
diameter p* < p. Furthermore, light inside the sample exceeding diameter s is absorbed.
These are all deviations from the infinite slab geometry required by most manageable
analytic models. The seriousness of the error caused by this problem depends largely on
the ratio between porthole diameter, p, and the sample thickness, d. This ratio typically
has a value of 0 . 1 -0 .2 , which will give rise to an under estimation of the reflectance and
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the transmittance. The error produced by this can be reduced by decreasing the sample
thickness. However, this in turn will give rise to larger errors in the calculations due to
the fact that the assumption of an isotropic radiance distribution becomes less and less
tenable, due to a decrease in the ratio between sample thickness,

and the reduced

scattering coefficient, \i,\ A compromise thickness will therefore have to be chosen.
The only method that can overcome the problems mentioned above is a Monte
Carlo model. In such a model it is relatively easy to include the scattering phase
function, reflections at the boundaries and the effects of the measuring geometry.

3

Integrating sphere theory

Initially, to keep things simple, it was decided to use diffuse illumination of the
tissue sample and to use the Kubelka-Munk theory, together with the refractive index
mismatch corrections suggested by Kottler, for the analyses of the data. The
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Figure 9 3 Integrating sphere configuration for Kubelka Munk data analyses.
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measurement system used for this is shown schematically in Figure 9.3. A diffuse
illumination of the sample was obtained by illuminating part of the integrating sphere
wall away from the sample porthole. The diffuse light intensity in sphere one depends
on the reflectance of the sample in the porthole. The sample reflectance can be obtained
from the measured light intensities in sphere one in the following way (Jacques and
Kuppenheim, 1955):

=

D.U

R

std

D.

where J?, is the sample reflectance and D,,

(9.10)

D q the detected light intensity with the

sample, a reflectance standard and no reflector respectively. With a diameter of 6 6 mm
for sphere one and two, and a porthole diameter of

1 0

mm, this resulted in a relative

change in measured intensity of 6 % for a change in reflectance from 0 to 100%. The
small magnitude of this change made the determination of the reflectance very sensitive
to any errors in the measurement of the diffuse intensity. When tried out in practice, this
system was found to cause too large an error in the determination of the reflection
coefficient and was therefore discarded.
Instead, the system shown in Figure 9.4 was used. Here the sample is illuminated
with a collimated beam which is slightly smaller than the sample porthole. The sample
reflectance, including that of the glass, is found from:
£)( 1 )

R = _L _
Dstd

(9.11)

and the transmittance from:
T =

£)(2 )
'

(9.12)
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Figure 9.4 Integrating sphere configuration used with Monte Carlo analyses method.

where Dj. the intensity measured with the sample in place, and

the measured light

intensity for the reflectance or transmittance standard. The superscripts 1 and 2 refer to
respectively sphere one and sphere two.
The above ignores the effect of the change in detection efficiency of the
integrating spheres with the sample reflectance, and the coupling between the light
intensities in the two spheres due to diffusely reflected light contributing to the
transmission, and light transmitted into sphere two being transmitted back into sphere
one. For a more exact treatment of the integrating sphere configuration the following
parameters are required:
A = 14527 mm^: total surface area of the sphere
A, = 78.5 mm^ : surface area of the sample port
a, = 0.00540 = AJA

255
Agpen = 12.57 mm^ : surface area of hole for light source
^open —0.000865= A ^ J A

■^detR = 98.5 mm^ : surface area of detector port of sphere 1 plus sphere defects
û<ietR “ 0.0068 = A^ifgJA
^detT = 96.7 mm^ : surface area of detector port of sphere 2 plus sphere defects
^detT = 0.000665=
: collimated to diffuse sample reflectance
: diffuse to diffuse sample reflectance, sphere one side
/?3t’ : diffuse to diffuse sample reflectance, sphere two side
^std = 0.99 : reflectance of calibration standard
=

0

: diffuse reflectance of detector opening, here the reflection from the detector

fibre was neglected.
: diffuse reflectance of integrating sphere coating.
P q (W) : power of incident collimated beam.
/ q (W/mm^) : incident irradiance.
I (W/mm^) : sphere wall irradiance.
D : measured detector irradiance.
Based on conservation of energy in the individual spheres the following relationship can
be found for the intensity, /, inside a single integrating sphere:
I = ________________________________________________ (9.13)

with:
C « 1

- a ^ , -a ,)

(9.14)

The detected intensity, D„ is proportional to I,. For a measurement of D in sphere one
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with a sample,

and with a reflectance standard,

the following can be derived

from (9.13) and (9.14):
(1)

D
R

std

(1)
D
^std ^

(9.15)

1+
^

This equation applies to the reflection measurements in this work, where a total absorber
is placed on top of the tissue sample. For the diffuse transmission measurements the
case of two coupled integrating spheres needs to be considered. The intensity in sphere
two can be written as (Cheong, 1990):
R

=

(C -R^a^) (Cj -R^aJ)

1
(C,

(9.16)

l-W-

where:
(9.17)
and:
T'a

(9.18)

C -T ^ A C ^-R 'a^
The term 1/(1-IV^) represents the contribution from diffuse light transmitted from sphere
two to sphere one and back again into sphere two, repeated at infinitum. A calibration
measurement for the transmission consists of a measurement of
coupled together without a sample present. In that case

with the two spheres

= T, = 1 and R^^ = R ^ = 0.

Due to the different measurement and calibration technique used, the following
equations all differ from those of Cheong. The intensity in sphere two in that case is:
1
/(2) _ 1
^Std
c , l-W ,S t d

Wsl =

a.

(9.19)

CC

The ratio in sphere two between the detected intensities for the tissue sample and the
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calibration measurement equals:
(2)

1-lVStd

(2)

\-w

( c .- ie /a j

std

Expression (9.15) for the reflectance contains two unknowns,
collimated, and

(9.20)

the reflectance for

for diffuse light. Under the assumption that

which is true

for a homogeneous sample, equation (9.20) for the transmittance contains the unknowns
for collimated, and T, for diffuse light, where the collimated reflectance,
transmittance,

and

are required for further analyses. Under the simplifying assumption

that the tissue reflectance and transmittance are the same for collimated and diffuse
light, the differences between

and R^ and

and

are due to differences in

specular reflection of the glass. This allows for the following simplification:

here Ar, =

where r,j is the specular reflection for diffuse light and

for

collimated light at right angle incidence. Use of these expressions for R^ and T, leads
to the following expressions for /?,<. and T^:
^ (1) r
'- - 3 5

For

it is easier to solve for T, first:

C -a,A r,
\
n(i)

S td

(9.23)
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, D f

(l-ï^ = )

[ ( c - /e A ) ( c .- V ,)
(9.24)

This leads to a quadratic equation in T,:
(9.25)

=0
with
D (2)

K
R a
—

(1-A r.)

^2 =

(9.26)
‘

(9.27)

K =

^

l-A r

1

1

1 - ^
CC

"■

(9.28)

T =

(9.29)
2A',

and T,g is obtained by substituting T„ = ^/(l-A rJ.

Data analyses

For the determination of the tissue sample absorption and scattering coefficients,
the simple four flux or diffusion theory models were discarded, because particularly in
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the case of collimated illumination, the radiance inside the sample cannot be considered
to be isotropic. To avoid this problem, and some of the other approximations that need
to be made with most analytical models, a Monte Carlo model was used
(van der Zee, 1991). Since each set of reflectance and transmittance measurements
comprised about 400 data points for the different wavelengths, a large number of
calculations had to be performed. The Monte Carlo model only provides the reflectance
and transmittance for a given set of absoiption and scattering coefficients and phase
function. One possible solution would be to iteratively adjust absorption and scattering
coefficients until a match between measured and calculated reflectance and transmittance
is found. Because of the time taken for each simulation, and because of the large
number of data points, this scheme would use up a prohibitive amount of computer time.
Therefore the following scheme was devised:
i) Generate a lookup table of R and T values as a function of absorption and scattering
coefficients using the relevant phase function for the tissue and the appropriate values
for the geometrical parameters. This step need only be performed once for a particular
type of tissue and geometry.
ii) For each point of the corrected data set of /?„ and

values determined

experimentally from a tissue sample measurement, search the table for the closest match.
The closest match is the one which minimizes the value of the following term:

(9.30)

where

&nd

are respectively the experimentally determined tissue transmittance and

reflectance, and T, and R, the transmittance and reflectance values in the lookup table.
This will give the required scattering and absorption coefficients.
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Figure 9.5 Effect of linear interpolation on the resulting scattering spectrum. The top curve is the
interpolated result, and the lower the non-interpolated.

ill) The resulting values for the absoiption and the scattering coefficients are discrete
due to the finite step size in the lookup table. The accuracy of these values can be
improved by the use of a linear inteipolation scheme:
'd T a r ' f \
da “Ss Aa

AT
AR
V J

( \
Aa
As
V J

dR

(9.31)

dR \ As

'd R _ a r '
f >
ds
ds AT
1
det dR dT AR
\ >

(9.32)

where:
det =

dT dR
~Sa~5s

dT dR
ds da

(9.33)

This correction is only applied for | det | > e, with a typical value for e of 0.0001. The
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effect of this interpolation on the calculated scattering coefficients is shown in
Figure 9.5, where for display purposes the non-interpolated result has been offset by
two. A similar effect was obtained for the absorption coefficient results,
iv) Because it is impractical to generate a lookup table for each wavelength, only one
table was generated for each type of tissue sample, using the phase function averaged
over the wavelength range for which it was measured. The scattering spectra obtained
with that table were then corrected for the wavelength dependence of the phase function
by using the following correction:

H,(X) =

(9.34)

The reduced scattering coefficient, p/,which is normally used in the PI diffusion
approximation, is determined from p,: p / = p, (l-g(X)). The reduced scattering
coefficient is presented to make it easier to compare the effective amount of scattering
between tissues with different phase functions.

5

Instrumentation

The system used to measure the diffuse reflection and transmission was the one
shown in Figure 9.4. A 100 W quartz Halogen light source, with an actively stabilised
bulb-current (Oriel 77501) was employed. The stability of the light source was better
than 0.1%, over a period of five hours. The output from the light source was first
filtered with a low pass blocking filter, to avoid higher diffraction orders from appearing
in the output of the spectrograph. A 3 mm glass fibre bundle was used to couple the
light output of the light source to the integrating sphere assembly. There a pinhole-lens
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Figure 9.6 Diffuse reflectance of 1.5 mm of Kodak white reflectance paint

assembly produced a collimated beam illuminating the sample over an area of 7 mm in
diameter. The integrating spheres were made from hollow plastic spheres, which were
coated with a white reflectance paint (Kodak Eastman CAT. No 6080). The total
thickness of the coating was ~1.5 mm. Figure 9.6 shows the diffuse reflectance of the
paint as a function of wavelength (courtesy of Kodak). The diffuse intensity in the two
spheres was measured with a spectrograph, coupled to the spheres via a quartz fibre
bundle with a diameter of 2.5 mm. The field of view of this fibre bundle used, which
depended on the numerical aperture of the fibre used (0.54), together with the f-number
of the spectrograph (f3.8), determined the area of the inside of the spheres from which
light was collected. The limiting factor was the f-number of the spectrograph, which
fixed the acceptance angle to 15°. This was sufficiently small to ensure that the
detecting fibre bundle could not "see" any of the other port holes directly. The detection
fibre bundle was coupled to a spectrograph (Jobin Yvon HR320). This was a 0.32 m
coma corrected Czerny Turner configuration, with a 60 line/mm grating.
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Figure 9.7 Overall system wavelength response.

The overall system response, including light source, filter, fibres, integrating
spheres, spectrograph and CCD camera system is shown in Figure 9.7. The tissue
samples were clamped between two glass cover slips separated by a black plastic spacer
with a thickness of d mm and a circular hole in its centre of 14.3 mm. Measurements
were performed in two overlapping wavelength ranges: 500-850 nm and 650 nm to 1000
nm. For each sample a set of six spectra were measured. With the detecting fibre
connected to sphere one, the intensitiesD q^ \ a n d w e r e measured, these being
the intensities for 0% reflectance, the reflectance standard and the sample respectively.
With the detecting fibre connected to integrating sphere two, a similar set of spectra was
measured, D q^ \

and

being respectively the transmitted intensities for 0%,

100% and the sample. Since the reflectance and the transmittance were both determined
from ratios between spectra, the overall system response was divided out.
The accuracy of the total system was checked by measuring the reflectances of
three reflectance standards (Spectralab Ltd, spectralon). Figure 9.8 shows the
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Figure 9.8 Measured reflectance of a) 75%, b) 50% and c) 1% reflectance standards together with
manufacturers calibration data.
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reflectances of the 1, 50 and 75% diffuse reflectance standards, determined from the
measurements using equations (9.23) and (9.29), compared with the calibration curves
supplied by the manufacturer. From this it can be seen that the worst case error was less
than 1%.

Results

Measurements were made on a number of different types of tissue. Data was
analyzed using equations (9.23) and (9.29) together with the appropriate Monte Carlo
lookup tables. These were generated for each type of tissue using the relevant measured
phase functions. The time required to generate each of these lookup tables was about
one week per table on a SUN4 workstation.
A non linear curve fitting procedure with constraints was used to fit the
absorption spectra of known purified chromophores to the measured absorption spectra.
The constraints were for all parameters to be larger than zero. Furthermore the fitting
was done without any weighting. All the measured brain absorption spectra were fitted
to the following equation:

In the above equation the parameters
chromophores in mMolar,

Cj, ... are the concentrations of the various

are the absorbances of the various chromophores in units

of mMolar^mm \ it, is the water concentration in % by volume and [1 ^ is the
absorption coefficient for 100% concentration water. For both the non bloodfree and the
bloodfi^ data, it was necessary to include the constant factor

in the curve fit. This

is most likely due to the residual absorption by other chromophores. The absoiption
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spectra for the oxidised forms of the cytochromes as well as that for pig fat were found
to lead to negligible contributions to the fit, and attempts to include them only lead to
larger uncertainties in the values for the other parameters. In the following, all the
absorption spectra are shown together with their fits, and the residual, which is the
difference between absorption spectrum and fit.

6.1

Rat brain

Measurements were made on brain samples from a total of seven adult Wistar
rat brains. In four rats, prior to sacrificing the animals, the blood was exchanged with
physiological saline, while the animals were breathing pure oxygen to keep them alive.
The procedure for this was as reported in the previous chapter. The blood was thereby
diluted to a haematocrit of less than 4%. The animals were then sacrificed and the brain
was taken out of the skull and stored in saline at 4 °C to prevent it from drying out. The
measurements were performed not more than 26 hours after death. Because of the small
size of the brains it was not possible to measure the properties of white and grey matter
separately. The values given are therefore for a mixture of white and grey matter.
Measurements were made on a total of 28 brain samples, 19 of which were from
bloodfiree rats and nine from non bloodfree rats. The average value for the sample
thickness was 1.35 mm.
Each individual set of reflectance and transmittance spectra was converted into
absorption and scattering coefficient spectra. In all the following figures, error bars
indicate the standard deviation for the sample to sample spread in the data. The results
for the brain samples obtained without a blood exchange are given in Figure 9.9 and
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Figure 9.9 Average diffuse reflectance data for non bloodfree rat brain.
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Figure 9.10 Average diffuse transmittance for non bloodfree rat brain.

Figure 9.10 for respectively the corrected average reflectance and transmittance spectra.
These spectra are shown to give an idea of the values that are typically obtained with
brain and for the sample thickness mentioned above. The results for the average
absorption coefficient can be seen in Figure 9.11, and for the average scattering and the
reduced scattering coefficient in Figure 9.12. For bloodfree brain the results for the
average absorption coefficient and the average scattering and reduced scattering
coefficient are presented in Figure 9.13 and Figure 9.14. The parameters for the fits to
the absoiption spectra are presented in Table 9.1.
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Figure 9.12 Average scattering and reduced scattering coefficient for non bloodfiree rat brain.
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Figure 9.13 Average absorption coefficient for bloodfree rat Iwain.

850

800

950

1000

269
40

30

OQ

20
10

500

550

600

650

700

750

800

650

900

—1

0

050

1000

Wavelength (nm)

Figure 9.14 Average scattering and reduced scattering coefficients fw bloodfree rat brain.

6.2

Pig brain

To look at neonatal brain, use was made of newborn neonatal White pigs. A total
of five piglets were used. Two of these had their blood replaced by saline prior to
sacrificing them using the procedure outlined in the previous chapter. Because of the
size of the brains it was possible to make separate measurements on white and grey
matter. Measurements were made on a total of three grey and three white matter samples
from each of the three non bloodfree animals, and on nine grey and seven white samples
from the two bloodfiree animals. The average sample thickness was 1.54 mm.
For the bloodfree brain, the results for the average absorption coefficients for
respectively grey and white matter can be seen in Figure 9.15 and Figure 9.16. The large
error bars between 500 and 600 nm can be attributed to differences in quantity and
oxygenation state of the residual haemoglobin in the tissue. The average scattering and
reduced scattering coefficients for grey and white matter are given in Figure 9.19 and
Figure 9.20 respectively.
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The results for the blood exchanged animals can be seen in Figure 9.17 and
Figure 9.18 for the average absorption for respectively grey and white matter, and in
Figure 9.21 and Figure 9.22 for the average scattering and reduced scattering
coefficients. The error bars indicate the sample to sample spread. Note the lower
absorption, particularly between 500 and 600 nm, due to the considerably reduced
haemoglobin concentration. The parameters for the fits to the absoiption spectra are
presented in Table 9.1.
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Figure 9.15 Average absorption coefficient for grey matter from non bloodfree White pig brain.
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Figure 9.16 Average absoiption coefficient for white matter frxim non bloodfree White pig brain.
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Figure 9.17 Average absorption coefficient for grey matter from bloodfree White pig brain.
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Figure 9.18 Average absorption coefficient for white matter from bloodfree White pig brain.
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Figure 9.19 Average scattering and reduced scattering coefficients for grey matter from non bloodfree
White pig brain.
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Figure 9.20 Average scattering and reduced scattering coefficients for white matter from non bloodfree
White pig brain.
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Figure 9.21 Average scattering and reduced scattering coefficients fw grey matter from bloodfree White
pig brain.
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Figure 9.22 Average scattering and reduced scattering coefficients for white matter fix>m bloodfree White
pig brain.
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6.3

Neonatal human brain

Measurements were made on samples of human neonatal brain obtained from
three different infants of respectively 24, 28 and 40 weeks of gestational age. The
samples supplied by the pathologist from the 24 week infant brain were very small, and
were also obtained from very different parts of the brain. The sample thickness, d, was
therefore only 0.38 mm. These samples were also quite transparent by visual inspection
and were of a ’runny’ consistency. A total of four samples were used for these
measurements. Due to the small sample thickness and the widely different locations
from which the brain samples were obtained, these measurements were not very accurate
or consistent. This is reflected in the large error bars, and the discontinuity between the
two overlapping wavelength ranges in the absorption results, due to movement of the
sample ’liquid’ in the sample holder. Figure 9.23 and Figure 9.24 are the average results
for respectively absorption, scattering and reduced scattering coefficients. The absorption
results appear to be quite high, with a large discontinuity between the two wavelength
ranges. Scattering results are quite low, confirming the observed transparency of the
samples.
More reliable results were obtained from the measurements on the samples from
the 28 week gestation neonate. In this brain there was no visual difference between grey
and white matter, and therefore the measurements were made on a mixture of white and
grey matter. A total of eight samples was obtained. The average sample thickness was
1.45 mm. The resulting average absorption coefficient spectrum can be seen in
Figure 9.25, and the scattering and reduced scattering coefficient spectrum in
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Figure 9.26. The absorption is relatively low, with little presence of the large
haemoglobin and cytochrome absorption peaks between 500 and 600 nm.
For the 40 week gestation infant brain there was a more visible differentiation
between grey and white matter. Measurements were therefore made on two grey matter
samples (numbered as one and three) and two white matter samples (numbered as two
and four). To illustrate the sample to sample difference, in particular in the absorption
measurements, the results for the individual samples are shown. For the absorption
coefficient of grey matter these can be seen in Figure 9.27 and Figure 9.28, and for
white matter in Figure 9.31 and Figure 9.32. The spectra for the scattering and reduced
scattering coefficients are shown in Figure 9.29 and Figure 9.30 for grey matter, and in
Figure 9.33 and Figure 9.34 for white matter. From these results it is apparent that there
is not much difference yet between the scattering behaviour of grey and white matter
at this age of gestation in a full term human infant, unlike that in the neonatal White
pig. Results for the absorption curve fits can be seen in Table 9.1.
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Figure 9J3 Average absorpticxi coefficient for 24 week gestational age human brain.
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Figure 9.25 Average absorption coefficient for brain from 28 week gestational age neonate.
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Figure 9.26 Average scattering and reduced scattering coefficient for brain from 28 week gestational age
neonate.
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Figure 9.27 Absoiption coefficient for grey matter (sample one) from 40 week gestational age human
brain.
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Figure 9.28 Absorption coefficient for grey matter (sample three) from 40 week gestational age human
brain.
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Figure 9.29 Scattering and reduced scattering coefficients for grey matter (sample one) from 40 week
gestational age human brain.
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Figure 9.30 Scattering and reduced scattering coefficients for grey matter (sample three) from a 40 week
gestational age human brain.
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Figure 931 Absorption coefficient for white matter (sample two) from a 40 week gestational age human
brain.
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Figure 932 Absorption coefficient for white matter (sample four) from a 40 week gestatiœal age human
brain.
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Figure 9.33 Scattering and reduced scattering coefficients for white matter (sample two) from a 40 week
gestational age human brain.
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Figure 934 Scattering and reduced scattering coefficients for white matter (sample four) from 40 week
gestational age human brain.

6.4

Adult human brain

Postmortem samples were obtained of the brains of two adult males, 50 and 60
years of age. These samples were stored under physiological saline at 4°C until used.
The consistency of the brains was much firmer than that of the neonatal brains, with a
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very marked visual difference between grey and white matter. At the time of the
measurements the samples were from 48 to 60 hours postmortem. A total of nine
samples of grey matter, and eight of white matter were used for the measurements, with
an average sample thickness of 1.41 mm. The average results for grey matter are shown
in Figure 9.35 for the absorption, and in Figure 9.36 for the scattering and the reduced
scattering coefficients. The large error bars for the scattering results indicate a
considerable spread in scattering behaviour between the different grey matter samples.
Figure 9.37 and Figure 9.38 show respectively the absorption and scattering results for
white matter. The white matter results exhibit a much larger scattering coefficient than
those for full term neonatal human and White pig brain. The parameters for the fits to
the absorption spectra are presented in Table 9.1.
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Figure 9J 5 Average absoiption coefficient for grey matter from adult human brain.
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7

Discussion

In the following, the different absorption and scattering coefficient spectra will
be compared with each other, and their dependence on wavelength discussed. The
absorption spectra will also be interpreted in terms of the contributions from the various
known chromophores to the total absorption spectra. A comparison will be made with
values found in the literature.

7.1

Absorption, general

The absoiption spectra of all the brain tissue sample types examined show the
same general features. These are an increase in absorption in the region between 500
and 650 nm, due mainly to the absorption spectra of haemoglobin and the cytochromes,
followed by a rather flat region between 650 and 900 nm, with only a minor absorption
increase at 760 nm due to the absoiption by deoxygenated haemoglobin. Above 900 nm
there is an increase due to water absorption. Perhaps not surprisingly, considering its
darker appearance, the absorption results for grey matter are larger than those for the
corresponding white matter for all brain tissues investigated.
When comparing the absoiption spectra of non blood free adult rat brain,
newborn pig brain, human neonate and human adult brain, the following qualitative
observations can be made. The average absoiption in the 500 to 650 nm region is
highest in the adult rat and in the 40 week gestational age human brain. In contrast, the
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absorption in the 28 week gestational age human brain is very low in this region. The
values for both grey and white matter of newborn pig brain and adult human brain are
similar and are about halfway between those mentioned above.
When attempting to compare the results in this chapter with absorption and
scattering values in the literature, it became apparent that there are not yet many spectral
measurements available. Most data available is only for certain discrete wavelengths,
because of the lasers used. No data could be found on the absorption properties of rat
brain or human neonatal brain. For pig brain at 630 nm, Patterson reports a value for
of 0.026 m m '\ and Preuss of 0.064 mm \ compared to values in this work
(at 630 nm) for bloodfree neonatal White pig brain of 0.058 mm^ for grey matter and
0.036 mm * for white matter (Preuss, 1982; Patterson, 1987). For in vitro adult human
brain Sterenborg et al give absorption and scattering results between 400 and 1100 nm
for different parts of healthy and diseased brain, with an absoiption coefficient of
0.1-0.2 mm * in the range of 700 to 900 nm, considerably larger than the results found
here for the same wavelength range, which are 0.032-0.038 mm * for grey matter and
0.0032-0.010 mm *for white matter (Sterenborg, 1989). At 633 nm. Splinter et al report
values of

for white matter of 0.158 mm * and for grey matter of 0.263 mm *compared

to values of respectively 0.025 and 0.063 mm *in this work (Splinter, 1989). Both these
authors used the Kubelka Munk theory. This possibly explains the large values they
obtained for the absorption coefficients.
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7.2

Absorption, spectral fits

The results of the fits of the measured absorption spectra can be seen in
Table 9.1, giving the values for the parameters c, to Cg, ki and

for all the absorption

spectra, together with their fit errors. As can be seen from the residuals in the fits to the
various absorption spectra, there are considerable differences between fits and measured
spectra in the 500 to 600 nm region. This is most likely due to the lack of wavelength
resolution, which was about 1.5 nm, together with an uncertainty in the wavelength
calibration, which is estimated to be 1-2 nm. This lack of wavelength accuracy and
resolution also made it very difficult to distinguish between the spectra of Cyt^R and
Cytj-R, due to the similarity in their absorption peaks in the 500 to 600 nm range (see
Figure 4.4). The value for the constant

excluding the one for the 24 week gestation

neonate, varied from 5.67e"^ to 4.2le ^ with an average value of 0.0268 ± 0.0104 mm*’.
A similar constant was found to be necessary to fit brain absorption spectra which were
obtained in an entirely different manner (Essenpreis, 1992). There the value for the
constant, p^, was found to be 0.0035 mm*’ for a set of in vivo absorption measurements
on adult human brain, compared to 0.0274 mm*’ for grey, and 0.00057 mm*’ for white
matter in this work.
The following results were obtained for the water concentrations in percent by
volume in the various brain samples. The values for respectively non blood free and
blood free rat brain are 83.6 ± 5.9 and 85.0 ± 1.9 %, compared to values reported by
Millichap of 87.6 down to 78.3 % for the cerebrum of rats (Millichap, 1958). For grey
matter in pig brain the water concentrations were found to be 105 ± 4.4 and
108 ± 1.3 % for respectively non blood free and blood free brain, while for the white
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Table 9.1 Contribution of known absorbers to measured absorption spectra.
Cl [HbR]

Cj [HbO]

C) [CaR]

c^ [CbR]

C; [CcR]

k, [H20]

Hk [cx]

rat
blood

1.09e^
±1.45e-’

5.07e'^
±8.00e^

1.36e"
±4.63e-"

2.30e'^
±3.66e'3

1.34e-’°
±1.63e-’

8.36e"
±5.88e-2

1.69e:
±1.17e-^

rat
no blood

3.37e*^
±4.58e"*

8.00e"
±2.50e"*

6.12e"
±1.47e"‘

1.48e':
±1.16e-’

8.02e-"
±5.15e-"

8.50e"
±1.86e =

2.3 le-'
±3.71e-"

pig, blood
grey

9.2Se3
±1.08e'^

3.64e'^
±5.96e"*

8.77e'"
±3.45e-"

1.67e'2
±2.72e'^

8.00e"
±1.20e-^

1.05
±4.37e-2

3.04e'
±8.73e-"

pig, blood
white

5.18e-^
±4.98e-4

1.62e*^
±2.76e-‘

5.07e3
±1.60e-"

9.00e^
±1.26e-’

3.50e"
±5.60e-*

8.77e"
±2.03e-2

2.34e-'
±4.04e-"

pig, nobld
grey

945(^
±3.08e-*

2.02e-"
±1.71e"*

2.47e-"
±9.87e^

7.00e^
±7.79e-*

8.56e-'2
±3.44e"^

1.08
±1.25e-"

3.77e-'
±2.50e"*

pig, nbld
white

1.28e-^
±2.36e-*

7 7 7 f"
±1.31e^

2.00e^
±7.55e':

4.74e'^
±5.96e-"

1.00e"
12.63e"*

8.13e'
±9.58e:

2.35e-'
±1.91e-"

neonate
24 week

1.50e’°
±3.18e^

5.81e3
±1.76e-^

3.40e'"
±1.02e-'

5.40e*^
±8.03e3

2.60e"
±3.58e"

2.31
±1.29e-'

1.7 le-’
±2.57e-:

neonate.
28 week

3.57e-*
±2.26e-^

1.37e'"
±1.25e-"

5.49e-"
±7.24e'®

2.02e":
±5.72e-"

2.90e'^
±2.55e-"

1.14
±1.19e’^

3.46e-'
±1.83e-"

ne(Mi 40wk
si, grey

6.39e"*
±3.30e":

2.58e-^
±1.83e-"

1.52e*2
±1.06e-’

3.1 le :
±8.34e-’

2.30e'°
±3.71e-’

1.32
±1.34e-'

4.2 l e '
±2.68e'

neon 40wk
s3, grey

1.19e"
±2.19e’

1.99e^
±1.22e'"

5.69e^
±7.03e-"

5.61e-'
±5.55e-^

2.90e^
±2.47e-:

1.37
±8.92e"

3.18e'
±1.78e-^

neon 40wk
s2, white

3.56e3
±1.64e3

1.05e-2
±9.06e-"

9.18e:
±5.24e"*

1.28e*2
±4. Me-"

1.28e-’°
±1.84e-"

1.00
±6.65e"^

3.07e'
±1.33e-'

neon 40wk
s4, white

1.71e-'
±1.85e^

1.49e^
±1.03e^

5.85e-'
±5.93e-"

5.40e-'
±4.68e-^

1.85e"
±2.09e-’

9.09e:
±7.53e-2

2.67e'
±1.50e-'

adult
grey

1.56e-2
±1.27e'3

2.06e"
±7.00e-"

9.02e^
±4.05e-"

4.99e:
±3.20e-:

3.81e3
±1.43e:

8.56e'
±5.14e-2

2.74e'
±1.03e^

adult
white

1.23e':
±8.90e"‘

2.12e-2
±4.92e"‘

6.10e"
±2.85e-"

1.15e-"
±2.20e-^

2.21e-"
±1.00e-’

8.63e"
±3.62e-2

5.69e-"
±7.22e-"

matter of pig brain these values were respectively 87.7 ± 2.0 and 81.3 ± 1.0 %. Note
that the values for grey matter in pig brain are significantly larger than for white matter.
The water concentration values for neonatal brain vary a lot, with most results being
larger than 100 %. For adult brain the water concentrations were found to be 85.6 ±5.1
and 86.3 ± 3.6 % for respectively grey and white matter. Values larger than 100 % are
of course not possible. An explanation for the large apparent value of the water
concentration in some of the above results could be a contribution from the absorption
spectra for the lipids in the brain. These could well be different from that of pig fat, and
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coincide more with the water absorption peak. Unfortunately there are no data in the
literature on the absorption spectra of myelin and the major lipids in brain tissue.
The ratio between the Hb and HbOj concentrations varied from sample to
sample. This can be seen in the concentrations found for Hb and HbOj for the four
samples from the 40 week human neonate brain, where the values of the Hb and HbOj
concentrations lead to values for the oxygen saturation Sq2 (Sq2 = HbOj / (Hb + Hb0 2 ) )
of 97, 75, 100 and 90 % for respectively samples one, two, three and four. This is
probably due to differences in the time since the last exposure to oxygen in the air.
Total haemoglobin concentrations for the non bloodfree animals were 16 nMolar for rat
brain, compared to 160 jiMolar in vivo (Everett, 1956), 9.8 ^iMolar for neonate pig
brain, compared to 187 jiMolar for in vivo neonate pig brain (Linderkamp, 1980), and
24.5 liMolar for adult human brain, compared to 230 fxMolar for in vivo adult human
brain (Sakai, 1985). See Chapter 4 for the derivation of the above in vivo values.
As was to be expected, the absorption spectra for all the blood exchanged brains
show markedly lower values, particularly in the range between 500 and 650 nm, due to
the much lower haemoglobin concentrations. The ratio between total haemoglobin
concentrations in the bloodfree brains and the non bloodfree brains for both rat and
White pig brain was not as low as would be expected from the dilutions of the blood
haematocrit. However, this probably reflects the difficulty of perfusing (and thus
flushing clear of red bloodcells) the capillary bed of brain tissue.
In the bloodfi^ brains the different absorption peaks for the reduced
cytochromes at 602 nm for C yt^, 525 and 555 nm for Cyt^ and 521.5 and 552.5 nm for
Cytc can be observed (see Figure 4.4). Keeping in mind that the curve fitting routine had
difficulty in distinguishing between Cyt^ and (Zyt^, the following results were obtained
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for the cytochrome concentrations in the blood exchanged animals. In rat brain the
cytochrome

concentrations

were

found

to

be

6.1210.15,

14.811.2

and

0 .8 1 0 .5 iiMolar for respectively Cyt.^, Cyt^ and Cyt^, compared to values of
respectively 4.8, 3.8 and 6.5 pMolar as determined from the Brown and Chepelinsky
data in chapter 4 (Chepelinsky, 1970; Brown, 1991). For pig brain grey matter these
values were respectively 2.5 10.1, 7 1 0 .8 and 0 1 0.3 pMolar, while for white matter
values of respectively 2.0 1 0.08, 4.7 1 0.6 and 0 1 0.3 pMolar were obtained.

7.3

Scattering

The spectra for the reduced scattering coefficient, p /, all show a similar decrease
in value with wavelength, where over the range of 500 to 1000 nm the reduced
scattering coefficient decreases by about a factor of two. The wavelength dependence
of the scattering coefficient, p,, depends very much on that of the corresponding
g-factor. A steady decrease with wavelength can be seen in the scattering coefficients
of grey matter from the neonatal White pig and human brain at 28 and 40 weeks of
gestational age. A maximum in the scattering coefficient can be observed in adult rat
brain at 750-800 nm, 24 week gestational age human brain at 550 nm, neonate White
pig white matter at 850 nm and adult human brain grey matter at 800-850 nm. White
matter of adult human brain is significantly different in that it shows a general increase
in scattering with wavelength.
The effect of the blood content of the brain on the scattering coefficient can be
seen by comparing the non blood free with the blood free data. For rat brain, from
Figure 9.12 and Figure 9.14, no significant difference can be seen between non blood
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free and blood free scattering data. For pig brain grey matter, from a comparison of
Figure 9.19 and Figure 9.21, and for white matter, from a comparison of Figure 9.20
and Figure 9.22, there appears to be a reduction in the scattering coefficient of about
30 % in the blood free brains. However, the error bars for these scattering data are of
the order of 40 %, so that these results are not entirely conclusive for the effect of blood
content on the scattering coefficient.
The differences between the scattering behaviour of grey and white matter are
quite large. The wavelength behaviour is quite different, largely due to the wavelength
dependence of the phase functions. For White pig brain the scattering coefficient of grey
matter is larger than that of white matter by a factor varying from one to three, while
at the same time the reduced scattering coefficient is a factor of 2.3 to 3.2 smaller. For
human neonatal brain the values for p, are about the same, but the values for p / for
grey matter are a factor of two down on those for white matter. The largest difference
is found between grey and white matter for adult human brain. Here the values for p,
are of the same order, but p, for white matter actually increases with wavelength. The
reduced scattering coefficient, p /, for grey matter is down by a factor of 3.3 compared
to white matter.
The scattering behaviour of human brain changes with age. There is a clear
increase in the scattering coefficient, p„ with increasing age of gestation. The reduced
scattering coefficient, p /, does not change much with age of gestation, but is
considerably larger for the adult human brain. These changes are attributed to the
increase in myelination with age.
Comparison with values in the literature is again difficult as few results have
been published on the scattering and reduced scattering coefficients of various brain
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tissues. For adult pig brain at 633 nm, Wilson et al report values for p, of 103.7 mm *
and p / of 5.7 mm *, and Preuss et al report a value for p / of 5.2 mm * (Preuss, 1982;
Wilson, 1986). These compare top, = 38.2,16.9 mm *and p,’ = 0.86 and 3.27 mm* for
respectively grey and white matter of neonatal White pig in this work. The lower values
found here are most likely due to the difference in age and the type of the animals used.
No data on the scattering or reduced scattering coefficients could be found for human
neonatal brain. For adult human brain. Splinter et al report values for grey matter of
6.0 mm * for p, and 0.7 mm * for p,% compared to 62 and 3.0 mm * in this work. For
white matter they found values of 5.1 mm *for p^ and 0.2 mm * for p /, compared to 47
and 10 mm * in this work (Splinter, 1989). The values reported by Splinter seem very
low. Sterenborg et al give values for the reduced scattering coefficient of various types
of adult human brain tissues. They found values for the reduced scattering coefficient,
p / , of 2-5 mm *, with p / decreasing with increasing wavelength, similar to the results
obtained here (Sterenborg, 1989).
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Chapter 10

Monte Carlo model, other applications

1

Introduction

In this chapter a brief description of additional applications of the Monte Carlo
model described in chapter 7 will be presented, together with references to the published
papers in which some of these results have been reported.

2

Imaging applications

When the Monte Carlo model was first developed, the main interest was in
examining the possibility of imaging through biological tissues. A number of different
problems related to imaging were therefore simulated and in some cases compared with
experimental results and predictions by other models.

2.1

Modelling of the tissue PSF

Initially the model was used to study the amount of image blurring to be
expected in a turbid medium, by looking at the broadening of a narrow collimated pencil
beam of light after transmission through a slab of tissue (Figure 10.1). The light
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distribution resulting from the transmission of a
narrow pencil-beam through a homogeneous slab
of tissue is called the Point Spread Function
(PSF). Due to radial symmetry it can be
described by the intensity 7(r), where r equals the
radial distance from the optical axis. The shape
and width of this function is a measure of the
degree of blurring that can be expected in

distribution resulting
from a pencil beam input.

imaging.

Using the Monte Carlo model, a series of PSF’s was generated for a slab
thickness, d, of 10 mm and a refractive index of 1.4, with absorption coefficients
ranging from 0.02 to 1.0 mm *and scattering coefficients ranging from 0.167 to 4 mm *.
The scattering phase function used was that measured for rat brain. For each
combination of absorption and scattering coefficient, the model was run for a total of
1 0 0

0 0 0

photons.

For practical use it was considered advantageous to rind from this data an
analytical expression for the PSF, since this would then allow the rapid calculation of
the PSF for other combinations of |X, and p ,. Therefore, based on a set of reasonable
assumptions, an empirical formula was fitted to the modelled PSF’s, using a non-linear
curve fitting program (Gaushouse, 1965). In order to produce a formula which would
be independent of the particular dimensions used, dimensionless parameters were used,
namely r ’ = rid for the radial distance, d’ =

1

for the slab thickness, n ,’ = \\.*d and

H .’ =

It was found that over the range of absorption and scattering coefficients and
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thickness d used, the PSF could be approximated by the following expression:
I(r') =Ar„ +/»,exp(-/»jr'^) + _ f : _ exp (-/><( 1 +

+ f,e x p (-f^ r')^ ^ ^ '^ ^

(van der Zee and Delpy, 1987; van der Zee and Delpy, 1988a). The parameters

to

were subsequently fitted to functions of the dimensionless absorption and scattering
coefficients, |x,’ and p,’. The results for these empirical fits are given in equations (10.2)
to ( 1 0 .8 ):
^ 0

= exp ( - ( p ' +pi ))

P, = 0.84pi+2.3

( 1.65-0.217^; )(_!_ -2 .3 ) -0.6

P3 = 10

= 1.12+0.072p,'+p:

-0.071

P; = 10

* 2 ^ -0 3 4

'**

f . = 0.048p: -0.01 n: +0.81

(1 0 *2 )

(10.4)

(10.5)

(10.6)

(10.7)

(10.8)

Although equation (10.1) is empirical, the choice of the terms in the equation was based
on a heuristic analysis of the light transport problem. Equation (10.1) therefore
essentially consists of four terms, the general characteristics of which are discussed
below. The first term,

is the unscattered component, representing light that is neither
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scattered nor absorbed. The term with

and Pj is a Gaussian component^ thought to

result from only a few small angle scattering events (Whithman and Beran, 1970). Its
amplitude (P^) decreases with increasing scattering, p /, and absorption, |i / , coefficient.
The decrease with scattering is probably due to the increasing chance of multiple and
large angle scattering. The width of the Gaussian term (P^) depends only upon the
absorption coefficient, p,’, in the range covered in this simulation. The next term, with
the coefficients P 3 and P 4 represents a diffusion component. This component describes
the light distribution for the case of high scattering. The factor (1 +

represents the

distance from the point of entry of the collimated light source to the point of detection.
Broadly speaking, the amplitude of the diffusion component increases with increasing
scattering, p /. The width of this component (P4 ) is largely dependent upon the
absorption coefficient, p,’. Finally, the term with the coefficients Pj and P^ constitutes
an exponential component. The physical basis for the inclusion of this term is not fully
understood, but was found to be necessary to fully describe the PSF over the whole
range of absorption, p /, and scattering, p ,\ coefficients. This term probably tries to fill
the gap between the small angle scattering and the diffusion regime. Its parameters (P5
and Pg) vary only slowly with p,’ and p ,\

2.2

Absorption by a blood vessel

Another imaging type application of the model was a simulation of the following
problem: for the case of a photo-plethysmograph measurement across a finger, what is
the effect of the absoiption by a major artery on the reading of the system, and how
sensitive is this reading to the position of the blood vessel? To investigate this problem.

295
Wesseling (Wesscling, 1988) did a
series of measurements using the
system shown in Figure 10.2. This
consisted of a large container filled

(x,z)
18.5 mm

with milk, diluted by a factor of three,
with no added absorber. A light
emitting

diode

(LED),

which

transmitted over a full angle of 60°
Figure lO J System to measure the effect of an

and at a wavelength of 925 nm, was absoihing artery.
positioned in this container. Opposite this LED was a photodiode with a square cross
section of 2.25x2.25 mm, collecting light over a full angle of 120°. An opaque rod of
diameter d pointing in the y-direction was placed at position {x,z). A series of
transmission measurements were performed as a function of x and z position for 3
different rod diameters, dl = 2.0 mm, d2 = 1.0 mm, d3 = 0.5 mm.
This problem was simulated using the Monte Carlo model. For the absoiption
coefficient of the solution, the absorption of water was used. At 925 nm this is
0.01 mm *. The scattering coefficient of the solution was determined by matching the
transmission found in the model to that of the measurements, both in the absence of a
rod. This resulted in a scattering coefficient of 0.35 mm *. Because milk mainly consists
of particles appreciably smaller than the wavelength used, isotropic scattering was
assumed. For each simulation of a source rod detector configuration, 400 000 photons
were used.
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2.3

Results

For rod diameters of 1.0 and 2.0 mm. Figure 10.3 shows the variation in
received intensity as the absorbing rod is translated along the jc-direction. Even at
distances well away from the source-detector axis, the absorber can be seen to still give
rise to an appreciable change in measured transmission. The variation in received
intensity as the rod was moved along the line between source and detector (z-direction)
is shown in Figure 10.4. Both the experimental data and the MC simulation, show a
gradual change of transmission with position, with the largest attenuation occurring
when the rod is closest to either the source or the receiver. The dependence of the onaxis transmission on the radius of the absorbing rod is displayed in Figure 10.5. For the
range of radii chosen, there appears to be an almost linear decrease in received intensity
with increasing rod radius. For all three results there is a good qualitative agreement
between the data from experiment and the MC simulations. For a good quantitative
agreement, more accurate data on the scattering and absorbing properties of the milk
solutions used in the experiment would be required.

3

In vivo tissue characterisation

In order to determine the invivo optical properties of biological tissues noninvasively, use has to be made of the reflected, or in some cases transmitted light
distribution. It was therefore decided to investigate the characteristics of the light
reflected or transmitted by tissue as a function of the radial distance from the input
position of a narrow collimated beam. A comparison would then be made of measured
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data against Monte Carlo simulations and diffusion model calculations in order to decide
on the best model to use for a possible determination of scattering and absorption
coefficients from measurements of radial intensity. To that end a series of measurements
was performed on an optical phantom, and the results compared with Monte Carlo
predictions and data obtained from an analytical 2-D diffusion model for cylindrical
symmetry.

3.1

Method

Figure 10.6 shows the system used for the reflection measurements. For the
transmission measurements the light source was placed on the other side of the phantom.
The dimensions of the glass container for the reflection measurements were width

6 8

,

height 70 and depth 49 mm. This depth was considered to be sufficiently large for the
phantom to represent a semi infinite medium. For the transmission measurements the

c o m p u te r
S c o n n in g

c o n tro l

ADC

Dye

L aser

Figure 10.6 System used to measure diffuse reflectance as a function of radial distance from the source.
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container dimensions were width 60, height 80 and depth 10 mm. The thickness of the
glass wall for both containers was 2 mm. The optical phantom consisted of a suspension
of a mixture of polystyrene micro-spheres, together with an infrared absorbing dye. The
particle mixture consisted of 2.5% by volume of spheres with a radius of
0.5 ± 0.015 ^m and 6.7% by volume with a radius of 0.025 ± 0.001 iim. The scattering
phase function and the scattering coefficient for the medium were calculated from the
sizes and concentrations of the micro-spheres in the phantom using Mie theory.
Figure 10.7 shows the normalised phase function of this phantom for 720 nm. The
g-factor at this wavelength was 0.899. Different scattering coefficients were obtained by
diluting this concentrated mixture. The absorber employed was an infrared dye
(ICI S 109564). To measure /(r), a linear scanning system was used which moved an
optical fibre in a radial direction with respect to the beam. This fibre was a 200 pm
multimode optical fibre with a numerical aperture of 0.2. The measurements were
performed at the single wavelength of 720 nm, using a CW tunable dye-laser (Coherent
599) as the light source. A photomultiplier tube (MuUard 9863KB/100), preceded by a
low-pass optical

filter to reduce

interference caused by room light was
used for the detection of the received
light intensity.
In the Monte Carlo simulation
of the experiments, use was made of
the calculated phase function for the

—3 ■
-4

0

30

particle mixture. The finite container
. .

rr

.

r

sizes and the effect of the refracüve
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90
120
Angle (Deg)
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Figure 10.7 Calculated phase function for polystyrene
..W uK . r,=0.5tun, 2.5% by vol., r^0.025nm,

6.7% by volume.
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index mismatch at the boundaries were taken into account. The effect of the numerical
aperture and the size of the receiving fibre were also included. For each simulation a
total of

1 0 0

0 0 0

photon histories were used.

The theory developed by Groenhuis et al (Groenhuis, 1984a,b) from the F,
approximation to the diffusion theory for cylindrical symmetry was used for the
analytical solution to this problem. The authors made use of the following phase
function:
/( ji) = J - [ ( l- g ) + 2 « 5 ( n - l) ]

(10.9)

47C

In this phase function the first term describes isotropic scattering and the second term
strongly forward peaked scattering. Inserting this into the transport equation gives:
f-V L (r,f )+ n „L (r,f ) =

fL (r,f')df'
4"

where

is the transport cross section:

(10.10)

4-i

= p,+p,(l-g). For a cylindrical beam of light

parallel to the z-axis, the radiance of the beam is given by:
L .J r ,S ) = £ „ « ( r - r p - 5 ( n '- l )
where Eq is the irradiance of the incident beam with beam radius

(10.11)
, w(r-rf) =

1

for

r < Tf, u(r-rf) = 0 for r > r, and p* is the cosine of the angle with the z-axis. This leads
to the following diffusion equation:

-')Y(r) «

-g)D->£,«(r-rpexp(-n^z)

(10.12)

where D is the diffusion coefficient, D = (3p^)'\ Groenhuis solved this equation with
boundary conditions that take into account the specular reflection at the slab boundaries.
For details of this solution the reader is referred to the reference (Groenhuis, 1984a,b).
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This model assumes an infinite slab, so the effect of the finite container sizes could not
be included.

3.2

Results

A series of measurements, MC simulations and diffusion model calculations were
made for scattering coefficients ranging from

2

to

1 0

mm'^ and absorption coefficients

from 0.02 to 0.1 mm'*, representing realistic values for biological tissues. From these
data the results for maximum scattering and minimum absorption, case a: (p, =
p. =

medium

scattering

and

absorption,

case

b:

mm *,

(Ps =

6

mm *,

p, = 0.06 mm'*) and minimum scattering and maximum absorption, case c: (p^ =

2

mm'*,

0 .0 2

mm'*)

1 0

p. = 0.1 mm'*) are presented. These are displayed in Figure 10.8 for the reflection, and
in Figure 10.9 for the transmission data.
For the reflection data, there is reasonable agreement between MC and diffusion
results. As expected, the largest differences between the two occur at minimum radial
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Figure 10.8 Radial dependence of reflected intensity, a) p,=10, p,=0.02 mm \ b) p,=6, p.=0.06 mm %c)
p.=2, p.=0.1 mm*’.
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Figure 10.9 Radial dependence of transmitted intensity, a) p .- 10, p,=0.02 mm ' b) p,=6, p,=0.06 mm ’
c) p= 2, p,=0.1 mm '.

distance, where the light distribution will be least isotropic, and for case c, where the
condition for the validity of the diffusion equation, p / « p„

(p / =

0

.2 ,

p, = 0.1 mm '), is no longer valid. The experimental results agree fairly well with both
MC and diffusion data up to a radial distance of about 10 mm. Beyond that value, the
decrease of intensity with radius for the measured data is less fast than for the calculated
and simulated data. This is thought to be due to light which is multiply reflected in the
glass of the container wall. This was confirmed in a subsequent test measurement using
a very thin glass window to replace the rather thick container glass.
The transmission data show a very good agreement between MC and diffusion
results for cases a and b, but as expected a less good agreement for case c, similar to
the reflection results. Again the measured results showed a less rapid fall off of intensity
with distance than the MC and diffusion predictions, and as in the reflection case this
could be attributed to light channelling in the glass container wall.
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3.3

Conclusion

From this study, keeping in mind the shortcomings in the measured data, it can
be concluded that the agreement between MC and diffusion calculations is sufficiently
good at larger radial distances to warrant the use of the much faster diffusion model
calculations for the determination of p, and |x. from a measured radial distribution of
either reflected or transmitted intensities. The errors within the diffusion model for the
case of low scattering and high absorption will nevertheless need to be considered. If
however data at small radial distances (of the order of 1 /p /) is required for this
determination, particularly for the case of reflection, then a MC method or a more
accurate analytical method (eg a

approximation of higher order) will be needed.

The above data was presented at the BMLA conference in 1988 (van der Zee, 1988b).

4

Optical Path length

When performing spectroscopic measurements in highly scattering media like
biological tissues, there are two problems in the inteipretation of the observed spectral
data. Firstly there is the problem of localisation. Due to the large amount of scattering
the volume of tissue which contributes to the received signal is not known. This is
because the total light attenuation is no longer simply due to absorption along the
straight line connecting the light source and the detector. A second problem, related to
the first one, is that of the effective optical path length of the light detected after it has
travelled through the tissue. The following discussion will be concerned with this second
problem.
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In a non-scattering medium, the relationship between the absoiption coefficient
of the medium and the measured light attenuation follows the Beer-Lambert law:
c m

= -\L(X )d

(10.13)

/.m
where

is the light attenuation, p. is the absorption coefficient of the medium and d

is the distance travelled through the medium. The absorption coefficient, p„ is related
to the chromophore concentrations, Cj, and their extinction coefficients, e^, by:

n .m = E

(10.14)

I

If the spectra of the extinction coefficients are known for all the compounds in the
medium, then the chromophore concentrations can be determined from the total
measured absorption spectrum, if this spectrum contains at least as many data points as
there are different chromophores.
In a scattering medium, the following approximate relationship holds:
ln(a„) = -[ g
where G is a factor which depends on the geometry of the system on which the
measurement is performed, and x is an unknown multiplier for the source-detector
spacing, d. The factor x is not a constant, but depends on the absorption and scattering
properties of the medium. In normal clinical situations, when making optical
measurements across intact tissues, one normally only observes relatively small changes
in absorption.
Making the assumption that the scattering coefficient does not change much
under normal physiological conditions, the factor of interest therefore is d(ln(oJ)/d(pJ,
which relates a change in light attenuation to a change in absorption. This factor will
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be called the differential path length. By dividing the differential path length by the
source-detector distance, d, a distance multiplying factor is obtained. This factor will be
called the differential path length factor (DPF). Since the path length for a photon is
related to its transit time through the tissue by: / = c(//n), where c is the speed of light
in vacuum, t the transit time and n the refractive index of the medium, it was felt that
the parameter d(ln(aj)/d(pj should be related in some manner to the distribution of
received intensity versus time, I^Jt), resulting from a very short input pulse of light.
The necessary equipment to do these measurements was available in the form of
a fast pulsed dye laser and a Streak camera. To determine the form of the relationship
between the time distribution of the received light intensity and the DPF, the time
distributions resulting after transmission of a short pulse through a tissue slab, 7(r), were
simulated for a range of different absorption and scattering coefficients typical of those
that could be expected in tissue. It was found that of the various parameters that could
be extracted from the distribution /(/), the mean time of the distribution:

jtmdt
t

= 1 ______

(10.16)

jm d t
expressed as an equivalent distance, correlated most closely with d(ln(aj)/d(|ij. This
prediction was confirmed by a set of experiments on a tissue phantom (Delpy, 1988).
It was subsequently shown by further Monte Carlo simulations, together with
experimental data from rat brain, and from measurements on an optical phantom that the
factor d(ln(aj)/d(pj is not a constant, but changes by about 13% for a change in In(jq)
of 1 per cm (30%/OD/cm) (Delpy, 1989). This change can be used as a first order
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correction for the factor d(ln(aj)/d(|ij, which otherwise can only be assumed to be a
constant factor over a limited range of absoiption change. To put this into perspective,
the maximum change in optical density across a babies head is 0.5-1.0 OD for a spacing
of 5-8 cm, resulting in a maximum change of 0.2 OD per cm. If the result for rat brain
is extrapolated to the case of human neonate brain, then this will mean only a small
change (2 .6 %) in the factor d(ln(gq))/d(|ij over the range of optical densities found in
a neonate. In the measurements on the rat brain it also became apparent that the DPF
does not change much from the invivo to the post mortem case.
The relationship d(ln(û„))/d(|xj =

was initially shown to be valid for a

slab geometry. Because the shape of a head resembles more closely that of a sphere than
a slab, a further series of Monte Carlo simulations was run for a spherical geometry. It
was shown that the above relationship for d(ln(att))/d(|i,) also holds for a sphere, except
for the case of almost total reflection (van der Zee, 1990).
This relationship between the DPF and the mean transit time was used to the
determine the DPF from postmortem measurements on the head of a number of preterm
infants. Based on measurements from

6

preterm infants, the average DPF was found to

be 4.39 ± 0.28 (Wyatt, 1990). Knowledge of this factor will permit accurate quantitative
measurements to be made by near infrared spectroscopy in live infants.
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Chapter 11

Summary and Conclusions

The initial objectives of this work were firstly to produce an accurate way to
model light transport in tissue, both for use in the determination of the optical properties
of tissue, as well as for the investigation of other problems such as the effective optical
pathlength in tissue and the possibility of imaging in tissue. Secondly to devise methods
for the accurate determination of the optical properties of tissue, and to use these for the
determination of the optical properties of different types of brain tissue. These included
the wavelength dependence of the optical properties, the difference between white and
grey matter, and the change with gestation.

1

Monte Carlo model

i)

The results produced by the Monte Carlo model for reflection and transmission

for an infinite slab were in excellent agreement with the data tabulated by van de Hulst
for different g-values. The quality of the random number generators used was checked
thoroughly. The accuracy and the correctness of the model were further confirmed by
a number of calculations of the effect of specular reflection and refraction for model
systems with known analytical solutions. Good agreement was also found with some of
the experimental results obtained in chapter 10. The results obtained with the model
could therefore be taken to be reliable.
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ii) Was the Monte Carlo model the best choice for the modelling of light
transport in tissue? At the time this work was started the models used most often were
the Kubelka Munk or various approximations to the diffusion equation. These were felt
to be lacking in many respects. The Monte Carlo model chosen did not have the
shortcomings of the models mentioned above, and met all the requirements for this
work. A distinct disadvantage of course was the amount of computer time needed for
some of the simulations. This however was more than offset by the high accuracy, the
large flexibility and the ease with which complex geometries and heterogeneities in the
medium could be included. The model is also useful as a standard against which more
approximate (but faster) methods can be compared. This is clearly a view shared by
other workers in the field, judging by the large number of publications which have
recently appeared on tissue optics where use is made of Monte Carlo models.
iii) Of course work like this is never quite finished. The Monte Carlo program
could be further refined and extended. For instance the absorbed dose in the tissue could
be included, possibly together with the resulting temperature rise in the tissue by the
inclusion of the problem of heat transport. Possible refinements could be the addition
of more variance reduction techniques, or more efficient programming, by improving
algorithms and writing time critical parts of the program in machine code.

2

Phase function measurements

Considerable effort was made to obtain accurate results for the measured phase
functions. Care was taken to reduce the effect of specular reflections, and a measurement
method was chosen to allow for measurements over as large an angular and dynamic
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range as possible. The effect of wavelength on the phase function and the resulting
g-factors was investigated and found to be significant. A good agreement was found
with values for g published in the literature. Little data however could be found in the
literature on the wavelength dependence of the phase function. The observed change in
g with wavelength, which was found to be significant, was largely responsible for the
wavelength dependence of the reduced scattering coefficient
During the work, some shortcomings of the system for the measurement of the
phase function became apparent. Most of these were eliminated, sometimes leading to
the re-measurement of data. This is of course an ongoing process with no end. For
future work, some possible improvements to the phase function measurement system
would be:
i) To solve the problem of remaining specular reflections at the surfaces of the glass
cylinder, the whole system, including source and detector could be immersed in a liquid
with preferably the same refractive index as glass, with a beam stop in the liquid to
absorb the transmitted beam.
ii) To measure at scattering angles close to 180° use could be made of a beam splitter
arrangement.

3

Integrating sphere measurements

In these measurements, through the use of two integrating spheres, accurate
measurements were possible of the diffuse reflectance and transmittance of the tissue
samples. The use of the Monte Carlo model for the determination of the absorption and
scattering coefficients made it possible to take into account the non-isotropic light
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distribution in the tissue samples, the effects of sample geometry and specular reflection
and refraction. It also made it possible to use the measured phase function instead of
making the assumption of isotropic scattering or just using the g-factor. The inclusion
of the wavelength provided valuable information on the change of the absorption and
scattering coefflcients with wavelength. Most of the published values for the optical
properties of tissue are at single wavelengths.
The agreement between the results obtained in this work and published results
were reasonable. Here it has to bome in mind that many of these published values were
obtained by quite different methods. Certainly, the values obtained by making use of the
Kubelka Munk theory were not considered to be very reliable.
The interesting outcome of the wavelength dependence of the reduced scattering
coefficient was that it was very similar even for quite different types of brain tissue.
Typically it showed a decrease of about 50% for a change in wavelength of 500 to
1 0 0 0

4

nm, which is by no means negligible.

Remaining problems and unanswered questions:

Although there were indications that the difference between in vivo and in vitro
measurements of tissue optical properties was not very big, this still remains a largely
unexplored problem area, which can only be resolved by the development of accurate
methods for the in vivo determination of optical properties. These will also make it
possible to study the changes of the optical properties with various physiological
parameters. In particular the dependence of the scattering on physiological processes
which change cell shape and/or volume might be worth studying. The development of
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in v iv o m e th o d s u s in g r e f le c te d o r tra n s m itte d d a ta , p o s s ib ly w ith tim e o f f lig h t o r p h a s e
s h if t in f o r m a tio n , c o u ld b e a v ia b le w a y to a c h ie v e th is . T h is c o u ld p o s s ib ly

be

c o m b in e d w ith a la s e r d e liv e ry s y s te m f o r im m e d ia te fe e d b a c k d u rin g la s e r s u rg e ry o r
la s e r th e ra p y .
T h e c h a n g e o f th e o p tic a l p ro p e rtie s w ith

g e s ta tio n c o u ld n o t b e p ro p e rly

in v e s tig a te d d u e to th e la c k o f a v a ila b ility o f s u ita b le tis s u e s a m p le s . T h e s a m e c a n b e
s a id a b o u t th e c h a n g e w ith a g e . T h e s e s tu d ie s w o u ld re q u ire a la rg e n u m b e r o f d iffe re n t
s a m p le s f r o m in fa n ts a n d a d u lts in d if f e r e n t a g e g r o u p s , s o m e th in g w h ic h w o u ld ta k e
a lo n g tim e .
T h e s c o p e o f th is s tu d y n e e d e d n e c e s s a r ily to b e lim ite d . F ir s t o f a ll, m o s t
m e a s u r e m e n ts m a d e w e r e o n b r a in tis s u e . I t w o u ld b e r e la tiv e ly e a s y to e x te n d th e s e to
o th e r tis s u e ty p e s . Q u e s tio n s w h ic h w e r e n o t a d d r e s s e d w e r e th e d e p e n d e n c e o f th e
m a c r o s c o p ic a b s o ip tio n a n d s c a tte rin g p a ra m e te rs o n th e m ic ro s c o p ic d e ta ils o f th e c e lls
th a t c o n s titu te th e tis s u e s , th e e f f e c t o f in e la s tic s c a tte rin g , e s p e c ia lly flu o re s c e n c e , a n d
th e e ffe c ts o f p o la ris a tio n a n d in te rfe re n c e . T h e s e w o u ld r e q u ir e d if f e re n t m e a s u r e m e n t
a n d d a ta p ro c e s s in g te c h n iq u e s , a n d w o u ld fo rm a s u ita b le s u b je c t f o r fu tu re re s e a rc h .
In a d d itio n , th e p o s s ib le a n is o tro p y in th e o p tic a l p r o p e r tie s o f tis s u e n e e d s to b e
in v e s tig a te d . T h is c o u ld b e in v e s tig a te d b y th e c a re f u l c u ttin g o f s a m p le s in d if f e re n t
d ir e c tio n s w ith re s p e c t to th e r e le v a n t m a c ro s c o p ic fe a tu re s .

