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ABSTRACT

The rapid development of the use of lasers in therapeutic and diagnostic
medicine in the past few years has generated interest in measuring the optical
properties of tissue. In particular, the development of photodynamic therapy
(PDT) has necessitated studies of the optical properties of tissue at wavelengths
around 630nm, this being the wavelength at which the photosensitizer commonly
used in PDT, namely dihematoporphyrin ether (DHE), is normally activated.

The control of the volume of tissue from which information about the
interaction coefficients of the tissue is obtained is an important problem in diffuse
reflectance spectroscopy and other applications of light, because it is critical to
understanding which tissue volumes are sampled by the injected photons that
eventually aré re-emitted. This report describes a simple model that predicts the
parameters that control the volume of tissue interrogated by photons during
reflectance spectroscopy.

In optical fiber based diffuse reflectance spectroscopy, incident radiation is
applied at one point on a tissue surface and collected at another point, a radial
distance, r, away. Information about the light multiply scattered by the tissue is
used to deduce optical scattering and absorption coefficients of the tissue. In this

report both steady state and pulse techniques are studied. In the steady state



method, the spatial dependence of the backscattered light is the measured
quantity, while the pulse technique uses the temporal broadening of a picosecond
(ps) pulse to determine the interaction coefficients.

The relative contribution of a volume element of tissue to the observed
signal depends on its location, the measurement geometry and the optical
properties of the tissue. Knowledge of this dependence would allow some control
of the volume interrogated by reflectance spectroscopy, and would provide insight
into the influence of inhomogeneities.

In the work reported here a simple dif;usion model of light propagation in
tissue based on the Boltzmann radiative transfer equation has been used to
derive mathematical expressions for the relative time spent by photons in a given
tissue volume element. Using optical interaction coefficients typical of mammalian
soft tissues, results are presented for both steady state and pulse irradiation in
both semi-infinite and infinite media.

The residency time depth profile calculated by this model for index matched
and zero fluence boundary conditions has the same shape as that predicted by
Weiss (1989), who used a somewhat different model based on a 3-dimensional
random walk theory. These profiles are characterized by a build-up region near
the surface and exponential fall far away from the surface in the 'diffusion region’.
The influence of the absorption coefficient p, and the fiber separation on the

residency time as predicted by this model is in good agreement to that predicted

iv



by the random-walk theory (i.e the depth-profile of the residency time tends to
sharpen as the absorption coefficient increases. This is attributed to the fact that
long trajectories are less likely with large absorption probabilities. As well, the
greater the fiber separation, the wider and flatter the depth distribution of the
residency time. This is because photons that reach the surface at greater r
values have, in general, migrated farther from the immediate vicinity of the source
and detector and hence have sampled a larger volume of tissue). All the
integrations in this report were performed numerically using the IMSL/LIB on the
Microvax computer system in the Hamilton Regional Cancer Center. The
adequacy of this numerical integration was tested and was found to be good.
This model therefore suggests that during diffuse reflectance spectroscopy,
the volume sampled by re-emitted photor;s can be controlled by changing
parameters such as the fiber separation (in both steady state and time-resolved

techniques) and the detection time (in the time-resolved method).
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CHAPTER ONE

INTRODUCTION.

Among the range of therapeutic procedures used to treat patients with
localised malignant tumours, photodynamic therapy (PDT) is a relative
newcomer and still an experimental form of treatment. It has been shown (Kessel
1984) to cause significant tumour regression and even cures in early disease.
This technique was first performed clinically around 1975 (Dougherty 1975), and
involves the destruction of malignant solid tumours by photoactivation of a tumour
localizing drug.

In a typical PDT treatment, a photosensitiser, currently dihematoporphyrin
ether (DHE) which is a purified form of hematoporphyrin derivative (HPD), is first
administered intravenously to the patient. Then after a period of delay of about
one to three days to allow accumulation of the drug in the tumour tissue, the
volume to be treated is irradiated with visible light, usually at a wavelength of
630nm, this being the longest wavelength at which DHE is normally activated.
Upon the absorption of a photon, the photosensitizer, which preferentially
accumulates in malignant tissue, is raised to an excited state, which upon non-
radiative de-excitation, generates biologically reactive molecular product(s), most

likely singlet oxygen (‘O,) which results directly or indirectly in tumour cell death.



The biological response to this new form of cancer treatment primarily
depends on several physical factors including the local concentration of the
photosensitizing drug in the tumour site, and the amount of activating light
reaching the treatment volume (Wilson and Patterson 1986). Much of the on-
going research work in PDT has been to develop better understanding of these
dependencies. The experimental and theoretical methods used to determine
these quantities and other parameters that are of clinical importance such as the
tissue optical properties are mostly based on measurements of the light that is
diffusely reflected back from the tissue (i.e the reflectance data). For a general
review of the physical aspects of PDT and its clinical application the reader is

referred to publications by Dougherty (1985) and Wilson and Patterson (1986).
| The development of this new form of cancer therapy has necessitated studies of
the optical properties of tissue at wavelengths around 630nm.

In research work in PDT, and other diagnostic and therapeutic applications
of light, the control of the volume of tissue from which information about the
interaction coefficients of the tissue is obtained is an important problem, because
it is critical to understanding which tissue volume is sampled by the injected
photons that eventually are re-emitted from the tissue.

According to Jacques (1989), catheter-based reflectance spectroscopy will
measure the optical absorption coefficient of a tissue volume at the catheter tip.

Reliable measurements of large volumes are possible in organs (e.g brain, liver,



kidney) and tumours. Measurements of ., in smaller tissue volumes would be
useful in measuring blood and clots within vessels, the superficial wall of the
gastrointestinal and oesophageal tract or the first mm of tissue at a catheter tip
which receives strong therapeutic laser irradiation. In these studies, a simple
model of light propagation in tissue, based on the diffusion approximation to the
radiative transfer equation is developed. This model could predict parameters that
control the volume of tissue sampled by the injected photons.

1.1 MODELLING PHOTON PROPAGATION IN TISSUE.

The science of the interaction of light with living systems is usually called
photobiology, and ’light is that part of the electromagnetic spectrum
encompassing the ultraviolet, visible and the infra-red regions (Wilson, in press).
The propagation of light in biological media is particularly important in many
photobiological and photomedical applications, since all photobiological effects
results in the first instance, from the absorption of optical energy by tissue
components, so that the spatial, and in some cases also the temporal, distribution
of light in tissue is a major factor in the final biological result.

Thus the development of accurate and workable theoretical descriptions of
light distribution in turbid media can be quite useful. This has created a demand
for models that can accurately predict the photon propagation in tissue once the
optical properties of the medium are known, or conversely, give the optical

properties of the medium when the photon distribution is specified. The most



common approach to developing such appropriate models of light distribution in
tissue has been to consider the propagation of light in tissue as the transport of
discrete photons, which is described by the Boltzmann radiative transfer equation.
Another approach which has been rarely used is to consider it as the propaga-
tion of electromagnetic waves (governed by Maxwell’'s equations) through a
dielectric.

In principle, the latter approach, is the most fundamental (Ishimaru 1989)
and it is possible to account for the wave-dependent phenomena such as
interference, polarization, diffraction, refraction and reflection, and to determine
both amplitude and phase dependencies (Wilson 1990). However, its main
drawback is the mathematical complexity involved, and as such its usefulness is
limited. Fortunately, for most purposes in photobiology, one is primarily interested
in the local energy or power (fluence and fluence-rate) within or outside the
tissue, rather than in the component amplitudes and phases of the light field
(Wilson, in press). For example, in transmission or reflection spectroscopy, the
relevant quantity is the fluence or fluence raite of the light which has interacted
with, and then propagated out of the tissue.

This allows the light to be described empirically, as equivalent to the
propagation of discrete photons whose number density and flow rate define the
local fluence rate. Though the photon transport model does not incorporate the

wave-dependent effects, it has, nevertheless been successful and useful as a



model to describe the light fluence or fluence rate from and within tissues.

The diffusion theory approximation to the one-speed transport equation,
has been used to describe photon propagation in a turbid biological medium. This
approach has been suggested by several sources (Wilson in press, Ishimaru
1989, Flock et al 1989, Wilson et al 1989, Profio 1989, Patterson et al 1989 and
Reynolds et al 1976). Substantial experimental evidence (Flock et al 1989,
Patterson et al 1989 and Wilson et al 1989) indicate that optical propagation in
turbid media may be described by a diffusion theory approach. Further
substantiation is demonstrated in this repo‘rt. The diffusion theory applies for
optically dense media and only when scattering events are much more probable
than absorption events (Duderstadt and Hamilton 1976). This is the case for
mammalian tissues in the red and near infra-red regions of the spectrum (Wilson
and Patterson 1986, Wilson et al 1988, Flock et al 1987, and Flock 1988), and
as a result, the diffusion model has found wide application in tissue optics. But
since the model requires diffused light within the tissue, results are not as
accurate near boundaries and internal light sources. A formal discussion of the
radiative transfer equation and its diffusion approximation is presented in
chapters 2 and 3 respectively.

1.2 REFLECTANCE SPECTROSCOPY.

In the form of reflectance spectroscopy used here, collimated light, as for

example, a direct beam from a laser, is incident normally on the interface



between a turbid tissue and a transparent medium (usually air) at one point, and
the light that is re-emitted at this interface at another point, a radial distance from
the point of incidence, into the external transparent medium is measured (Figure
3.5.1). This observed quantity (i.e the reflectance) has been shown by several
research groups (Patterson et al 1989, Bonner et al 1981, Weiss et al 1989,
Groenhuis et al 1983 and Reynolds et al 1976) to contain informations about
parameters of photon interaction within the medium.

In the steady state method, the observable quantities are the number and
angular distribution of photons emerging from the surface of the tissue at any
point (Patterson et al 1990). The time dependence of these quantities constitute
the observable quantities in the time-resolved technique. Since the mean free
path of light in tissue is of the order of a few tens of microns (Patterson et al
1990), the photons that escape the tissue usually have been multiply scattered.
One goal of tissue optics research has been to deduce the information of interest
(e.g absorption and scattering coefficients of the tissue) from the observable
parameters. Since there is no straightforward relation between these parameters
of interest and the observable quantities, the desired parameters can be obtained
by using a physical model of the detection process (Patterson et al 1990).

Some work has already been done in this area by Patterson and co-
workers (1989 and 1990), who used the steady state and more recently the time-

resolved diffusion approximation of the radiative transfer equation to show that,



the absorption, p,, and the transport scatfrering, (1-g)u,, coefficients can be
obtained using the spatial or temporal distribution of the diffuse reflectance from
a point source. In previous work, Patterson et al (1987) demonstrated that
reflectance spectrophotometry is capable of quantifying clinically relevant
amounts of hematoporphyrin derivative in realistic phantoms and that DHE can
be readily detected in vivo by this technique.

Earlier work in this area was performed by Groenhuis et al (1983) who also
used a diffusion model to calculate the number of photons per unit area leaving
the surface of a semi-infinite homogeneous medium as a function of the distance
from the centre of a normally incident finite collimated beam. Estimation of u, and
(1-g)u, from measurements of the absolute photon fluence at a number of
discrete distances was permitted by the graphical results presented.

In a related study, it has been demonstrated by a somewhat different
analysis that surface emission can be used to infer parameters such as the
fraction of time that photons re-emitted at the tissue surface have spent at depth
z, in the tissue (Weiss et al 1989), the mean path length travelled by the detected
photons as a function of the separation between emitting and detecting probes
and, the probability of photon absorption as a function of depth (Bonner et al
1987), the root-mean-square (rms) blood cell speed and the number density of
blood celis in tissue (Bonner et al 1981).

Feather et al (1981) and Anderson et al (1981) used a reflectance



technique to demonstrate qualitative changes in the amount of pigments such as
bilirubin, melanin and haemoglobin in the human skin. The technique has also
been used by Reynolds et al (1976) to exploit the different absorption
characteristics of haemoglobin and oxyhemoglobin to measure the oxygenation
of blood in vivo. Recent work reported by Bacci et al (1986) indicated that
measurement of the reflectance spectrum from the skin can be used for the
detection of hematoporphyrin in the subcutaneous tissue of mice.

Thus, different information of clinical importance can be inferred by
analyzing photons re-emitted from tissue. In this report, therefore, a theoretical
model of photon propagation in tissue based on the diffusion approximation to the
radiative transfer equation is developed. This study is similar in purpose to that
of Weiss et al (1989), who used a rather different approach based on a 3-
dimensional random-walk theory. Howeve.r, by using a somewhat simpler
diffusion model, the distributions of the 'residency time’ of re-emitted photons are
easily determined.

1.3 DIFFUSE REFLECTANCE.

Tissue is a scattering and absorbing medium and, obviously, has a higher
refractive index than air. So when a laser beam is incident on a human tissue,
at the air-tissue interface, part of the light is reflected back owing to specular
reflection. The rest of the light penetrates the tissue where the photons are

multiply scattered elastically (i.e scattered without loss of energy) by cytoplasmic



organelles and cell boundaries (Weiss et al 1989). Some photons are absorbed
in the tissue and some are reflected back to the surface where they are re-
emitted. The absorption and scattering of these photons in the medium are
governed by the absorption coefficient, the scattering coefficient p, and
anisotropy ,g (i.e the average cosine of scatter), respectively. The path length of
each photon that successfully escapes the tissue as observable reflectance is not
the same. Some photons enter the tissue and are immediately scattered and
escape. Other photons wander through the tissue for some time before they
migrate to the surface _and escape. Therefore the path length, L, is not a single
value, but a distribution of path lengths (Delpy et al 1988 and Bonner et al 1987).

In reality the spatial distribution of the light fluence in the irradiated tissue
volume depends not only on the absorption and the scattering coefficients of the
tissue at any point but also on the heterogeneity of these properties, on the
irradiation geometry, on the boundary conditions and on the shape and size of
the tissue volume. But for simplicity one usually considers the case of a large
volume of optically homogeneous tissue irradiated by a collimated beam incident
normally on the tissue surface, (figures 3.4.1.1.1.1 and 3.4.1.1.2.1).

The distribution of diffuse ( i.e multiply scattered) reflected light likewise
depends critically on the tissue optical properties. As the scattering in tissue
increases, the probability of photons being backscattered through the irradiated

surface after multiple scattering also increases and it is measured by the diffuse
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reflectance (Wilson, in press). In the case of a pure absorbing medium, all the
incident photons will be absorbed as ex.pected, so that there will be no
reflectance. For a scattering-dominated medium, it has been shown (Patterson
et al 1989) from the diffusion theory model of light propagation in tissue that the
total diffuse reflectance R, depends only on the transport albedo (a) of the tissue,
a = W/(n+1s), where W' = (1-g)u,, and in the case of refractive index mismatch
at the surface, also on the tissue refractive index.

There are published data on the dependence of the total diffuse reflectance
on the transport albedo for various values of the scattering-to-absorption ratios
(Wilson 1990). The local diffuse reflectance R(r) is the ratio of the photon flux per
unit area on the tissue surface to the incident flux after accounting for the loss
due to specular reflection, and the total diffuse reflectance, R,, is the local diffuse

reflectance integrated over the irradiated surface:

R, = [Rn2rrdr 1.1
0

1.4 TIME-RESOLVED REFLECTANCE.

In the previous discussion a steady state condition was assumed as would
be obtained for a continuous irradiation or for a pulsed irradiation where the pulse
length is large compared to the propagation time of the light in tissue. However,

with the introduction of picosecond pulsed laser sources and fast photodetector
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systems such as multichannel plate photomultiplier tubes and streak cameras,
it has become both feasible and of practical interest in tissue spectroscopy to
examine the broadening of the light pulse in tissue (Patterson et al 1989). Light
photons take a finite time to propagate in ti;sue at a speed ¢, where ¢ = ¢/n, ¢
is the speed of light in vacuo (expressed in this report as 0.3mmps™) and n is
the refractive index of the medium. Thus the underlying principle of the time-
resolved technique is that photons re-emitting a tissue surface are spread in time
following an incident short light pulse. This is due to the different path lengths
taken in transversing a highly scattering medium such as tissue.

At any particular time, t, following a short incident pulse, for a scattering
dominated medium, the total distance, L, (i.e optical path length) travelled by a
photon is, L = ct. For the case of the incident photons that are unscattered, this
path length corresponds to the depth below the tissue surface. However, for
scattered photons, at time, t, there is a spread (broadening) in the spatial
distribution of the photons, and the pattern of photon distribution develops
gradually with time. Finally, after the light has become essentially completely
diffused, the fluence-time dependence is governed by the absorption. On the
tissue surface, the time dependence of the local, R(r,1), and the total, R,(1), diffuse
reflectance also depends initially on the scatter and absorption, but at later times
is absorption dominated (Wilson, in press).

Studies of the time course of transmitted light in turbid media have been
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performed (Kuga et al 1983). Diagnostic application of time-resolved
measurements of reflectance and transmission for spectroscopy (Chance et al
1988 and Delpy et al 1988) and the potential of the time-resolved technique to
determine tissue optical properties from R(r,t) (Patterson et al 1989 and Wilson
et al 1989) have both been considered.

Ultrashort laser pulses in the femtosecond and picosecond range will
therefore probably enjoy increased use in medicine. One application is the
disruption of tissue by laser-induced plasma, for example, in ophthalmology, to
disrupt the residual lens membrane following ocular lens surgery (Puliafito et al
1983), in urology, to fragment kidney stones (Nishioka et al 1987), and in
vascular surgery, to ablate caicified plaque (Prince et al 1987). A second
application is ablation of normally non-absorbing tissue by initiating nonlinear
absorption with femtosecond pulses (Jacques 1989). A third application is the
production of laser induced photochemical reactions, which have been developed
principally around the technique of PDT (Gomer 1987).

1.5 TISSUE OPTICAL PROPERTIES.

The interaction of light field with tissue is usually specified by the
absorption and the scattering coefficients of the tissue. The angular dependence
of the scattering is described by the phase function which is a measure of the
relative probability of scattering through a particular angle. In optically turbid

tissue (excluding the transparent structure of the eye), the nature of the light field,
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i.e the spatial and temporal distribution of light within and from the tissue,
depends primarily on the relative contributions of absorption and scattering
(Wilson, in press).

The linear (i.e one-photon) absorption and scattering properties of several
mammalian tissues have been measured using a variety of in vitro and more
recently, in vivo techniques. For example,

1. direct measurement in optically thin tissue samples (Flock et al 1987,
Marchesini et al 1989 and Jacques and Prahl 1987),

2. from the diffuse transmittance and reflectance through optically thick samples
(Parsa et al 1989, Peters et al and Anderson et al 1981),

3. by 'doping’ homogenized tissue with known concentrations of an exogenous
absorber (Wilson et al 1986),

4. through 'mapping’ of the fluence distributions within intact, bulk tissue (Wilson
et al 1985 and Marijnissen et al 1987) and

5. by measuring the spatial and/or temporal distribution of diffusely reflected or
transmitted light (Patterson et al 1989, Marijnissen and Star 1984).

Of all these techniques, the last two can be done in vivo. The first
technique listed above can yield values of the absorption coefficient, the
scattering coefficient, the total attenuation coefficient, ,, and the scattering
angular distribution or phase function, S(0), without the need for any model of

light propagation in tissue. The other methods may yield p, (the mean free path,
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mfp, that a photon travels before absorption occurs is equal to 1/, ), Y (the
mean free path between scattering events is equal to 1/y, ) and the scattering
anisotropy parameter, g, or some combination of these such as the transport
scattering coefficient, .. However, this requires the application of suitable
models of light propagation, such as diffusion theory (Jacques and Prahl 1987,
Flock et al 1988) or Monte Carlo simulations (Wilson and Adam 1983, Groenhuis
et al 1983 and Flock et al 1988). The experimental and theoretical descriptions
of how these parameters are determined and some typical values that have been
measured for some soft mammalian tissues can be found elsewhere (Wilson and
Patterson 1986 and Wilson 1990).

Around 630nm (Flock et al 1989), the range of interaction coefficients for
mammalian soft tissue is 0.01mm™ < p, < 0.5mm™, 35mm™ < p, < 70mm™ and
0.7 < g < 0.99. To facilitate the following discussion, the following optical
parameters will be assumed as representative values: p, = 0.01 - 0.2mm™ and
uo = 1.0 - 5.0mm™,

1.6 PROJECT PROPOSAL.

The scattering of light by turbid media has been studied extensively in the
past (Ishimaru 1978), and its applications include atmospheric optics (ito 1980
and Weinman and Shipley 1972), optics in the ocean (Jerlov 1976), scattering by
stellar and interstellar media (Shihov 1974 and Lee and Jokipii 1975) and optical

scattering in biological media (Bonner and Nossal 1981, Patterson et al 1989,
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Flock et al 1988 and Wilson et al 1989).

There is therefore a need for better understanding of the migration paths
of photons in tissue. The purpose of this project therefore is an attempt to
accurately and non-invasively analyze the statistics of photon paths in tissue
during both the steady state and time-resolved diffuse reflectance spectroscopy
once the bulk scattering and absorption properties of the tissue are specified.

The possible approaches to the solution of this problem include; a Monte
Carlo simulation, Random-walk theory and an analytical method (which is based
on the diffusion theory). Each of these methods has its own advantages and dis-
advantages. For example, in the case of Monte Carlo simulation which is
performed by tracing individual photon histoiries, the principal advantage is that
complex geometries and inhomogeneities can be modelled in a straightforward
manner (Wilson et al 1985). Another advantage is that a variety of physical
quantities can be scored during the same run. However, its main drawback is that
many photon histories are required to obtain accurate results and this may be
expensive in computation time. In some cases, as for example, in the problem
being analyzed here, another disadvantage of the Monte Carlo method is that
large computer memory will be required. For computational efficiency, which is
important, especially in routine clinical use of light, fast, though approximate
analytical approach may be used. This is the method that would be used in this

report.



16

1.7 SIGNIFICANCE OF RESULTS.

The main results of this report will be mathematical expressions for the
average residency time in an elemental tissue volume of a photon that is injected
into a tissue and subsequently is re-emitted through a small area dA, on the
tissue surface, a radial distance, r, from the point of injection. From these
expressions one can deduce some characteristics of the migration paths of those
photons that contribute to diffuse surface reflectance measurements at any point,
once the bulk optical properties of the tissue are specified.

The relative contribution of an elemental volume of tissue to the observed
signal depends on the residency time of those photons in that volume element.
This quantity in turn depends on the location of the volume element, the
measurement geometry and the optical properties of the tissue. Knowledge of
this dependence would allow some control of the volume interrogated by
reflectance spectroscopy, and would provide insight into the influence of
inhomogeneities. Though the objective in this report is not to deduce the optical
properties of tissue, the model could certainly be used to determine p, and (1-
g)u, (Patterson et al 1990).

The results should also pertain to other variety of bio-medically important
measurements, particularly when the receiving and transmitting fibers of the
probes are far apart from each other. For example, in Doppler laser techniques

(Weiss et al 1989), it frequently is important to determine the depth of penetration
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of injected photons, both for those absorbed within the tissue and those re-
emitted from the irradiéted surface. The distribution of the absorption depths is
critical in evaluating therapeutic procedures such as laser ablation and photo-
chemical therapy (Dougherty et al 1978 and Dorion et al 1983). Unfortunately, the
model used here is restricted to those photons that eventually are re-emitted on
the tissue surface, however, it is worth mentioning that this analysis can certainly
be used to determine absorption depths.

The model could be used to determined the distribution of depths sampled
by the diffusely reflected photons since it corresponds to the average residency
time at a given depth, z (Bonner et al 1987). Such distribution is important for
interpreting remote-sensing measurements such as laser Doppler evaluation of
microcirculatory blood flow (Tahmoush et al 1983), spectroscopic sensing of
tissue oxygenation (Reynolds et al 1976 and Johnson 1970) and fluorescence
(Dougherty et al 1978 and Doiron et al 1983).

1.8 SCOPE OF WORK.

In the work reported here, a simple diffusion model of light propagation in
tissue has been used to investigate the statistics of photon paths in tissue during
both the steady state and time-resolved diffuse reflectance spectroscopy. Two
irradiation geometries are considered: an infinite medium with an isotropic point
source of photons (figure 3.4.1.2.1) and a semi-infinite medium (the probability

that a photon reaches a tissue boundary other than the illuminated surface before
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being absorbed or re-emitted is negligibly. small) with a collimated beam of
photons (figure 3.4.1.1.1.1 and 3.4.1.1.2.1).

In chapter 2, the fundamental parameters of the propagation medium are
defined and the radiative transfer equation is derived. Since the solution of this
equation is very difficult to obtain, the diffusion approximations are introduced
subject to some boundary conditions. One of the two boundary conditions
incorporates index mismatch. The solutions of the diffusion equation for both
irradiation geometries are presented in chapter 3. Using these solutions,
approximate analytical expressions for the relative time spent by re-emitted
photons in an infinitesimal volume element dV at r' in a semi-infinite medium are
obtained. A similar expression for photons emitted from a point source and
observed in a point detector in an infinite medium is also derived. The residency
time at depth z, obtained by Weiss et al (1989) for a semi-infinite medium, is also
introduced.

In chapter 4, the results and a discussion on the computational methods
used are presented. The results obtained in the semi-infinite medium with a zero
boundary condition in the steady state method are compared to that of Weiss et
al (1989).

The significance of an inhomogeneous medium and slab geometry on the
photon residency time distribution in tissue are considered to be outside the

scope of this report.
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The geometrical presentation of the model to be analyzed is illustrated in
figures 3.4.1.1.1.1, 3.4.1.1.21 and 3.4.1.2.1. In figures 3.4.1.1.1.1 and
3.4.1.1.2.1, a narrow collimated infinitesimally short pulsed light beam is incident
normally on the surface of a semi-infinite homogeneous medium at a point
0(0,0,0) at time t = 0. Photons enter the medium and are scattered by scattering
sites. Some are absorbed in the medium and some are reflected back to the
surface where they are re-emitted. A detector is positioned on the surface at a
point D(r,0,0), a radial distance, r, from the point of incidence. Two techniques
are considered: The steady state technique and the time-resolved method. In the
steady state method, experimental data consist of measurements of the reflected
intensity on the tissue surface, taken as a function of the distance, r, from the
point of incidence of photons. In the time-resolved technique, the measured
quantity is the reflected intensity, taken as a function of both r and time t. The
coordinate system measures penetration of the medium in terms of the
coordinate, z, which is positive in the downward direction (into the medium), and
the coordinates x,and y, measured perpendicular to the z-axis.

In figure 3.4.1.2.1, a point source of photons is placed in an infinite medium
at S(0,0) and a point detector is positioned at a point D(r,0), a distance r,
from the source, and measures the spatial dependence of the multiply scattered

light or the temporal broadening of a picosecond pulse.



CHAPTER TWO
THEORY |

2.1 ASSUMPTIONS OF THE RADIATIVE TRANSFER THEORY.

In order to determine the distribution of photons in a random medium such
as tissue, one must investigate the process of photon transport, that is, the
motion of the photons as they stream about in the tissue, frequently being
scattered by scattering sites and eventually either being absorbed in or escaping
from the medium. Such investigation requires accounting for both the photon
motion and the photon interactions in the tissue. As discussed under section 1.1,
the transport model (which assume that light photons propagating through tissue
can be treated as neutral particles and that wave phenomena can be ignored) is
a feasible approach to the problem of photon transport in tissue.

The variables which characterize the state of an individual photon include;
its position, r, the direction of motion, Q, and the time, t, at which the photon is
observed. It will be assumed that the photons are mononergetic and that
scattering is elastic (i.e there is no photon energy loss in the process). Further
more, fluorescence of the medium will be ignored. Thus, all photons within the
medium will have the same wavelength or energy. It is important to make

mention here that both inelastic scatter and fluorescence can be included

20
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(Moulton 1990) but will require a more complicated model.

2.2 DEFINITIONS OF THE FUNDAMENTAL PARAMETERS OF THE

PROPAGATION MEDIUM.

The fundamental quantity of interest is the photon angular density n(r,Q,t),

(units: m®Sr"), defined such that

n(t,Q,9d*rdQ
is the expected number of photons in d®r about r moving in solid angle dQ about
the direction Q at time t. The photon density- (i.e the number of photons per unit
volume at a position r at time t, units: m®), is therefore defined as the angle

integral of the photon angular density, i.e

N = [nino.9da 2.1
4z

Other quantities of interest are the radiance, energy fluence rate and photon
angular flux, defined as follows; The radiance, L(r,Q.1),(units: Wm?Sr"), is related

to the photon angular density by the equation

L(rQ,h = hve'n(rQ,9 22
where hv is the energy of an individual photon and ¢ is the speed of light in the
medium.

Similarly the energy fluence rate, F(r,1), (units: Wm?) is defined as
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Ay = ve/NrD 2.3

It is also common to define the photon angular flux, (units: m2s7'Sr"), as;

o(6Q.0 = In(rQ,) 2.4
and the photon fluence rate, (units: m2s™), as the angle integral of the photon

angular flux, i.e

o6 = [o(rQ.0da = IN(LY 25
4r
A related concept is the photon angular current density (units: s'Sr), defined as

A0Q,) = cQn(fQ.,) = Qo(5Q.0) 2.6

and the photon current density, (units: ), is

Aeh = ¢ [Qn(rQ.0dQ = [Qe(c0.9d0 2.7
4x 4n

Finally, it is necessary to define the various interaction coefficients before
an exact equation describing photon transport in a turbid biological medium can
be developed. The attenuation of visible light in tissue can be considered as due
essentially to absorption and elastic scattering. The absorption coefficient, p(r,t),
is the probability that a photon will be absorbed per unit infinitesimal path length

at a position r in the medium at time t, and is related to the rate
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b (L0 (6Q,00°rdQ
at which photons in d*rdQ at (r,Q,t) are absorbed. Similarly the differential
scattering coefficient p (r,Q—Q,t), which is the probability per unit infinitesimal
path length per unit solid angle of photon scatter from an initial direction Q to a

final direction Q is such that

b (6Q-Q,0e(nQ,0d%rdQ

represents the rate at which photons moving in the direction Q are scattered to
the new direction Q. The total scattering coefficient, u(r.t), i.e the probability that
a photon will be scattered per unit infinitesimal path length at a position r in the
medium at time t, is given by the integral of the differential scattering coefficient

over all final directions, i.e

b)) = [b(£2-Q,0dQ 28
4

Note, it has been assumed, as is generally the case, that, the scattering and
absorption coefficients are independent of the original direction of the photon. An
assumption that is reasonable for a random medium, such as tissue (Wilson et
al 1985). The total attenuation coefficient, w(r,t), sometimes referred to as the

extinction coefficient, is the sum of the absorption and scattering coefficients,

BALYD = p L) + p 60 2.9

and its inverse, [i(r,)]", is the mean free path between photon interactions. The
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scattering phase function, S(0), describes the angular dependence of the
scattering, where 0 is the angle between the incident beam and the scattered

photon in the scattering plane. S(0) is given by

2.10

2n ) du s(ﬂ"m)

3(0)=(u’ oo

where the integral of S(6) over 4z Sris unity. In most models of light propagation,

a useful simplifying parameter often used is the average cosine of scatter,

denoted by g, (Duderstadt and Hamiiton 1976),

1
g-= f S(6)cos0d(cosh) 2.11
1

Thus, g = 0 represents isotropic scattering, while 0 < g < 1 represents forward

scattering.

2.3 THE TRANSPORT EQUATION.

Now, consider an arbitrary volume, V, of surface area, S, located anywhere
within the tissue. The objective is to examine this 'control’ volume carefully to
determine how the photon population within it changes. It is evident that the

total number of photons in V at a time, t, travelling in a direction, Q, in dQ can

be obtained by integrating the photon angular density over the entire volume, i.e
[[n(c0.90°Ada
14

Hence the time rate of change of the number of photons in V must be given by



25

a balance relation such that

d _ Gain of photons  Loss of photons

If it is assumed that, the arbitrary volume V is chosen not to be time dependent,

then,

0 0
= f n(,Q,9d%dQ = | { an(r,n,t)arsrlcm 2.13

The various ways by which photons can appear (i.e the gain mechanisms)
or disappear (i.e the loss mechanisms) in the volume will now be considered and
they shall be represented by mathematical expressions.

2.3.1 GAIN MECHANISMS.

There are two main gain mechanisms that contribute to the population of
photons in the chosen volume, V. First of all, there is the gain due to photon

sources in the volume. If the source density S(r,Q,t) is specified so that

S(r.Q,9d°rdQ
is the rate at which photons are produced in d° at r moving in dQ about Q, then,

the production of photons in V is

| SteQ.pd*da

The second gain term in the volume is that due to those photons which initially

were in a different direction &, and then suffering a scattering collision in V
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which changes their initial direction into the direction of interest Q. If the
probability of scattering from Q' to Q is given in terms of the differential scattering
coefficient, p (r.Q—Q,t), then the rate at which those photons moving in the

direction Q' are scattered to the direction of interest Q is

[[¢/n (62/-Q.0n(50 ) da

However, contributions from any initial direction, &, must be considered, hence

the total rate becomes,

[ Prf dalc/u (r.0/-Q,0n(rQ',5]dQ

v 4%

2.3.2 LOSS MECHANISMS.

Conversely, there are some loss mechanisms that occur in the volume
which results in loss of photons. The two most significant ioss mechanisms are
the loss due to the net leakage of photons from the voiume V, and the loss due

to those photons in V suffering a collision. If j(r,Q,1) is the photon angular current
density, then the net rate at which photons in the direction Q pass out through

a small surface element dS is
[KrQ.8ds
]

and utilising the relation in equation 2.6, the expression above can be rewritten



27

in terms of the photon angular density as
c f Qn(r,Q,0ds
8

But it would be more convenient to convert the surface integral above to a
volume integral, similar to the other terms. The common way to convert such

surface integral to volume integral is to use Gauss’s theorem:

[dsAW = [dPreAp 2.14
to write
[¢'[an(z.0,0dS]da = [¢'[van(rQ,)d*ida 2.15

It is obvious that an absorption interaction removes a photon from V. By
definition a scattering collision changes a photon direction, but since one is only

keeping track of photons in V with this specific direction Q, a scattering collision

can also be considered to amount to loss of photons. The rate at which photons

suffer collisions at a point r at time t is

o'u (LOHN(LQ,1H

Hence integrating this collision rate over the entire volume V, gives the total loss

due to collision in the volume as
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[¢/[» dOn(6Q.0d° 1R

if all these terms are now combined such that

The time rate of change _ Gain terms _ Loss terms 216
of photons in V —inV inVvV
Then,
f —n(5Q.0d°d0 = | f SleR.9d%1da - [¢/ f van(s.,9d°ida -
+ ¢ f darf dﬂ(ﬂ.-»ﬂ)n([.n_z) - ¢ f WLt
or

[dA2neQ,0 + CQVAEDLY + Ok (EMER.

2.18
- [dalcu (r~0,00(2Q.9 - S(5Q.0]dQ = O
47
Notice that, it has rightly been written,
c'va = ¢QV 2.19

since Q does not depend on I.

Recall that the volume V being examined was chosen to be arbitrary, that is to
say, equation 2.18 must hold for any volume V in the medium. However, the
only way this can occur is if the integrand itself were to vanish (Duderstadt and

Hamilton 1976). Hence,
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S(rQ.h = a%n(:.ﬁ.o + CAVAED,Y + b (O,

. . . . 2.20
- [dcu (&-B)n(rQY
4

Using equation 2.4, equation 2.20 can be rewritten in terms of the photon

angular flux density, i.e

S(rnQ, = lc,a%m(r.ﬂ.o + QVe(LQ,H + u (LYo (rQ,0

- [dau fo-a)ey 2P
4n

Equation 2.21 is the classical Boltzman transport equation. It is a far more
fundamental and exact description of the photon population in a medium, and the
fundamental cornerstone on which almost all of the various approximate methods
used in photon transport are based. lts major drawback, however, is that, despite
all the assumptions that were made to derive it, it is usually very difficult to solve
for any but the simplest modelled problems. Applications to practical situations
generally requires further, even more restrictive approximations (Moulton 1990).

2.4 SOLUTION OF THE TRANSPORT EQUATION.

An analytical solution of the transport equation is possible, but only under
a few conditions (Wilson and Patterson 1988). Thus the Boltzmann transport
equation is usually solved numerically on a computer. Chandrasekhar (1950), has

solved the transport equation for a homogeneous, semi-infinite, isotropically
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scattering medium irradiated with a collimated beam of infinite extend. And a
similar solution has been presented by Rybick (1971) for a similar medium

irradiated with a narrow collimated beam. There are a number of numerical tech-
nigues which have evolved to handle more general conditions such as anisotropic
scattering and slab geometries (Wilson and Patterson 1985). The most direct
method is that of discrete ordinates described by Duderstadt and Hamilton
(1976), which amounts to a numerical solution of a discrete version of the
transport equation. The solution for the general case of finite beam and a 3-
dimensional geometry containing inhomogeneities still represents a formidable

computing task (Wilson and Patterson 1986).



CHAPTER THREE
THEORY I
3.1_THE PHOTON DIFFUSION EQUATION.

Another way of 'solving the transport equation is to simplify it from an
integro-differential (i.e containing both derivatives in space and time as well as
integral over angle) equation to a partial differential equation which can then be
solved by standard techniques.The transport equation can be rewritten in terms

of the angle-integrated flux, ¢(r,t), i.e

o(d = [o(t2,0d0 3.1
4z

Integrating the Boltzmann transport equation 2.21 over all directions, £, i.e

1 P
4£ dQS(Q,) = v 4[1r d~e(sR.9 + 4f“ dQQvVe(r,Q,)
+ [dauioden.y - [ [dap(-0)e(nal
4r

4n4n

3.2

or rearranging the terms gives

31
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4fndn8(:.n.o= , atfdmp(r.no v/ dage(0.0 .
+ pdd [dae(rQ, - [da’[dQp A-Dlo(e
4 4x 4r

Using the relations summarized in table 3.1.1 and equation 2.9, the transport

equation simplifies to

S - %g"tw,o + VLD + p{LO6(Y 3.4

Now, according to Fick’s law which is also occasionally referred to as the

diffusion approximation,

Aod) = -DLHV(5) 3.5

where D(r,t) is know as the diffusion coefficient defined as,

Dt = [3, (0] 36

L, is the transport cross section, defined such that,

podLd) = n {6 - gu () 37

where g is the average cosine of the scattering angle in a photon scattering

collision. Using equations 3.7, and 2.9, equation 3.6 can be rewritten as,

D(rd) = [B{r 60 + (1-gp (60} 3.8

It is assumed here that the differential scattering coefficient depends only on the
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cosine of the angle between Q and Q. It should be noted that equation 3.5 is
valid, if it is used to describe the photon flux far away from boundaries or isolated
sources as it is assumed here. ltis further assumed that the propagation medium
is only weakly absorbing, and the photon current is changing slowly on a time
scale comparable to the mean time between collisions (Duderstadt and Hamilton
1976).

Substituting equation 3.5 into equation 3.4, the time dependent photon
diffusion equation is derived as

St = —:76%»(:.0 - DUEDPH(ED + 1 (LOG(ED 3.9

So far, the description of the interaction parameters of the propagation medium
has been generalized. This is necessary in some cases. For example, the

determination of the spatial dependence of the absorption and scattering
coefficients may be the goal of an imaging problem, while the time dependence
of these parameters may indicate metabolic response to some external stimulus
(Moulton 1990). However, for simplicity in this report, it will be assumed that the
medium in which the photons are propagating is uniform or homogeneous such
that the diffusion and the absorption coefficients do not depend on position.
Furthermore the properties of the medium are assumed to be constant in time.

Then the diffusion equation simplifies to,
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Sy = —,5{9(:0 DVRd(r,) + (0D 3.10

The diffusion theory is attractive because of its simplicity and because the
differential equation obtained above can be solved even for complex geometries
using numerical techniques. When solving this equation, it must be remembered
that only photons which have been scattered at least once in the medium may

satisfy the equation (Duderstadt and Hamilton 1976).

TABLE 3.1.1 For isotropic photon
sources and scattering (Duderstadt and
Hamilton 1976)

an=] o)

o) = f w0(L2,1)dQ
sY =/, S(reHde
Jr) = f4 Q0(r,2.1)dQ

He(Lt) = f anble (L Q—Q,1)dQ

3.2 INITIAL AND BOUNDARY CONDITIONS.

Since the photon diffusion equation has derivatives in both space and time,
one must assign suitable boundary and initial conditions to complete the speci-

fication of any problem. Since the diffusion equation itself is only an approxi-
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mation to the more exact transport equation, one can use the transport theory
boundary condition as a guide in the development of appropriate diffusion
boundary conditions (Duderstadt and Hamilton 1976). The appropriate initial

condition involves specifying the photon flux; ¢(r,t), for all positions r at the initial
time, t = 0. And since only a single time derivative appears in the equation, the
initial condition can be chosen to be the specification of the initial value of the

photon flux for all positions, i.e
Initial condition :  $(£,0) = ¢ (D 3.11

Generally, there are no photons within the volume of interest prior to
irradiation. As a result the initial distribution of photons is assumed to be

identically zero everywhere in the volume.

o =0 t<O0 3.12

The presence of photon sources within the volume, V, depends on the irradiation
geometry. The illumination of the surface with a temporally narrow pulse of mono-

directional light may be expressed mathematically by defining S(r,Q,1) = 0inV
and incorporating the incident beam into the initial and boundary conditions so
that the photon flux at oV is ¢(r,,,Q,t) for all @-n < 0, where n is the outward
normal to dV (Moulton 1990).

Alternatively, the initial scattering events could be written as an internal
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source function,

S,y = Q-Q )8(Q c't+r,-Nexp(-p £'h 3.13
where I, is the initial position. The presence of the phase function describes the

angular distribution of first scatters while the d-function defines the temporarily

narrow, mono-directional nature of the incident beam. The attenuation of the
beam through scatter and absorption is described by the exponential decay
(Moulton 1990).

The boundary conditions depend on the particular physical problem of
interest (Duderstadt and Hamilton 1976). It has been demonstrated that a useful
approach is to set the diffuse fluence rate to zero at an extrapolated boundary

some distance beyond the actual surface, i.e

d(ry+ared) = 0 3.14

The application of this boundary condition forces the fluence rate to zero outside
the volume of interest on the surface dascribed by (r,+nr,). According to
Hamilton and Duderstadt (1976), if the interface is between tissue and a non-
scattering medium with the same refractive index, this extrapolated boundary is

located at

z, = 0.7104%, = (0.7104)3D 3.15
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where A, is the transport mean free path. Hemenger (1977), has demonstrated
that a mismatch in the index of refraction at the surface of the medium , for
example, an air-tissue interface, can be accounted for by changing the position
of this extrapolated boundary.

The development of such expressions for the position of the extrapolated
boundary in terms of the optical properties of the medium has been pursued by
many other authors (Moulton 1990). For the purposes of this report only two of
the most commonly used expressions for the position of the extrapolated
boundaries and the zero boundary condition will be used. Specifically, the
influence of the Milne, and the Marshak extrapolated boundary conditions and the
zero boundary condition developed by Patterson et al (1989), on the average
residency time at a depth z of re-emitted photons will be considered. The
Marshak extrapolated boundary condition incorporates an index-mismatich at the
boundary, while the Milne extrapolated boundary and the zero boundary
conditions are generally considered for an index-matched boundary.

Moulton (1990), has presented a detailed discussion on the exact as well
as approximate boundary conditions often used in photon transport. The results,
even for the relatively simple approximate boundary conditions are still complex
and require further simplifications. it was demonstrated that the expression for the
position of the extrapolated boundary which results from the solution of the Milne

problem can be obtained when (1-a)<<1 as,
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Zoine = ~-0.710446[1-0.0199(1-8/2+..] 3.16
Hs

where the dimensionless parameter & = p//u,. and is referred to as the transport
albedo. The corresponding expression obtained from the Marshak problem for an

index-mismatched boundary condition was shown to be,

2D,, 4(Duy) 16 (Du,)’
Zamarsrak = ~ 143 xz) 5w ) >
where
1-R)(1-p2 -
. (1-R)(1-po) . R, - (”m "v)z , 8, = sin“(ﬂ)
(1 +R°)+(1 -Ho)p.c nm+nV nm 3.18

and
B = COs(8)

ny and n,, are the refractive indices of a non-scattering medium (taken here to be
equivalent to that of air, i.e, 1.0) and the medium of interest ( taken here to be
tissue i.e 1.4) respectively.

Patterson et al have demonstrated that, for such applications where the
probe fibers are wide apart compared to the éxtrapolation length, the pulse shape
is insensitive to the exact location of the extrapolated boundary, hence for
simplicity one could ignore the extrapolation length and assume that the fluence

rate vanishes on the true (physical) boundary,
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() = 0 3.19

Application of this boundary condition forces the fluence rate to zero on the
physical boundary of the volume at ali times, though the true fluence rate is non-
zero on this boundary (Duderstadt and Hamilton 1976).

3.3 SOLUTION OF THE DIFFUSION EQUATION.

3.3.1 THE FUNDAMENTAL SOLUTION.

Moulton (1990), has recently determined the solution of the diffusion
equation in various geometries and for different boundary conditions. This was
accomplished through the development of the appropriate Green’s function. Using
the properties of the fundamental solution, E(r,,t), of the n-dimensional diffusion
equation

]

800 = LLEC,N - DAELY + 1w e 3.20

in an infinite medium such that the initial and boundary conditions are

E(r,0) = 0
lim E(r,9 = 0

I-ou

3.21

[

it was demonstrated that,
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n n 2

E(r,h = 1,(§c'(4nDc’) 2t 2exp(- 4Dc/t—u,c’t) :

where 1,(1) is the Heaviside step function

{1 -0
1.0 = 3.23

0 &0

Considering only the positive times, the fundamental solution in n-dimensional

spherical coordinates for an infinite medium is

n n

|7
E(r,,) = c/(4rDc’) 2t 2exp(-
(rp9 = ¢/(4nDc’) exp( 2D

I2

-H ac/t) 3.24

3.3.2 INFINITE MEDIUM.

It will be assumed that the diffuse photon fluence rate, ¢(r,t), satisfies the

diffusion equation given by equation 3.10. Then utilizing the fundamental solution
above, the fluence rate per incident photon at r in 3-dimensional spherical

coordinates for an infinite medium can be obtained as

8.3 2
d(5,) = c'(4nDc’) 2t 2exp(- 4I;Ic’t—u ac:’t) 3.25

3.3.3 SEMI-INFINITE MEDIUM.

3.3.3.1 ZERO BOUNDARY CONDITION.

The problem posed in figure 3.3.3.1.1 can be solved by using equation 3.25
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and making two assumptions. The first assumption is that all the incident photons
are initially isotropically scattered at a depth z,, directly below the source fiber on
the tissue surface, where z, is actually the mean distance between scattering

events and is defined as

Z, = [(1-g)r 4 3.26

so that the actual source term can be represented by the simple delta function

described below.

S(th = 8(z-z,)8(f 3.27

According to Patterson et al (1989), this localization of the first interactions will
not produce inaccuracies for measurements of the fluence rate made far from the
source or for detection times which are long after puise incidence. The second
assumption which has already been discussed under section 3.2, is that the
fluence rate should be set to zero on the physical boundary, (z = 0). As
demonstrated by Patterson et al (1989), this boundary condition can be met by
adding a negative or image source of photons to the infinite medium problem as
shown in figure 3.3.3.1.1

The fluence rate per incident photon (units: mm?s™) at any point in the

medium can then be written in cylindrical coordinates as the sum of contributions
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Semi—Infinite Homogeneous Medium
Irradiated with a Pencil Beam.
Boundary Condition: ¢(r,0,t) =0

or ¢(r,0) =0

Figure 3.3.3.1.1

A collimated pencil beam normally incident upon the

surface of a semi-infinite homogeneous medium. The
beam is assumed to create an isotropic photon source

at a depth z,. The boundary condition is met by ass-—

uming an image source at z = -z
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from the two sources, i.e

(z-2)+p? (z+2)%+p?

33
b(p,z0 = c/4nDc’) 2t 2exp(-p ,C'0{e 4t -9 40T )

3.28

Hence the photon density per incident photon, N(p,z,1), (units: mm?) is easily

obtained from equation 3.28 by just dropping the factor ¢, (see equation 2.5). i.e

_ (Z--za)z-l-‘)2 (z+z‘,)2+p2

3.3
Mp.z) = (4nDc’) 2t 2exp(-p,C'h{e 4t - o 4Ot )

3.29

The number of photons reaching the surface per unit area per unit time per

incident photon can be calculated from Fick’s law

Ar) = -DV(p.2.0 .0 3.30

which leads to the final expression for the diffuse reflectance, R(r,t) (units: m2s™),
determined by Patterson et al (1989) for a 3-dimensional radially symmetric
problem as,

R(rnf = |AnD|
3 5 P 3.31

z(4nDc’) 2t 2exp(-p ,c'He 4P

3.3.3.2 EXTRAPOLATED BOUNDARY CONDITION.

The extrapolated boundary condition described by equation 3.14 for a 3-
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dimensional semi-infinite geometry is

6(-2, = 0 3.32

and the source function is as given by equation 3.27. The solution of this problem
is obtained by placing an image source of photons at z = -z, where z, = z,+2z,
as shown in figure 3.3.3.2.1. Utilizing the solution for the infinite medium
problem, the assumption that the fluence rate vanishes on the surface z = -z,
and that all the incident photons are initially isotropically scattered at z,, the
fluence rate per incident photon at any point in the medium can be written in

cylindrical coordinates as,

3 3 _(Z‘Za)z'fpz _(Z+Zp)2+02 3.33
d(p. 2 = ¢'(4nDc) 2t 2exp(-p O O - o 4Ot}
hence the photon density per incident photon becomes,
3 3 _(z—z,)zwz _(Z+Zp)2+92 3.34

3 3
Mp.z) = @nDc) 2t 2exp(-p C'0le " - o 42}

The diffuse reflectance per unit area per unit time per incident photon is
determined from Fick's law by Moulton (1990) for a radially symmetric 3-

dimensional geometry as,
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Semi—Infinite Homogeneous Medium
Irradiated with a Pencil Beam.

Boundary Condition

¢(r,—7,,t) = 0
p(r,—z,) = 0

.
.

or

g= gy T \

Y ] S T
r

X

Figure 3.3.3.2.1

A collimated pencil beam normally incident upon the

surface of a semi—infinite homogeneous medium. The
beam is assumed to create an isotropic photon source

at a depth z,.
uming an image source at

The boundary condition is met by ass—

z = -z, (zp = 7, +R7).
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5 I2+Z¢2, _’21’222

3.5 -
R(r,) = %(4.”00/) 2; Zexp(_uac/o{zoe 4Dc't | z,6 4Dc’t} 3.35

3.4 STATISTICS OF THE RESIDENCY TIME OF RE-EMITTED PHOTONS.

3.4.1 PULSE STATE.

3.4.1.1_SEMI-INFINITE MEDIUM.

3.4.1.1.1 ZERO BOUNDARY CONDITION.

Assume N, photons enter the tissue (see figure 3.4.1.1.1.1) attime t = O ps.
The number of photons that will leave the tissue surface through dA about r in

a time interval dt at time t is

N,A(r,)dAdt

where R(r,1) is the photon diffuse reflectance given by equation 3.31. The total

time (pico-seconds, ps) spent by these photons in the tissue before they exit

through dA at (r.t) is

IN,R(r,) dAdt

To determine what fraction of this total time is spent in an elemental
volume dV about some arbitrary location t' in the medium, consider a time interval

dt at time t during the propagation of the photons in the tissue. Then the number
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of photons in dV during this time interval is

N, Mp.z,t)aV
where N(p,z,t) is the probability of finding a‘photon in the vicinity of /' at time t
after entry into the tissue (i.e the photon density per incident photon). And it is
obtained from equation 3.29 as

3 (z-z%+p? (2+2)%+p?

3 .3
Nip,z,t') = (4nDc’) 2t 2exp(-p ,Ct){e 47 - o 4007

3.36

The probability that a photon which is in dV in the tissue at (r,t) will escape
through dA on the tissue surface at (r-r',t-t) thereafter, is the so called escape
function (units: mm?ps™), which from equation 3.31 and the geometry of the
problem in figure 3.4.1.1.1.1 is obtained as,

_3 _5 _r2+22:p?-2rpcos(8)
E(r!zitlp:e!t/) = 0(471:00/) 2(t—t’) Ze—p-.c’(t-ll)e 4Dc/(t'll)

3.37

Thus, the joint probability of a photon escaping from the tissue in the vicinity of
r after a time t through dA on the tissue surface having been in dV in the tissue

in the vicinity of ¢’ at time t after entry into the tissue will be

N N(p,z,t')dVE(r,2,t,p 0,')dAdt
Photons that reach dV in the vicinity of ¢’ at time t will have different paths

in the tissue because some photons enter the medium and are immediately
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Semi—Infinite Homogeneous Medium
Irradiated with a Pencil Beam.
Boundary Condition: ¢(r,0,t) = 0

or ¢(r,0) =0

Figure 3.4.1.1.1.1

A geometrical presentation of the model being
analyzed. Photons enter the medium at 0(0,0,0)
at t=0. A detector positioned at D(x,y,0) mea—
sures the reflectance as a function of r (steady
state) or r ‘'and t (pulse state). The boundary
condition is ¢(r,0,t)=0 or ¢(r,0)=0.
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scattered into dV while others wander through the tissue for some time before
they reach dV. We must consider all possible times t, that contribute to the time
the photons spend in dV in the tissue at (r,t) and still escape at (r,t) through dA
on the irradiated surface. This can easily be calculated by taking the time integral

of the expression above, i.e,

, L]
¢

dTrztp8) = NdVdAat [ Mp.zt)Elrzteot)dy 338
2l

¢

The lower limit of the integration is the time for a direct flight of a photon from the
point of incidence to dV ( i.e the shortest time a photon will take to reach dV),
and the upper limit is the maximum time taken by an incident photon to
eventually reach dV after wandering through the tissue and still escape at .
Substituting for N(p,z,t) and E(r,z,t,p,8,t), the residency time dT(r,z,t,p,8) (in

picoseconds) of re-emitted photons at (z,p) and source-detector distance r is

obtained as

uL 3 5 r2+ 22+ p2_2rpcos(0)
dT(rztp,8) = N,dVdAdt[ Kit' 2(t-t) 2e  4Dten)
LL

3.39

(Z—Z&2+ p2 (Z+Za)2+ p2

XGXp(-uaC/l)(G 4t _g 4Dt )dt/

where
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1 1
L - (#+p9)° UL - t-1rP+z%+p-2rpcos(e)]?
/ ! -

c -4 3.40
and

K, = z,{4nDc’)

which can be evaluated numerically. The residency time at depth z is critical to
interpreting data in a situation in which the measured property (e.g micro-
circulatory blood flow) is not uniform with depth in the tissue (Weiss et al 1989).
It should be noted that the entire expression has units of time, as it should, since
it represents the total time spent by N, photons in an elemental volume dV in the
medium before re-emitting at the tissue surface. The integrand itself has units of

mm™® and will be represented by L(r,z,t,p,0), i.e

UL 3 _5 _r?+2%+p2-2rp003(0) (z-2)2+p?
Lrztp,0) = fK1 t 2(t-t) 2o* e 4Dty (o 4D
- 3.41
_ (Z+Z°)2+p2
-e 4aDc’t } dt/

Notice that the volume integral of dT(r,z,t,p,0) should just be equal to the total

time spent by the photons in the medium before they exit, i.e,
N,GAdt[L(r,z.p,0)d°L = tN A(r,0dAdt 3.42
v

or
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[urzte.)d = tR(Y 3.43

Suppose, instead of calculating the absolute amount of time photons spent
in dV one is interested in calculating the relative amount of time spent by these
photons in the volume element. This would just be the normalised form of the
residency time in the volume element, dT,(r,z,1,p,8). From equations 3.39, and the
expression for the total time photons spent in the medium it can easily be shown
to be,

UL .3 _5 _ 2+ z2.p?-2rpcos(e)
N,dVdAdt[ Kt 2(t-t) 2e7«'g  40c)
LL

(2P0 (zez)?p? 3.44
x{e 400 _g 4Dt gy
3.5 B2
tN,dAd(4nDc’) 2t 2z,exp(-p ,o'he 42"

dr (rnztp,0) =

or

UL .8 _5 i r2+ 22, p2-2rpcos(6)
de’(‘tl Z(t_tl) 29-11."‘"9 4Dc/(¢-t)
L

(Z--Zo)2+p2 ) (z+z)2+p? 3.45
4ot _ 4Dc't
dT (rz,tp.8) = x{e 6 Jat’
3 5 ) P22

(4xDc’) 2t 2zoxp(-p ,C'h0 4Pt

dT,.(r,z,t,p,0) is unitless as it should, since it represents the relative amount of
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time a photon spent in dV before escaping at the surface. Notice that the
normalization was to the total time photons spent in the medium before they
escape at (r.1).

3.4.1.1.2 EXTRAPOLATED BOUNDARY.

The escape function is obtained from equation 3.35 and the geometry of

figure 3.4.1.1.2.1 as

_3 _5 , r2+2%+p%-2rpcos(8)
E(rizstapuept,) = %(41!00/) 2([’—1’/) za_p’c(t-tl){zae 4Dc/(t-t)

3.46
r2+z2+p2-2rpcos(6)
+ zpe 4Dc'(t-th }

and the probability of finding a photon in dV in the vicinity of ' at time t after
entry into the tissue (i.e the photon density per incident photon) is obtained from

equation 3.34 by substituting t by . i.e

3 .3 (z-2p%+p? @2t g 4o
Np.zt) = (4nDc’) 2t' 2exp(-p,c'the 4" - g 4Dt}

Utilizing the same discussion under section 3.4.1.1.1, for the zero boundary
condition, the total time dT(r,z,t,p,8), spent by N photons in an elemental volume
dV in the tissue, assuming the fluence rate is set to zero on the extrapolated

boundary z = -z,, becomes



Semi—Infinite Homogeneous Medium
Irradiated with a Pencil Beam.
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Boundary Condition: ¢(r,—z,,t) = 0
or ¢(r,—z,) =0
y
2==Zp -]
Z=—Ze.. | e
2=0 >—uy A T
=g o N To— L
e Tl IN T o D(x;¥,0)
.................................................................. X
r e
r-r Z/
P
é g p’Z) /
/ r

Figure 3.4.1.1.2.1

A geometrical presentation of the model being

analyzed. Photons enter the medium at 0(0,0,0)
at t=0. A detector positioned at D(x,y,0) mea—

sures the reflectance as a function of r (steady
state) or r and t (pulse state). The boundary

condition is ¢(r,—z

e £)=0 or ¢(r,—z, )=0.



uL 8 5 r2+224+p2-2rpc03(0)
dnrzte,8) = %diVdAdtf Kt 2(t-t) 2(z,@  4Pclt)
L

r2+z%+p2-2rpc08(®)  _ (2-2p°+p? (2+2)%+p?
+2,0 4Dc/(t-t) He apc't’ _g  4Dc't! }e""cltdt'
where
K, = (4nDc’®

and L(r,z,t,p,0) is therefore given as

1 UL _E _é , r2+22+p2_2'pm(e)
L(rztp,B) = 3 f Kt 2(t-t) 2™ zo  4DClEt)
LL
r2+22+02-2rpco8(0) (z-z)+p? (z+2)%+p?

+zpe 4Dcl('—tl) }{e 4Dc Itl _ e 4Dc /tl }dt/
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3.48

3.49

The normalized (to the total time spent by photons in the medium) version of

equation 3.48 is

UL 3 5 r2+z2+02-2r5c03(6)
M T - /
dv[Kt' 3(t-t)) 207 z,0 4P
LL

r2+z2+p2-2rpcos(e) (z-29%+p? (z"'zp)zﬂ’z

dT(rztp,0) = —F

3 5 _rz'l'zg __fa;zz

K4nDc’) 2t 2exp(-p,c'd{z,0 “Pt+z0 4Pe)

3.4.1.2 INFINITE MEDIUM.

+Z.e 4Dc/(t-t) He apc’t’ _g 4Dt 1t/ 3.50

The problem analyzed in this report can also be solved for a point source

and a point detector situated in an infinite medium.
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Similar to the reflectance problem for a semi-infinite medium already
discussed, assume N, photons are emitted from a point source situated in an
infinite medium at S(0,0) at time t = O ps, (figure 3.4.1.2.1). The photon density
indV at r at any time t thereafter can easily be determined. Given that a photon
is in dV at r at time t, to determine how much time it has spent in dV’ about some
arbitrary location r, in the medium, consider a time interval dt at time t after
being emitted from the source in the medium. Then the number of photons in dV'

at r, during this time interval is

N Ny.t)aV!

where N(x,y,t) is obtained from equation 3.é5 as

3 .S o 3.51

Nioyit) = (4nDC) 2t 2exp(-p ,C't)e 40"
The probability that a photon which is in dV' at (r,,t) will be in dV at (r,,1-t)

thereafter is just

N(r-x,y,t-t)dV

where

3 3 Ry 3.52
Nr-xyt-t) = (4nDc’) 2(t-t) 2™« g 4De't-t)

Therefore, the combined probability of detecting a photon in dV at (r,t) having
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Infinite Homogeneous Medium with
a Point Source and Point Detector.

Figure 3.4.1.2.1

An isotropic point source of photons is positioned
in an infinite homogeneous medium at s(0,0). A
point detector situated at D(r,0) measures the
number of photons reaching dV as a function of r

(steady state) or r and t (pulse state). Calculated
values are symmetrical about the line y = 0.
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been in dV at (r,,t) after emission from the source is

N N(x.y,t)dV'dt N(r-x.y,t-t')aV

Considering all possible times t that contribute to this time function, the residency

time dT(r,x,y) of a photon in dV' at (r,t) that was detected in dV at (r,t) is

r
¢ 1l
/

dTlrxyh = NdV'aV [ Neoyt)Mr-xyt-t)dt 358

inl

4

substituting for N(x,y,t) and N(r-x,y,t-t), the residency time in dV’ of a photon

detected in dV becomes

||

7 3 s B T (%
dTirxy.9 = Navdv f Kt 2(t-t) 2gkalg 4DCY o 4DI(-1) gy
[<]

¢ 3.54

where

1 1
K = @rDO), || = (A2 and |p| = [(rx2y3?

As expected once again, the entire expression has units of time. And as usual

we will represent the integrand by L(r,x,y.t), i.e
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=

. [(r-2%+y3 2
¢/ 3 3 x2y® _ (r-XPey?
Lrxyt) = [ Kt 2(t-t) 27 40°Tg 4Dlt-gy/  3.55

[ 1E

X2+

c/

3.4.2 STEADY STATE.

The discussion so far has been concerned with the relation between time-
resolved reflectance to the photon residency time distribution in tissue. One can
easily proceed to the solution of the steady state problem. Two methods are
proposed: The first method is simply the time integral of the time-resolved
problem. The second method is based on the diffusion approximation to the
steady state radiative transfer equation. The first method is expensive in
computation time. On the other hand, the second method gave relatively quick
results, and hence was used to determine most of the results in the steady state
method.

3.4.2.1 PHOTON RESIDENCY TIME FROM THE TIME INTEGRAL OF THE

TIME-RESOLVED PROBLEM.
3.4.2.1.1 SEMI-INFINITE MEDIUM.

3.4.2.1.1.1_ZERO BOUNDARY CONDITION.

The total number of photons that exit at r through dA (figure 3.4.1.1.1.1) in

the steady state, i.e assuming a continuous irradiation of photons on the tissue
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surface is

diA]n(r,z)dt
0

where R(r.t) is given by equation 3.31. The total time spent by the photons in the

medium before they exit through dA atr is

diA]tn(r, fat
0

The total amount of this time spent in dV in the vicinity of I in the tissue,

dT(r,z,p,0), is just

dT(rzp6) = [dTrztpe)dt = NdVdA[Linztpe)dt 356
0 0

If equation 3.56 is normalized to the total time spent by the photons in the
medium before they exit through dA about r on the tissue surface, one would
obtain the normalized form of the residency time, dT,(r,z,p,0), in the steady state

as

N,dVdA[L(r.z,tp 6)dt
0 3.57

dT(rz,,6) = -
N,dA[tR(r, 0t
0
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or

dv[L(rzt,p.0)at
dr(rz,p,0) = —2 3.58

}tﬁ(r.odt
0

L(r,z,t,p,0) is given by equation 3.41. Substituting for L(r,z,t,p,6) and R(r,t)

equation 3.58 becomes

w UL 3 _ r2+z2+p2-2rpoos(6)

3 _5
de[fK|tl 2(t_t/) 2e'l4.°"fe 4Dc/(t-t)
0L

(z-2)2+p2 _ (z+ZJ2+p2 3.59
4ane't 4D 'Y .
dT(r2p.0) - xle g L
- 3 5 ) Pz,

f t(4nDc’)_—2_t_Ezoexp(—p 06 Ptdt
0

Equation 5.59 above is just the time integral of the time-resolved problem, i.e the
time integral of equation 3.45.

3.4.2.1.1.2 EXTRAPOLATED BOUNDARY CONDITION.

The influence of extrapolated boundary conditions on the residency time

in the steady state technique can be determined. Substituting for L(r,z,t,p,8) using

equation 3.49 and R(r,t) from equation 3.35 in equation 3.58, the residency time

incorporating extrapolated boundary conditions is obtained as
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o UL 5 +224p2-2rpcos(0)

dvf[ f Kt 2(t t) 26z, 40N

_r2+z2+p —2rpeos(@)  _(z-29%p®  _(2+2)%+p?
z,6 4Dc/(t-t) He act _g 4Dt }dt')dt 3.60
P22 r2+z
f f4nDc’) "-t 2caxp( u,C'0{z,0 4D°"+ze = dt

dT (r,z,p.8)=—

The equation above is the time integral of equation 3.50.

3.4.2.1.2 INFINITE MEDIUM.

In a similar way the total amount of time spent in dV' in the steady state,
dT(r,x,y), about some arbitrary location r, in an infinite medium (figure 3.4.1.2.1)
before being detected in an elemental volume dV at r, thereafter in the medium

is
dTlrxy) = [dTrxyhdt = NdV'aV|L(rxy,gat 361
0 Y

where L(r,x,y,t) is given by equation 3.55. Substituting for L(r,x,y,t), dT(r.,x,y)

becomes
el
¢ 3 o O (i 0
dTlr X)) = NdVdV’f[ [ Kt 2(t ¥) 2g7«lg 4DF g 4DC-) gp)git
0 |nl
2

Equation 3.62 above is the time integral of equation 3.54. And the integrand is
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represented by L(r,x,y)

-« ¢ 3 s xPy® _ (rXPy?
Ly = [ [ Kot 2(t-t) 2exp(-u,c'e e Ndtdt 363
0 |al

e/

3.4.2.2 PHOTON RESIDENCY TIME FROM THE STEADY STATE TRANSFER

EQUATION.

During the derivation of the time dependent diffusion equation (equation
3.10), the energy dependence of the transport equation was eliminated, the
medium was assumed to be homogeneous, properties of the medium were
assumed to be constant in time and scattering was assumed isotropic in the
interest of simplifying the model. Attention can now be turned to the remaining
time and spatial variables. Let the time variable be completely eliminated by
considering only steady state transport problems. Then equation 3.10 simplifies

to

-DVo() + (D = S 3.64

This is the diffusion approximation to the steady state radiative transfer equation
for a homogeneous medium (Duderstadt and Hamilton 1976). The solution of this
differential equation for S(r) = &(r), for the photon fluence far enough from the

source is (Patterson et al 1989)
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o() il 3.65

4nDr

where

: 1
= (Bu dn o (1-00 308

is the effective attenuation coefficient (units: mm™).
For the case of point source in a semi-infinite medium, the fluence (units:
mm?) per incident photon (see figure 3.4.1.1.1.1) about I’ in the tissue for a zero

boundary condition is therefore written as the sum of the contributions from the

two sources:

1

d(zp) = s

oxp{- u.,f,[(z—z,,)2+9212} oxp{- u,,,x(z+zf+92121] 3.67

[(=- Z‘,)2+92]2 l(z+2)%+p7?

The reflectance (units: mm™®) at a distance, r, from the point of incidence has

been shown by Patterson et al (1989) to be

a
2, OXpl-polr?+22)?]
2m r2+z§

A = |-DV(5z,p) o = [wor——] 3.68

(r? +z:";)E

The photon escape function (units: mm™®) is easily derived from equation 3.68

and the geometry of figure 3.4.1.1.1.1 as
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E(r,z,p,0) =

Z, OXp[-p gylr-L]] 1
or |rrf [u°”+—_|[— dll

where 3.69

-] = {r2+zz+p2-2rpcos(e)}%

The adequacy of the integrations which were performed numerically by the
computer can now be tested by comparing the results of the residency time
obtained from the time integral of the time-resolved problem to that obtained from
the diffusion approximation to the steady state radiative transfer equation.

It has been shown from the time integral of the time-resolved problem that,
the total time spent by N, photons in an elemental tissue volume dV in the vicinity

of I in the steady state is

N,dVdA[ L(r,z,t,p,8)dt
0

where L(r,z,t,p,0) is given by equation 3.41 or 3.49. If an absorber of volume dV
and extra absorption Ay, is assumed to be located at I in the tissue, then the

number of photons that will escape the tissue at r through dA will be reduced by
NdVdAAp & [L(r,2,1,p,0)dt
0

Using the diffusion approximation to the steady state radiative transfer equation
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approach, it can be shown that, the absorber will reduce the signal leaving the

tissue at r by

N,dVAp &(2,p)E(r,2,p,0)dA

Comparing the two expressions above we should have

N,dVdAA b & [L(rztp B)dt = N,dVAL b(zp)E(rz,p,0)dA 370
0

or

[Urztp8)dt = Lo(zp)E(nz0.0) 3.71
0 C

which affirms the fact that the time integral of the time-resolved problem for the
solution of the steady state problem is in fact proportional to the product of the
photon fluence and the escape function obtained directly from the diffusion
approximation to the steady state radiative transfer equation. So that instead of
using the time consuming expression on the L.H.S of equation 3.71, one could
use the expression on the R.H.S which gives relatively quick results. A graphical

presentation of this comparison is presented in figure 4.2.2.5 for typical values
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of the optical parameters.
-Therefore the residency time of re-emitted photons in a volume element dV
atr in the tissue before escaping through dA at r on the tissue surface, for zero

boundary condition is derived as

exp{- uef;[(z-zo)2+p2]2} exp{- uef;{(2+zo)2+92]2}

dT(f,Z,P,e) = ,(3[ 1 ]
[(2-29%+072 (Z*Za)?”fpzl2
xexp{*uaﬂli'-Ll}[ ——] 3.72
I -]
where
= za
8n2Dc’

If this expression is normalized to the total number of photons leaving the

medium in the vicinity of r per unit area, R(r), then equation 3.72 becomes

oxp{-p (2- 2.,)2+9212} exp{- u,.«;[(z+za)2+p"’12}
[(z- zo)2+92]2 [(Z*‘Z.,)zwzlE

dT.(rz,p,6) =

o

|-r’|? |2 r2+z?

. 1 -1
Bept—7" 1
("2'*"'-'0)2

){em[—uwlr-dll - 1] Z, OXPl-pakr*+29)%]| 373
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The corresponding expression that incorporates extrapolated boundary conditions

can also be shown to be

1 1
oXp{-p l(2-2%+p%1%} exp{-pd(2+2)?+0%?)

dTn(rlz!plle) = 1 1
[(z-z%+p?]? [(Z+Zp)2+92]2
oXp[ - ol -] 1 OXp[ - glr-’|] 1
Zo Qf; 2 ottt / +ZP oﬁ; 2 ettt /
|- \r-r’] Vodsd |r-r]
1 1 -1
r BXP{-uw(fz’onz) 2} 1 eXP{-ueff(f2+Z§)2} 3.74
% 2 [Ber* i1*% 2
r2+z, 2 23 r2+z,
X (r2+22)
Mgt ———]
\ (r2+22)?
where
K = 1 3.75
8n2Dc’/

The mean penetration depth of an incident photon ca; ﬁow be determiné from
this model and compared with results from the 3-dimensional random walk theory
model. The average penetration depth of a photon that eventually escapes at the
tissue surface at a distance r from the poini of incidence can be determine by
integrating equation 3.72 over all p and 8 and normalized to its volume integral,

i.e
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2% o

[[dTtrz.p.0)pdpce
ar(r2) = —22 3.76

2n oo

f f f dTr,z,p,0)p dp dzch
000

where dT(r,z,p,0) is given by equation 3.72. This final expression is similar to

equation 3.77 obtained by Weiss et al (1989) and based on a 3-dimensional

random walk theory.

3.5 PHOTON RESIDENCY TIME FROM RANDOM WALK THEORY.

Weiss et al (1989) have analyzed the scattering process of photons in tissue
in terms of a random walk on a simple cubic lattice. The following assumptions
were made in the analysis:

1. The tissue is of semi-infinite extent,

2. Scattering of the photons is isotropic,

3. Beer's law applies to photon absorption in the tissue,

4. The surface, z = 0, consist of absorbing sites, so that any photon reaching the
surface will be trapped there and will contribute to the reflected intensity, and
5. Properties of the tissue are taken to be isotropic.

The model for his analysis is shown schematically in figure 3.5.1. A laser
beam impinges on a human tissue and is scattered by scattering sites. Some
photons are absorbed in the tissue and some are reflected back to the surface

where they are re-emitted. For the purpose of comparison, only one result of
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Semi—Infinite Homogeneous Medium
Irradiated with a Pencil Beam.

Boundary_Condition: ¢(r,0) = 0

0 vS(O’O'O) r
/ /
// :
>
Figure 3.5.1

A collimated pencil beam normally incident upon the
surface of a semi—infinite homogeneous medium. The
path represents a cartoon of a typical path travelled
by a photon inserted into the medium at s(0,0,0) and
exiting at a point on the surface at a radial distance
r from the point of entry. (Weiss et al 1989).
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interest will be stated, but for a detailed description of the analysis, the reader is
referred to Weiss et al (1989). The end result of the calculation, which is the
normalized form of the fraction of time that photons re-emitted at a distance, r,

from the initial injection point have spent at depth, z, is

1 1
p(r,2) = 46By) 21+ 1 Joxp{r(6p) 2 -[6u(r2+423)]2) 3.77

A plot of p(r,z) as a function of z is shown in figure 4.2.2.5 for typical values of

K, where p = L, (L = 1/u)).



CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 INTRODUCTION.

The purpose of this report has been to develop a model that relates the
fundamental optical properties of tissue, (i.e p, and p’), the radial distance along
the tissue surface between the point of incidence and the point of re-emission
and detection of photons, to the time that photons have spent in an elemental
volume dV in the tissue. In addition to these relations which were developed for
both the steady state and the time-resolved methods, the influence of delaying
the detection time (in the pulse state technique) on the residency time was also
of interest.

These residency times can be indirectly measured experimentally in
phantoms, as is curréntly being done by research groups at the Hamilton
Regional Cancer Centre, but, so far, no work has been done in living tissues.
Knowledge of the residency time would allow some insight into the depth
distribution of injected photons that are eventually re-emitted. In this respect,
once the characteristic scattering and absorption parameters for a given
homogeneous tissue are specified, for the wavelength to be used in diagnosis or

therapy, other relevant information can be obtained according to the model. For

71
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instance, one could infer the volume sampled by the re-emitted photons.
4.2 RESULTS.
4.2.1 TIME-RESOLVED TECHNIQUE.

A model has been developed, which can be used to determine non
invasively the residency time of diffusely re-emitted photons in an elemental
tissue volume. The development of the time-resolved and spatial distribution of
the residency time of the re-emitted photons has been possible by the use of the
diffusion approximation to the time dependent and the time independent radiative
transfer equation respectively.

The solution of the Boltzmann transport equation for the fluence rate per
incident photon at a point r in 3-dimensional cylindrical coordinates in an infinite
homogeneous medium was first developed. This was used to solve the problem
posed in figure 3.4.1.1.1.1 for a semi-infinite homogeneous medium. The fluence
rate per incident photon at (r,t) inside the medium was mathematically derived
(equation 3.28) and hence the reflectance (i.e the number of photons leaving the
tissue surface) per unit area per unit time pef incident photon at a radial distance
r, from the point of incidence was obtained. The latter equation (i.e equation
3.31), as it has already been discussed, has been used extensively by a number
of authors (Patterson et al 1989 and Chance et al 1989) to pursue the determina-
tion of the optical properties of tissue directly from the temporal dependence of

the diffuse reflectance.
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The influence of 'extrapolated boundary conditions on the fluence rate and
hence on the reflectance which are mathematically shown in equations 3.33 and
3.35 respectively have been studied extensively by Moulton (1990). These
equations (3.28, 3.31, 3.33 and 3.35) have been the cornerstone of the analysis
in this report.

The calculations of the integrals have been done numerically using the
IMSL/LIB on the Microvax computer system in the Hamilion Regional Cancer
Centre. The results of these calculations for typical values of the optical
properties of soft tissue are presented in this chapter. The results presented have
been in most cases for a mismatched refractive index at the tissue surface, as
for example, between a transparent medium (e.g air) and a turbid biological
tissue. This is usually the case in practical applications, where photons are
incident on the interface between air and living tissue. The index of refraction of
the transparent medium from which photons are being incident is considered here
to be equivalent to that of air, having a value of 1.0 and that of the medium
through which the photons propagate is taken to be that of soft tissue with a
value of 1.4.

Figures 4.2.1.1,4.2.1.2,4.2.1.3,4.2.1.4,4.2.1.5,4.2.1.6 and 4.2.1.7 show
the normalized (to the total time photons spent in tissue before escaping at the
surface) version of thé residency time in an elemental volume as a function of

depth in tissue for pulse irradiation. These residency time depth distributions were
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made along a line midway between the source and detection fibers. The curves
have been calculated using equation 3.50, and except for figures 4.2.1.2, 4.2.1.4
and 4.2.1.6 which were calculated for ’late times’, the detection time, t, has been
taken at the time, t,,, at which the maximum number of re-emitted photons are
detected on the tissue surface (i.e Rg.(rtm.))- The Marshak approximation
(equation 3.17) was used to calculate the position of the extrapolated boundary.
The terms ’early time’ used in this report refers to t .. and ’late time’ means
delaying the detection time of the re-emitted photons. Here, the late time values
have been taken as the time at which the number of re-emitted photons on the
tissue surface has fallen to (1/10)" of its maximum value. The time at which the
peak occurs in the reflectance-time spectrum for a zero boundary condition can

easily be obtained from the relation

d 5 r
4 ol = -2 -u.c =0 4.1
dtogJR( )| 5 u,0+4Dc,t

It has been demonstrated by Wilson et al (1989) that

/ 1
_ 1 5 .2 3ps 2 ,2u2 5 4.2
o = el 2}

Ka Ha

The corresponding result incorporating an extrapolated boundary condition which
has been used in most cases here is not straightforward. The values of t_, for

the extrapolated boundary condition used in this report has therefore been
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obtained, using equation 3.35, by numerically calculating R(r,t) for various values
of t, fiber separation r, and typical values of p,, p; and noting the time (t,.) of
maximum reflectance (R,.("tm))- The corresponding late time value is then
determined by noting the time at which R(r,t) has fallen to (1/10)" R, (f,tne)-
The influence of the various fundamental optical parameters p, and p_ on
the depth distribution of the residency time for early detection times are
demonstrated in figures 4.2.1.3 and 4.2.1.5 respectively. Figures 4.2.1.4 and
4.2.1.6 show the same residency time depth distribution as in figures 4.2.1.3 and
4.2.1.5 but for late detection times. The fiber separation is r = 30mm, and the p,
and p values are typical of soft mammalian tissue. It is interesting to note that
the depth distribution tends to sharpen as the absorption coefficient increases,
and this is readily understood, because long ‘trajectories are less likely with large
absorption probabilities. In some of the results a scattering to absorption ratio of
5:1 has been used which may be too small but it should be mentioned here that,
generally good resuits could be obtained in the diffusion theory if the scattering
to absorption ratio is about 10:1. Figures 4.2.1.1 and 4.2.1.2 show the normalized
form of the residency time as a function of depth for various values of the fiber
separation. The main difference between these two plots is that, the former has
been determined for early detection times and the latter for late times. The most
significant implication is that, the greater the fiber separation the wider and flatter

the depth distribution. The effect of delaying the detection time of the emergent
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Semi—Infinite 3-Dimensional Medium
Extrapolated Boundary, z_, : Marshak
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Figure 4.2.1.1

The residency time of a photon in an ele—
mental volume dV in tissue before reemit-
ting at the surface, normalized to the total
time spent in the tissue, and given as a
function of depth, for different values of

the fiber separation. The curves have been
calculated for early times using equation 3.50.
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Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z_, : Marshak
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Figure 4.2.1.2

The residency time of a photon in an ele—
mental volume dV in tissue before reemit—
ting at the surface, normalized to the total
time spent in the tissue, and given as a
function of depth, for different values of

the fiber separation. The curves have been
calculated for late times using equation 3.50.



Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z. : Marshak
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Figure 4.2.1.3

The time spent by a photon in an elemental
volume dV in tissue before reemitting at the
surface, normalized to the total time spent

in the tissue, and given as a function of

depth, for different values of the absorption
coefficient. The curves have been calculated

for early times using equation 3.50. The optical
parameters are typical of soft tissue. The Marshak
approximation was used to calculate z.
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Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z, : Marshak
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Figure 4.2.1.4

The time spent by a photon in an elemental
volume dV in tissue before reemitting at the
surface, normalized to the total time spent

in the tissue, and given as a function of

depth, for different values of the absorption
coefficient. The curves have been calculated

for late times using equation 3.50. The optical
parameters are typical of soft tissue. The Marshak
approximation was used to calculate z,.



Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z, : Marshak
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Figure 4.2.1.5

The time spent by a photon in an infini—
tesimal volume in tissue before reemitt—
ing at the surface, normalized to the
total time spent in the tissue, and given
as a function of depth, for different
values of the transport scattering coeffi—

cient. The curves have been calculated
for early times using equation 3.50.



Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z, : Marshak
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Figure 4.2.1.6

The time spent by a photon in an infini-
tesimal volume in tissue before reemitt—
ing at the surface, normalized to the
total time spent in the tissue, and given
as a function of depth, for different
values of the transport scattering coeffi—

cient. The curves have been calculated
for late times using equation 3.50.
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Figure 4.2.1.7

The residency time of a photon in an infi—

nitesimal tissue

volume dV before escaping

through the surface, normalized to the total
time spent in the tissue, and given as a func—
tion of depth, for different detection times.
The curves have been c¢alculated using equa-—

tion 3.50.
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photons on the distribution is shown in figure 4.2.1.7 and as expected, the depth
distribution widens and flattens with delay in the detection time.

Figure 4.2.1.9 shows the distribution of the residency time as a function of
both z and p for pulse irradiation in a semi-infinite medium and a zero boundary
condition. The results have been obtained using equation 3.45. The orientation
of the plane in which measurements were made is 6 = O degree (i.e plane A in
figure 4.2.1.8) with the source and detection fibers positioned at -10mm and
+10mm respectively. Figure 4.2.1.10 shows the same distribution as in figure
4.2.1.9 but measurements in this case were made in a vertical plane midway
between the source and detector and perpendicular to the plane containing the
source and detection fibers (i.e plane B). In both cases the fiber separation is r
= 20mm, W, = 0.02mm™ and p; = 1.0mm™. The most significant difference
between the plots appears in their symmetry. It could be observed that the plot
in figure 4.2.1.9 is symmetrical about a line midway between the two fibers,
whereas the plot in figure 4.2.1.10 is symmetrical about the plane containing the
source and detector. This result is not surprising, since in the first instance, for

0 = 0 degree, the source and detection fibers are separated by a distance and

are in the same plane, but in the second instance, 6 = 90 degrees, the position
of the source and detection fibers appears to be located at a single point (in this
case at the origin) and hence the distribution should always be symmetrical about

the plane containing that virtual single point. As it has usually been the case for
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Planes in which Measurements
were made.

Plane A: 0 = 0 degree
Plane B: 0 = 90 degrees

y

D(10,0,0)

Figure 4.2.1.8

Diagrammatical presentation of the planes in
which calculations were made to obtain figs

42.1.9, 42.1.10, 42.2.8 and 4.2.2.9. Plane A con—
tains both the source and the detection fibers,
positioned at —10mm and +10mm respectively.
Plane B is midway between source and detector.
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Figure 4.2.1.9

Iso—residency time distribution of photons incident on the
surface of a semi—infinite homogeneous medium and detec—
ted at a radial distance of 20mm away. The lines have been
calculated using equation 3.45, and the delection time is

t = t .- Calculations are made in the plane containing

the source (positioned at —10mm) and the delector (posi—

positioned at +10mm).
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Figure 4.2.1.10

Examines the same iso—residency time distribution shown
in figure 4.2.1.9. But in this case calculations are made

in a plane perpendicular to and midway between the source
and detection fibers.
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almost all the results in the pulse state, the detection time used was the value for
the "early time’. It is worth mentioning here that at points very close to the surface
of the tissue, there is some asymmetry about the two fibers.

Finally, figures 4.2.1.11 and 4.2.1.12 show the same depth distribution as
in figure 4.2.1.9 but for a point source and a point detector in an infinite
homogeneous medium. The main difference between the two plots is that figure
4.2.1.11 has been determined for a time of t = 700ps and figure 4.2.1.12 has
been for a late time of t = 2000ps. Both plots have been calculated using
equation 3.55. The absorption and the transport scattering coefficients used are
0.02mm™ and 1.0mm™ respectively which are typical of soft tissue, and the fiber
separation is r = 20mm. Notice the symmetry in both cases.

4.2.2 STEADY STATE.

The solution of the steady state problem has been obtained from two
different approaches. First by using the time integral of the time-resolved problem
and secondly from the diffusion approximation to the steady state radiative
transport equation. Almost all the results obtained in the steady state method
have been calculated using equation 3.74.

Comparison shows that

/[ Lrzp.0)dt = $(zp)E(r,2,p.6) 4.3
0

at least to the fourth decimal place. A plot of this comparison is presented in
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Figure 4.2.1.11 %,

Iso—residency time of photons emitted from a point
source (0,0) and observed in a point detector (20,0),
in an infinite homogeneous medium, in the pulse
state. The detection time of the detected photons is
t = 700 ps and the lines have been obtained from
equation 3.55.
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Figure 4.2.1.12 -4e.0 -

Iso—-residency time distribution of photons emitted
from a point source and observed in a point detec-—
tor in an infinite homogeneous medium. This plot
is similar to figure 4.2.1.11 but for a detection time
of t = 2000 ps
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Figure 4.2.2.1

Comparison of the residency time of a photon in
an elemental volume dV in tissue in the steady
state obtained from the time integral of the time
resolved problem (——) and from the steady state
radiative transfer equation (symbols).
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figure 4.2.2.1. The comparison of these two results is very important, as it serves
as a test of the adequacy of the integration performed numerically using the
computer. It also affirms that the residency _'gime obtained in the steady state
method from the time integral of the time-resolved problem is in fact equal to that
obtained from the diffusion approximation to the steady state radiative transfer
equation. A second test of the adequacy of the numerical integration has been
to show that the volume integral of equation 3.45 and/or 3.59 is unity. The results
obtained for both cases are reasonable, though the method used was crude.
When the residency times in elemental tissue volumes were summed over both
z and p from Omm to 60mm at a grid size of 1.5mm and over 6 from O to 360
degrees at a grid size of 1.0 degree, equation 3.45 gave a value of 0.99 for the
pulse state relation (i.e a rough estimate of the volume integral of equation 3.44)
and equation 3.59 gave a value of 0.98 for the steady state relation ( i.e a rough
estimate of the volume integral of equation 3.59). The reason for using such a
crude method has been the difficulty encountered in performing an n-dimensional
(n 2 3) integration using the IMSL/LIB on the Microvax computer system,
especially in this situation where the limits of integration of the innermost integral
are not constants.

Figure 4.2.2.2 examines the comparison presented in figure 4.2.1.1 and
4.2.1.2 for a steady state technique. And as expected, as it was in the time-

resolved method, the depth distribution of the residency time widens and flattens
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Figure 4.2.2.2

Examines the comparison presented in
figures 4.2.1.1 and 4.2.1.2 for a steady

state method. The curves have been cal-
culated using equation 3.74. Note that
the results are normalized to the total
number of photons leaving the tissue per
unit area. The optical parameters are
typical of soft tissue.
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with increase in the fiber separation. Figures 4.2.2.3 and 4.2.2.4 show the
behaviour of the residency time depth profile for various values of the
fundamental optical parameters. Comparison with the corresponding plots in the
pulse state shows the same trend of variations. For example, the depth
distribution tends to sharpen with increase in absorption.

In figure 4.2.2.5, the residency time asﬂcalculated from the diffusion model
(equation 3.76) and the Random walk model (equation 3.77) for index matched
and zero boundary condition is plotted versus depth for a semi-infinite
homogeneous medium. The interesting thing to note here is that, both models
predict the same residency-time depth profile, i.e, a build-up region near the
surface and exponential fall far away from the surface of the medium in the
'diffusion region’.

Plots of the residency time in a vertical plane containing the source and
detection fibers (i.e plane A in figure 4.2.1.8) which were positioned at -4.8mm
and +4.8mm respectively, as a function of horizontal probe position at different
probe depths in a homogeneous semi-infinite medium is shown in figure 4.2.2.6.
The fundamental optical parameters are p. = 1.0mm™ and p, = 0.05mm™. In
figure 4.2.2.7, the residency time as calculated in a vertical plane perpendicular
to the source and detection fibers (i.e plane B) is plotted versus a horizontal
probe position at different depths. The fiber separation is r = 9.6mm and the

optical parameters are the same as those used in figure 4.2.2.6.



Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, Zg: Marshak

Index Mismatch: n, = 1.0, n_= 1.4

Ln[dT,(r,z,p,0)]

DEPTH (mm)

Figure 4.2.2.3

Examines the comparison presented in
figures 4.2.1.3 and 4.2.1.4 for a steady
state technique. The curves have been
normalized to the number of photons

leaving the tissue per unit area, and
have been calculated using equation 3.74.
The fiber separation is r = 10.0mm.
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Semi—Infinite 3—Dimensional Medium
Extrapolated Boundary, z_, : Marshak
Index Mismatch: n, = 1.0, n =14

Ln[dT (r.z.0.0)]

DEPTH (mm)

Figure 4.2.2.4

Examines the comparison presented in
figures 4.2.1.5 and 4.2.1.6 for a steady
state method. The curves have been nor-

malized to the number of photons leav—
ing the tissue per unit area and are cal-

using equation 3.74. The fiber separation

isr = 10.0mm.
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Semi—Infinite 3—Dimensional Medium

Zero Boundary Condition: ¢(r,0) = O
Index Matched: n, = 1.0, n_= 1.0
L - T
"""""" s, = 0.02mm *
oL r = 10.0mm _
o(r,0) = 0

Ln[dT,(r,z)]/Ln[p(r.z)]

DIFFUSION MODEL
—— RANDOM-WALK MODEL

! 1
0 4 8

DEPTH (mm)

12

Figure 4.2.2.5

A comparison of the Residency time from
both the Diffusion and the Random Walk
models, given as a function of depth. The
curve (- ) has been calculated using
equation 3.76 and ( ) from equation
3.77. The fiber separation is r 10.0mm,
and the fundamental optical parameters
are typical of soft mammalian tissue.
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Measurements from vertical plane
containing the source and detection
fibers (Plane A).
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Figure 4.2.2.6

Plots of the residency time from a vertical
plane containing the source and detection
fibers, positioned at —4.8mm and +4.8mm

respectively, as a function of horizontal
probe position at different probe depths.
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Measurements from vertical plane
perpendicular to the source and
detection fibers (plane B).
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Figure 4.2.2.7

Plots of the residency time from a vertical
plane perpendicular to the source and de—
tection fibers, as a function of horizontal

probe position at different probe depths.
The fiber separation is r = 9.6mm.
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Figures 4.2.2.8 and 4.2.2.9 examine the same comparison presented in
figures 4.2.1.9 and 4.2.1.10 but for steady state measurements. The curves have
been calculated using equation 3.76. In this case, the position of the extrapolated
boundary has been calculated for an index matched boundary using the Milne
approximation (equation 3.16). The optical parameters p, = 0.02mm™, and p. =
1.0mm™ are typical of soft tissue and the fiber separation is r = 20mm. The
source was positioned at -10mm and the detector at +10mm. Finally, figure
4.2.2.10 shows the spatial distribution of the residency time for a point source
and a point detector in an infinite medium separated by a distance r = 20mm.
The curves have been calculated using equation 3.63, and once again the optical
parameters are typical of soft mammalian tissue.

4.3 DISCUSSION.

If a narrow impulse of collimated light enters a tissue, it expands into a
distribution of diffuse light. The dynamics of the light distribution can be
considered in terms of two phases.
phase i. The initial rapid increase in population. This phase occurs in the first
few picoseconds depending on the optical properties of the tissue, and the
dynamics of collected light are dominated by scattering, and
phase ii. The subsequent’depopulation’ of the photons. This phase occurs after
the build-up of the photon population. The dynamics of collected light become

dominated by absorption.
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Examines the distribulion in figure 4.2.2.8. But the plane
in which calculations are made is perpendicular to and
midway between the source and Lhe detection fibers.
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For a continuous beam of light incident on a tissue (i.e steady state), the
spatial distribution of the reflectance becomes of prime importance. But a
disadvantage of these steady state techniques is that they require absolute
measurements at a number of different locations on the surface of the tissue,
whereas the time-resolved methods appear to overcome this complication.

The optical properties of tissue greatly influence the volume interrogated
by emergent photons. For example, increased transport scattering coefficient
decreases the volume. Such a result is expected, because the mean-free-path
between scattering sites (A = 1/u7) is reduced with increase in . Detected
photons therefore have less chance of survival in the interior of the tissue and
hence tend to remain close to the surface. Such photons will only carry
information about the tissue optical properties from a smaller tissue volume. The
fact that the residency time distribution te'nds to sharpen as the absorption
coefficient increases is attributed to the fact that, long trajectories become less
likely with large absorption probabilities. Another thing worth mentioning is the
shift in the peak of the profiles. It could be observed that with increase in the
absorption probabilities (or decrease in the transport scattering coefficient) the
peak shifts towards the surface of the tissue.

It is of interest to note from the results that, for a given tissue with specified
bulk optical properties, the volume involved in the measurement of its optical

properties can be controlled by varying the fiber separation both in the steady
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state and in the time-resolved techniques. Moreover, in the pulse state method,
a further control of the volume is possible by varying the detection time. For
instance, measurement at late times will involve the use of increasingly larger
tissue volume. These observations are demonstrated in figures 4.2.1.1, 4.2.1.2,
4.2.1.7 and 4.2.2.2, where it can be observed that the distribution widens and
flattens with increase in the fiber separation and/or the detection time of the
emergent photons.

The adequacy of the model to predict parameters that control the volume
of tissue interrogated during reflectance spectroscopy has been tested by
comparing its results to results obtained from a 3-dimensional random walk
model. The two models predict similar residency-time depth profile and also tend
to agree well. They also predict the same changes in the distribution obtained
by increasing the source-detector separation and p, (Weiss et al 1989). Weiss
et al (1989) have demonstrated analytically that the mean penetration depth of
a photon that emerges on the tissue surface at a distance r from the point of
injection varies as r'? . This model numericz;llly predicts the same variation with
6% uncertainty. Figure 4.2.2.11 shows the dependence of the mean penetration
depth of a photon, <dT(r,z)>, as a function of r'*? for relatively small values of r
as calculated from this model. The data serve to confirm the theoretical prediction
that <dT(r,z)> is proportional to r'’? even for quite small r values, as proposed by

Weiss et al (1989).
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The model can be refined in order to consider the effects of possible
macroscopic spatial inhomogeneities in the optical parameters. Monte Carlo
simulations may be well suited for this purpose. Further work could also be done
using a Monte Carlo approach, at least for the steady state technique as a further
test of the potential of this model to predict photon depth distribution in a turbid

homogeneous tissue.
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Semi—Infinite 3—Dimensional Medium

Zero Boundary Condition, ¢(r,0)=0
Index Matched: n_ = n, = 1.0
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Figure 4.2.2.11

Average residency time of photons that emerge
at a distance r from the point of entry, plotted
as a function of rl/z, for different values of the

absorption coefficient. The points have been cal-
culated using equation 3.76.



CHAPTER FIVE
CONCLUSION

The model described in this report holds promise of providing insight to the
control of the volume interrogated by photons during both time-resolved and
steady state reflectance spectroscopy. However, the problem of inhomogeneities
in the optical properties need to be dealt with. Further work could also be done
using a Monte Carlo approach, at least in the steady state technique as a further
test of the adequacy of this model to predict diffusely re-emitted photon depth
distributions in tissue. It has been demonstrated that time-resolved and steady
state reflectance spectroscopy is a powerful technique in biological medical
research, since it could non-invasively supply both diagnostic and therapeutic
informations of tissues.

In this analysis it has been observed that the volume of tissue from which
information about the interaction coefficients is contained can be controlled in a
number of different ways. In the time-resolved measurements, the tissue volume
can be increased by either increasing the source-detector separation or consider-
ing late-time photon reflectance measurements. Such measurements may be
useful in determining the p, value in larger volumes, e.g brain, liver, kidney and

tumours. Photons that reach the surface at larger times or fiber separations after
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the excitation pulse have, in general, migrated farther from the immediate vicinity
of the source and detector and hence ’carry’ information about a larger volume
of tissue. Early-time or smaller source-detector reflectance data will give
information from a smaller tissue volume, and may be useful in measuring blood
and clots within vessels, the superficial wall of the gastrointestinal and
oesophageal tracts or the first mm of tissue at a catheter tip which receives
strong therapeutic laser irradiation (Jacques 1989).

However, in the steady state, the only means of controlling the volume of
tissue sampled by the re-emitted photons is to change the fiber separation. This
observation has been predicted earlier by Weiss (1989) in his publication.

As discussed by Bonner et al (1987), knowledge of this volume is critical
to understanding which parts of the microvasculature contribute to the flow signal
and in absolute quantitation of the measurements used to quantify tissue meta-
bolism or photochemistry.

Since both steady state technique and pulse irradiation were used in the
analysis, it is worth mentioning here some of their advantages and dis-
advantages. One major disadvantage of time-resolved reflectance spectroscopy
is in its economic constraints, for example, the requirement for picosecond laser
and fast detector currently makes time-resolved techniques more expensive and
hence less suited for routine clinical use. But this may change in the future as

solid state and diode lasers become available in the appropriate wavelength
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range (Patterson et al 1990).

A major advantage, however, of time-resolved scattering measurements is
the ability to deduce the absorption and the transport scattering coefficients of
tissue from measurements of the detected pulse shape at one location on the
tissue surface. Such a strategy is relatively insensitive to some noise sources and
tends itself to endoscopic applications where geometrical constraints make it
difficult to measure the spatial dependence of the diffusely reflected light

(Patterson et al 1990).
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