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ABSTRACT

This thesis describes an optical phenomenon which may occur when biological
tissues are irradiated with therapeutic laser light at powers above the thermal
denaturation threshold. The scattering coefficient of most tissues changes with thermal
denaturation. This may alter both the light distributions within and the light distributions
emerging from the tissue during the therapy. The former effect may require a non-linear
description of the thermal interaction whereas the latter may offer the opportunity to
observe the progress of the therapy.

The clinical uses of lasers in medical therapy and diagnosis are reviewed in the
first chapter and physical background information on light and heat transport in tissues
are presented. Existing reports on changes in optical coefficients with temperature are
collected and discussed in the second chapter. In the third chapter the mechanisms
involved in the thermal damage to tissues are examined by means of transmission
electron microscopy, experimental measurements of the denaturation kinetics of tissue
and a theoretical modelling of cell survival. In the fourth Chapter, a stochastic model
for the calculation of light distributions in tissues is described and validated against
analytical solutions. Subsequently, it is used to study the effect of different combinations
of absorption and scattering coefficient on the light distributions within and emerging
from the tissue. Experimentally determined values of absorption coefficient, scattering
coefficient and single scattering phase function of rat liver, human aorta and human
prostate are presented in the fifth chapter. The optical coefficients were measured both
on native and thermally damaged tissues. The final chapter suggests a model for the
calculation of temperature distributions in tissues during pulsed laser irradiation. This
model relies on the light distributions given by the stochastic model and uses a finite
element approximation to the heat diffusion equation. Examples of changes in

temperature distributions with changes in optical coefficients are presented.
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CHAPTER 1

INTRODUCTION

“I had been told about this, and I easily recognized it from the description (...).
Finding one corner, I ran my fingers along the edge, only to find that I could
not reach the other end. I worked my way along the front and was amazed at
its size. The front was carved with hard, cold letters. They stood out boldly, but
I could not be bothered reading them. The top was as smooth as silk, but how
far back did it go? I stretched my arms out over it but could not reach the
back. This was incredible. It must have a back somewhere. Pushing myself up
on to it, my feet hanging out over the front, I could reach the back. I did this
again and again, measuring it with my body, till at last I began to have some
idea of its proportions (...). There were several places on the polished surface
which were marked with long, rather irregular indentations, not cracks, but
imperfections of some kind.”

JOHN M. HULL, Touching the Rock

What we generally call light is only a narrow band within a wide spectrum of

electromagnetic waves. Nevertheless, the pair of organs specialized to sense this physical

quantity, the eyes, are the key source of information to our body about our environment.

In many ways, light is extremely important to our lives. It is not surprising, therefore,

that in human history light has often been considered as being more than a physical

quantity. Mystification of light as the origin of life, a sign of divine power, and a source

of health can be found in virtually all cultures at all times. The destructive effects of

intense light on tissue wereAalready known to Socrates (although he probably did not

know that this involved thermal damage to the retina). Within a dialogue of Plato’s
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Phaedo he warns against looking directly into the sun during an eclipse.

An early effort to use the destructive effect of light on living tissue in a
controlled manner for medical therapy was reported at the turn of the century, when
fluorescent dyes were used for a selective therapy of tuberculosis cutis luposa. This was
a first attempt at Photodynamic therapy (PDT)'. There are also early reports on the
diagnostic use of light in medicine. Oximetry on thin lobes of tissue such as the ear or
the cheek was one of the first qualitative applications®.

The technical development of the LASER, the acronym for Light Amplification by
stimulated Emission of Radiation, stimulated in many ways the revival of a mystification
of light for medical purposes. In fact, one of the earliest applications of this new
scientific tool was of a medical nature. By focusing the laser beam onto the fundus of
the eye, it was possible to accurately weld a detaching retina and save the patient from
blindness. Indeed a mystical source of power! Since these early "hit and see"
applications of laser light in medicine, an enormous range of uses have emerged. Based
on considerable improvements in the understanding of the interaction of laser light with
tissue, special therapies have been identified for which there is no alternative.
Sometimes, only a laser can do the job.

This thesis aims to contribute to the general understanding of light transport in
tissue for the therapeutic application of laser light. Specifically, it investigates the impact
of laser-induced heating on the optical properties of the tissue. Knowledge of the optical
properties of tissue and any changes induced thereupon during the thermal interaction
with the laser light are of great concern for the following two important reasons.

»  Changes in optical properties may alter the light distribution within the tissue and
hence the distribution of the heat source. Any significant change would lead to
a non-linear thermal interaction.

»  Changes in optical properties may also alter the light distribution emerging from
the tissue. A good knowledge of the optical properties of native tissue and their
dependence on the thermally damaged state of the tissue may enable the
observation of the progress of the therapeutic process.

In an attempt to contribute to the latter development, extensive experimental work has
been carried out to compile a set of optical properties of thermally damaged tissues. For
some of the tissues studied, such a set has not been available in the literature before

now. A contribution to the investigation into the non-linearity of the thermal interaction
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is made by exploring light and temperature distributions by means of a numerical model
of light and heat transport in tissue.

The remaining part of this introduction is intended to familiarize the reader with
the general concepts underlying the interaction of light with tissue. But before that, a
very brief and far from complete review of important therapies and diagnoses relying
upon laser light is given in Section 1.1. Some of them are still in an experimental stage,
others have found their way into hospitals as routine clinical techniques. An important
complication of light transport in tissues at visible and near infrared (NIR) wavelengths
is the low absorption compared to the scattering of light. The general concepts of tissue
optics and of light scattering by small particles are introduced in Section 1.2. Section 1.3
deals with the theoretical background of multiple scattering of light and discusses
models of light transport which enable the calculation of light distributions within highly
scattering media. The ultimate aim of most therapeutic laser applications is the
generation of heat in the tissue. Section 1.4 discusses the general concepts behind heat
transport as applied to tissues. Each of these sections refer to relevant chapters in the
thesis, where a particular topic is discussed in more detail. However, easy access to the
contents of the thesis is provided in the last section of the introduction (Section 1.5)

which is also intended to provide the reader with a general guide.

1.1 APPLICATIONS OF LASERS IN MEDICINE

1.1.1 Therapeutic applications

Therapeutic applications of laser light can be classified according to the
fundamental physical effect of the interaction with tissue. Four classifications may cover

the whole range of interactions. These are photochemical, photothermal, photoablative,
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and photomechanical effects. Boulnois arranged these in an excellent review® according
to the radiant energy fluence and the radiant energy fluence rate required to achieve an
effect within each category. Numerous reviews are available on the therapeutic use of
lasers, which also provide sources of reference (see, for example Carruth and
McKenzie®, Parrish and Wilson® and Welch et al.%). Applications resulting in the
surgical excision or alteration of tissue rely mostly on the last three categories, whereas
other applications such as photodynamic therapy (PDT), laser hyperthermia and laser
biostimulation aim to achieve photochemical and low temperature photothermal effects,
or a combination of the two, in tissue. The following parade of therapeutic uses of lasers
is organized roughly according to the wavelength of the light applied. This covers the
range from the ultraviolet (UV, A<390 nm) through the visible (390 nm<A<780 nm) to
the infrared’ (IR, A>780 nm).-

Photorefractive Keratectomy. The shape of the cornea can be changed by using
193 nm ArF excimer laser pulses to ablate the surface of the cornea and hence change
the refractive power of the eye according to the visual disorder’®. There was at first
considerable disagreement about the physical processes involved in this but it seems now
that the ablation may be regarded as photothermal rather than photoablative®. In the
latter case the photon energy is in theory sufficiently high to cause the direct fracture
of molecular bonds. The technique is currently restricted to the treatment of myopia. A
new technique for the treatment of myopic astigmatism and hyperopia using a mask
which is itself ablated during the treatment in correlation to the required change in
cornea shape, is currently under development'®!!,
248 Laser Angioplasty. The treatment of arterial occlusions by means of both
249 nm KrF and 308 nm XeCl pulsed laser light has also been investigated'?. Although
a technique of great potential, it still remains the subject of controversy™ and has yet
to prove entirely successful in follow-up studies. Based on recent statistical results of
controlled studies, it may be questionable whether laser angioplasty will be an effective
therapy on its own'. Nevertheless, it can provide surgical advantages when used in

combination with other therapies (eg. balloon dilatation)™.

t The IR may be subdivided into the NIR (0.78-3.0 um), the intermediate IR (3.0-
6.0 um), the far IR (6.0-15.0 nm) and the extreme IR (15.0-1000 pum). There may
be some confusion with the term NIR which is used in diagnostic tissue optics
denoting the wavelength region of minimum overall attenuation of tissue (780-
1200 nm).
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Ophthalmic Applications. The use of lasers in ophthalmology has played a key
role in the development of general medical applications of the laser and the
understanding of the biophysical processes involved in the interaction of tissue with laser
light. Two interesting reviews'>'® offer insight into the historical aspects of this
development. A laser may be used, for example, for the treatment of glaucoma to open
a pathway into the canal of Schlemm by placing a thermal lesion around the trabecular
mesh'” or by generating an acoustic shockwave to disrupt the trabecular meshwork
locally’®. Green Argon ion laser light (514 nm) has been routinely used in
ophthalmology as one of the first successful laser therapies'®. Applications include the
effective treatment of retinal detachment, macular degeneration, and proliferative
diabetic retinopathy. For some of these therapies, the laser is the only effective method
of treatment.

Dermatological Applications. There is no alternative to the laser in the
treatment of dermal vascular lesions®*' (port wine stains). Although this is not a life-
threatening pathological condition, patients suffering from such lesions on exposed areas
of the body often seek help for cosmetic reasons. Furthermore, in severe cases, port
wine stains often cause extreme psychological distress. The optimal treatment for port
wine stains, which can depend on the age of the patient, has been identified as being
provided by the flashlamp pumped dye laser emitting at a wavelength of 585 nm and
a pulselength of about 0.5 ms?. Theoretical considerations®? have reinforced the
clinically observed high rate of successA with this laser. Other applications in
dermatology include the financially very rewarding removal of tattoos”. The physical
principle common to both these dermatological therapies is the confinement of the
physical effect of the laser light to the lesion volume, either the small capillary blood
vessels of the port wine stain or the pigment particles of the tattoo dye, thereby
achieving maximum selectivity and minimal damage’to surrounding tissue. In both cases,
the wavelength and the duration of the laser pulse is selected carefully to match the
optical and thermal properties of the target. |

Lithotripsy. Short, powerful laser pulSes have been applied to stone
fragmentation®® as an alternative to extracorporeal lithotripsy (ECL), a technique based
on the generation of acoustic shock waves outside the body. The underlying principle
of the laser technique relies on an optical breakdown close to the target, either on the

surface of the stone” or in the liquid between the stone and the end of the laser light
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delivery fibre®®. The plasma formation results in an intense pressure wave which leads
to destructive stresses being imposed onto the stone. The laser wavelength may be
chosen according to the pigmentation of the stone, or a particular irrigation liquid®
may be used to increase the probability of optical breakdown. The flashlamp pumped
dye laser at 1 ps pulse length or, more recently, the Q-switched Nd:YAG laser are often
used in this technique®. An alternative has been found with the Alexandrite laser
(tunable between 730 and 780 nm). Laser lithotripsy is most successful as an alternative
to ECL in the treatment of ureteral stones®..

Photodynamic Therapy. PDT has been the subject of intense research effort for
some decades®. Its physico-chemical principle is believed to be the generation of toxic
singlet oxygen resulting from the interaction of tissue oxygen with an exogenous
photosensitiser which is itself sensitised through absorption of light within a specific
spectral range®. The technique is predominantly applied to the therapy of cancers
within body cavities and of the skin. Although there is some selectivity in the retention
of the photosensitiser by cancerous cells compared to normal cells, the therapeutic effect
may not always be confined to the diseased tissue. Research in this area is devoted to
improvements in dosimetry and a search for new, improved photosensitisers, particularly
ones which are activated by longer wavelengths where optical penetration of tissues is
higher. Common to all PDT photosensitisers is a relatively broad absorption in the visible
red or NIR parts of the spectrum®. These wavelengths are used for excitation, either for
therapy or diagnosis through generation of fluorescence.

Photocoagulation. The distributed heat source generated by Nd:YAG laser light
in tissue has been used for the thermal coagulation of bleeding from large diameter
arteries. A typical example where the application of laser light may be the therapy of
choice is the treatment of upper gastrointestinal bleeding®. Directed through a small
diameter optical fibre positioned within the operating channel of a flexible fibre optic
endoscope, the laser light induces heating of the tissue which can seal, for example,
bleeding ulcers. The underlying mechanism is a shrinkage of the surrounding tissue
following denaturation. This leads to a constriction of the vessel and the subsequent
formation of a thrombus. Most frequently, the Nd:YAG transition at 1.064 um is used
for this technique, but the 1.32 pm transition has also proved effective. There are
numerous other endoscopic applications using the Nd:YAG laser, including the palliation

of some inoperable tumours of the oesophagus®, bronchi®*, colon®’ and rectum.
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Common to all these therapies is the use of laser energy to generate heat in the tissue
producing temperatures above the thermal damage threshold. They also show the great
strength of the laser as a surgical tool when combined with the use of an endoscope. For
the treatment of some conditions, lasers have been shown to offer advantages in respect
of less patient discomfort, shorter hospital stays, and (sometimes) reduced treatment
cost™®,

Welding. A further example where heat denaturation of tissue following laser
irradiation may provide a therapeutic effect is the anastomosis of small blood

vessels**#

. The denatured ends of collagen fibres present in the arterial walls have
been identified as the source of adhesion between the two ends of the vessels*. The
CO, laser at wavelength of 10.6 um and the Nd:YAG laser emitting at 1.064 pm have
each found use in this technique.

Interstitial Photocoagulation. In the treatment of cancers, particularly of the
breast and the liver, low power 1.064 um Nd:YAG laser light has been used to generate
necrotic lesions which are subsequently replaced by benign scar tissue*2. Large volumes
of thermal damage (up to 30 mm in diameter) have been successfully attained using
several fibres which distribute the light and heat source”* and locally destroy
tumours***,

Photothermal Ablation. Reaching the long wavelength extreme of the spectrum
of therapeutic applications, laser techniques are concerned more with the cutting and
ablation rather than the coagulation of tissues. The dominance of the ablative effect in
the IR is caused by the deposition of energy in a relatively small tissue volume due to
the high absorption of IR wavelengths by water, a major constituent of tissues. The most
commonly used "laser scalpel” is the CO, laser, emitting at 10.6 um, which has long
been used in medicine and surgery to incise tissue”. Its effects on tissues have been
analyzed in great detail®**. The recent technical advances in solid state laser
technology have provided genuine alternatives which may present possible improvements
to this standard. Noteworthy are the Er:YAG laser™' at 2.94 um, the Ho:YAG
laser’>® at 2.1 um, and a newly utilized transition of the Nd:YAG laser” at
1.44 pm all of which still have yet to find their way into routine clinical practice. By
using short laser pulses at wavelengths which are absorbed strongly, such as 2.94 pm,

residual thermal damage to tissue can be minimized®. This may offer the possibility

of predictably and reproducibly generating the desired thickness of thermal damage, in
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particular when two wavelengths are combined. Beside their technological advances, the
shorter wavelength of these solid state lasers may enable the delivery of the light using
optical fibres*® which would extend their potential applications to flexible endoscopic
surgery. This could eventually make IR solid state lasers the instruments of choice for

most applications.
1.1.2 Diagnostic applications

The diagnostic uses of light may be classified into the determination of
physiological parameters and the acquisition of anatomical information. Again, the
following selection of examples is by no means complete.

Oximetry. Eaﬂy diagnostic applications of light to tissue involved the
determination of oxygen saturation. Based on changes in the absorption of haemoglobin

(see Section 2.2), Nicolai showed in a series of two papers™~®

changes of
haemoglobin oxygenation of a hand. Shortly after Nicolai, Matthes and Gross developed
one of the first instruments for tissue oximetry®. An excellent collection of articles and
reviews on oximetry is available®. The development of pulse oximetry enabled the
direct determination of the oxygen saturation of arterial blood®. The technique utilizes
the repetitive change in attenuation due to small changes in arterial blood volume with
each heart beat. Background attenuation caused by tissue scattering and residual
absorption due to other tissue chromophores and haemoglobin in the capillaries and the
venous compartment could thus be disregarded. Recent advances both in technological
developments® and in the application of physical principles®®*® in NIR
spectroscopy allow the quantification of changes in tissue attenuation in terms of
changes in the concentration of tissue' chromophores. Of particular interest for the
determination of tissue oxygenation and haemodynamics are concentration changes in
oxygenated and deoxygenated haemoglobin, and in cytochrome aa,. From dynamic
changes in haemoglobin concentrations, clinically relevant data such as cerebral blood
volume® and cerebral blood flow” can be derived. This technique has been
developed predominantly for, and very successfully been applied to, neonatal intensive
care. Currently emerging applications include the measurement of fetal cerebral
oxygenation during labour®, patient monitoring of cerebral oxygenation during

anaesthesia®, and the assessment of vascular disorders in the limbs™.
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Blood flow. The assessment of microcirculation in the skin and the determination
of blood flow by means of a laser doppler flow technique was first demonstrated by
Stern”. Light being scattered back from erythrocytes undergoes a Doppler shift
according to their velocity relative to the angle of incidence of the laser light. The data
can be quantified, and diagnostically meaningful data in terms of speed (m/s) and flow
(m?s) can be obtained””.

Photoacoustic spectroscopy. Photoacoustic spectroscopy (PAS) may also be used
to assess physiological parameters. The determination of blood glucose concentrations
by means of PAS has been investigated in vitro with the unlikely prospect of the
development of a non-invasive in vivo technique to measure glucose levels of
diabetics™. An application to ophthalmology was suggested by Spahn™. His
experimental observations suggest that it may be possible to determine the intraocular
pressure using PAS. By means of thermoelastic waves generated by short laser pulses it
may be feasible to distinguish between differently pigmented tissues and obtain
structural information about layered tissues. A potential application is the diagnosis of
diseased areas in blood vessel walls to evaluate and control the effect of laser
angioplasty’. This technique is in an early stage of development and has yet to show
that differentiation between normal and diseased areas of arterial tissue and measurement
of the thickness of a lesion is possible in vivo.

Imaging. Recently, significant attention has been paid to the use of NIR light as
a new imaging modality. The aim of the technique is the generation of a tomographic
image of variations in either absorption or scattering coefficient from data of diffuse
light intensity emerging from the illuminated tissue. Transillumination of parts of the
human body has been explored for several years”"® and relies on the relatively low
attenuation of light by tissues between 700 and 1000 nm. The principle of time resolved

spectroscopy®*7*4

which employs short laser pulses (ca. 1 ps) and a fast detector (ca.
10 ps temporal resolution) has given new promise for the development of such an
imaging system. Theoretical work is under way to find solutions to the inverse problem
to obtain tomographic images from experimental measurements of the mean time delay
of short laser pulses or the phase shift of a frequency modulated light source in

tissues®!8283,
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1.2 PHYSICAL BASIS FOR SCATTERING AND ABSORPTION OF LIGHT

We experience the effect of scattered light every moment we "see” an object in
our environment with our eyes. Seeing our hands, for example, requires that a fraction
of the light falling onto the skin is redirected in some way and eventually reaches our
eyes. Light is being scattered from our skin into our eyes. The physical principle of
scattering is the same for all objects. It requires some degree of heterogeneity of the
object on a molecular level. If an electromagnetic wave is penetrating an object,
oscillatory motions of the electrical charges (electrons and protons) comprising all matter
are induced. But these oscillating charges re-radiate an electromagnetic wave themselves.
If there is no change in energy between illuminating and emitted electromagnetic wave,
i.e. if the wavelength stays the same, the light is scattered elastically. Inelastic scattering
is observed, e.g. in Raman scattering or Brillouin scattering, when there is some degree
of energy difference between the incident and emitted electromagnetic wave. Absorption
of light means there is no emission of a secondary electromagnetic wave, but the energy
content of the incident wave is transformed into other forms of energy (e.g. molecular
vibrations, thermal energy).

It is difficult and unnecessarily complex to describe the penetration of an
electromagnetic wave in optically dense media on a molecular level. Instead, the use of
the complex refractive index (the real part of the complex refractive index n+ik is
commonly used in diffractive optics) can adequately describe the bulk optical properties
of a particle as small as 10 nm diameter. The complex refractive index summarizes the
optical properties of the molecules of an object and therefore depends on the properties
of the individual molecules. It depends also on the density of molecules in the medium.
Hence, local fluctuations in density are the source of scattering in otherwise
homogeneous media. The real part (n) of the complex refractive index determines the
magnitude of scattering by an object, whereas the imaginary part (k) defines the amount
of absorption. This description is commonly referred to as anomalous dispersion, a
general analysis of which can be found, for example, in Jenkins and White®.

Refractive index inhomogeneities within tissues are predominantly caused by
particles of different molecular composition, and hence different refractive index,

compared to the surrounding medium. Since the shape of particles in tissue is
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multifarious and their molecular constitution is heterogeneous in most cases, the
theoretical treatment of the scattering of an electromagnetic wave by such a particle is
extremely difficult, if not impossible in most cases. Nevertheless, if the particle is
considered to be composed of numerous dipoles distributed over its volume, a qualitative
approximation of the resulting scattered wave may be obtained by superimposing the
secondary waves from each of the dipoles. This is a simplified model because, in
practice, the interaction between individual dipoles cannot be ignored. In general, if the
dimensions of the particle are small compared to the wavelength, an isotropic scattering
pattern is obtained (Rayleigh scattering). This is because the phase shifts between the
secondary electromagnetic waves are small. The larger a particle is, the more important
constructive and destructive interference between the emitted waves becomes. A

complicated angular scattering distribution is the result.
1.2.1 Terminology in tissue optics

If a parallel beam of light is incident on a particle, part of it is absorbed and part
of it scattered. Absorbed light is dissipated as thermal energy. Scattered light changes
direction but keeps its energy. Throughout this thesis scattering is always used in the
meaning of elastic scattering, since processes involving inelastic scattering in tissues are
regarded as being negligible at IR wavelengths. When light is being scattered or
absorbed by a particle, a reduction of light intensity can be measured compared to the
intensity without the particle obstructing the beam. According to the magnitude of this
effect the particle can be characterised by a total or extinction cross section G, which is

the sum of scattering cross section o, and absorption cross section G,.

0,=0,+0, (1-1)

By taking into account the number of particles per unit volume N/V, a total attenuation

coefficient |, again comprising the sum of the scattering coefficient p, and the
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absorption coefficient |, can be attributed to a collection of the particles':

N N_ N
“No-No«Noop+ (1-2)
ut Vl Vﬂ V.I‘ua u.l‘

The single scattering albedo a is simply defined as the ratio pu/p,. Commonly, the
extinction properties of particles are expressed in form of an extinction "efficiency” Q,
by dividing ©, by the cross sectional area of the particle. The physically more relevant
and meaningful parameter is, however, the volume attenuation coefficient o, which is
the extinction cross section per unit particle volume, v (again, o, can be expressed as the

sum of o, and o

a=2 (1-3)

This is proportional to p, with a proportionality factor given by the volume fraction
f,=Nv/V.

To complete the description of single scattering, the angular distribution of
scattered light has to be included. The probability of scatter from an initial direction §’
to a final direction § can be expressed in the form of a differential scattering coefficient
dp(8°,8) if it is assumed that it is independent of the direction of the incident light, i.e.
the scatterers are randomly organized. Normalized over the solid angle, this will provide

the scattering phase function (SPF) f(§”,5):

A8y =L angerey = [ 1 du 8.8 (1-4)
m J [ n, du.8)a0

Weighted by the SPF, a mean cosine of scattering angle, g, also called the anisotropy

parameter, can be calculated:

M, is also found in the simple exponential relationship described by the Lambert-
Bouguer law: I =l ,exp(-u,d) where I, describes the incident intensity and /, the
intensity measured when [, is attenuated by a slab of absorption coefficient p,
and thickness 4. In fact, 1, can also be expressed in terms of the complex
refractive index as p,=4mk/A.
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g= £ f(9)cos(d)dgY (1-5)

¥ is the angle with respect to the direction of the incident light and azimuthal symmetry
is assumed for the integration over the whole solid angle Q. The product p(1-g) is
called the reduced scattering coefficient (or transport scattering coefficient) and, together
with the absorption coefficient ,, is a key parameter for the analytical solution of light
transport models (see Section 1.3.2). A comprehensive summary of relevant terms in
tissue optics was given by Patterson et al.*>. Since there is still a lack of a common
terminology in tissue optics, where possible the nomenclature in this thesis was chosen
to be identical to that of Patterson et al.

The practical measurement of p,, M, and the SPF involves a number of
experimental difficulties, and, to some degree, the solution to an inverse problem. The
inverse problem, in this case, is defined as the search for a set of parameters (,, M,
SPF) which give rise to a set of observables (eg. reflectance, transmittance, fluence rate
in the object). The difficulty arising in tissue optics is that the latter depend not only on
the optical properties, but also on the geometry of the object. In contrast, the forward
problem is defined as the calculation of macroscopically observable parameters from a
given set of optical properties. A solution to this inverse problem is used in Chapter 5
to determine Y, and p, of tissues. Examples of resulting light distributions are presented

in Chapter 6 using a numerical model to solve the forward problem.
1.2.2 Scattering by spherical particles

There is an analytical solution to calculate scattering and ‘extinction Cross sections
of spherical particles as a function of particle size, wavelength of irradiating light and
refractive index (Mie theory). An excellent source of information on the scattering of
light by small particles is available®. Single particle scattering describes the scattering
of an electromagnetic wave by either a single particle or a collection of particles where
the number of particles per unit volume is low enough that the event where a wave
scattered from one parﬁclc is subsequently scattered by a second particle is negligible.
In general, single particle scattering and Mie theory of scattering by spherical particles
in particular, is not directly applicable to tissue, where multiple light scattering

dominates and this condition is not fulfilled. Models of radiation transport may be
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Figure 1.1: Mie theory calculation of the scattering of 1.064 pum light by particles
of varying radius and relative refractive index N,/N=1.053.
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applied instead (see Section 1.3 and Chapter 4). Furthermore, objects in living tissue are
shaped very irregularly and vary in size. Nevertheless, a brief discussion of the
scattering properties of particles similar in size to the scattering objects found in tissue
(see Section 1.2.3) reveals general features which may also be found in the analysis of
bulk scattering properties of tissues.

Gustav Mie’s description of the scattering of a plane electromagnetic wave by
a spherical particle® is exact since it is the solution of Maxwell’s equations in a
spherical geometry. It is also a complete theory. The scattering of the whole spectrum
of electromagnetic waves by all sizes of spherical particles is described well by this
theory. The applications range from atmospheric scattering across radar to astronomy.
The solution is an infinite sum (shown here only for the scattering cross section, but a

similar expression can be obtained for the extinction cross section)

o;% i Q@n+1)(|a >+ b | (1-6)
n=l

where the expressions a, and b, contain somewhat irritating modified Bessel functions
and take into account the ratio m of the complex refractive indices of particle (V,) and

surrounding medium (N):

m= N, M +ik, 1-7)

N n+ik

Computer programs are available to calculate the extinction cross sections for an
arbitrary particle radius and wavelength. Such a program can be found in Bohren and
Huffmann®. The speed of convergence is determined by the size parameter x,,

X, =ka= Z“i"“ (1-8)

where a is the particle radius and A is the wavelength of the incident electromagnetic
wave. An example of the use of Mie theory is shown in Figure 1.1 and Figure 1.2. The
parameters have been chosen to be similar to those which may be found for particles in
tissue (see Section 3.2 and 5.3).

Figure 1.1 shows a set of Mie theory results for volume scattering efficiency a,
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Figure 1.2: Mie theory calculation of the scattering by a particle of 100 nm radius
for a spectrum of wavelengths in the infrared (relative refractive index
N,/N=1.129).
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as a function of particle radius for a fixed illuminating wavelength of 1.064 um and a
fixed refractive index. In Figure 1.1(a) o is plotted as a function of particle radius for
a relative refractive index of 1.053 (the imaginary part of the refractive index was
chosen as 0 for the calculation, such that no absorption occurs). The volume scattering
efficiency is very small for small particles (Rayleigh scattering with 1/A* dependence for
a particle radius smaller than 250 nm) and increases towards larger wavelengths. It starts
to drop again for particles very much larger than the wavelength. The particle radius of
largest o, is about 3.5 um. Figure 1.1(b) shows the variation in g over the same
wavelength range. From isotropic scattering at small particle radii, the anisotropy
increases to strongly forward directed scattering for particle sizes of the order of the
illuminating wavelength (1.064 pum). In the case of multiple scattering, when the product
of (1-g) and o has to be considered which is shown in Figure 1.1(c), the particle radius
of highest scattering efficiency is about 0.2 um.

Figure 1.2 is a similar graph where the effect of a variation in wavelength for
a fixed particle size has been investigated. The particle radius was chosen to be 100 nm
with a relative refractive index of 1.129. With increasing wavelength, the particle size
parameter (see Equation (1-8)) reduces and the resulting scattering properties, therefore,
move towards the Rayleigh regime. The result is a decrease in ¢, with wavelength, g
also reduces, and hence (1-g) approaches unity with increasing wavelength. This has the
consequence that the change in o (1-g) with wavelength runs parallel to the decrease in
o, itself. As will be seen later (see Chapter 5), this dependence can also be found in the

reduced scattering coefficient of tissue.
1.2.3 Origins of scattering in tissue

The most abundant material present in soft tissue is water with a refractive
index® of n,=1.326 at A=1.064 um. Refractive index variations which give rise to
light scattering originate from cellular structures predominantly composed of proteins
and lipids. The refractive index of these structures of cellular and sub-cellular
dimensions, which is usually higher than that of water, can be determined using either
of two optical microscope techniques. These are quantitative phase contrast microscopy
and interference microscopy. The image produced by both techniques depends on the

phase shift imposed by a cellular structure, and hence the refractive index.
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Table 1(i) Specific refractive index increments for tissue constituents to calculate

the refractive index from Equation (1-9). Data from Ross®.

Substance Specific refractive
index increment P

Blood constituents

Plasma albumin (bovine) 0.001862
Serum albumin (human) 0.001862
Serum globulin (human) ' 0.001830
Fibrinogen (human) 0.001880
Haemoglobin (human) 0.001942
Beta-lipoprotein (more than 75% v/w lipid) 0.001700
Amino acids
Glycine 0.001790
Alanine 0.001710
Valine 0.001750
Tryptophan : 0.002500
Nucleic acids
DNA 0.001810
RNA 0.001940
Carbohydrates
Sucrose 0.001410
Glucose 0.001430
Starch 0.001330
Diluted inorganic salts
NaCl 0.001630
KC1 0.001150
CaCl, 0.002100

An estimate of the refractive index of cellular solids may be obtained by
assessing their density®. Proteins, lipids and amino acids are contribute most to the
density of cellular structures and may be regarded as being dissolved or finely dispersed
in water. Hence, the refractive index n, of this solution can be calculated by assuming

a specific refractive index increment B above the refractive index of water

n,.=n, +BC, 1-9)

where C, is the concentration of cellular solids expressed as a percentage weight divided
by the volume of the solution (% w/v). The specific refractive index increments for
various materials found in tissue are summarized in Table 1(i). The data is taken from
Ross® and, although reported for visible wavelengths, may be applied to IR wavelengths

as well, since the refractive index does not vary substantially with wavelength.
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1.24 Origins of absorption in tissue

The discussion in this thesis is restricted to wavelengths in the IR. Visible
wavelengths are excluded. The number of components providing a significant
contribution to optical absorption by tissue in the IR is small. Water dominates
absorption in the IR due to both its high absorption coefficient and its high concentration
in soft tissues. At wavelengths towards the short end of the NIR, below 1.2 um, there
may be some significant contribution made by haemoglobin (see Section 2.2). The
absorption coefficient of water in the IR is shown in Figure 1.3. The data for this graph
is taken from a review of the optical constants of water by Hale and Querry®. A linear
scale was purposely chosen on the ordinate. The NIR region is also plotted on a higher
resolution axis (1/100 scale) to reveal the structure in the spectrum. Virtually all
publications have chosen a logarithmic plot when discussing water absorption and its
effect on light transport in tissue. Although necessary to reveal features in addition to
the fundamental absorption bands, logarithmic display may intuitively obstruct the view
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Figure 1.3: Absorption coefficient of water in the IR. Data taken from Hale and

Querry®. Note the different scales used in the graph.
grap
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of the enormous variation in the water absorption coefficient with wavelength, and may
lead to an underestimation of the dynamic range one has to deal with when investigating
absorption effects at different wavelengths in the IR. Between 1 and 10 um the
absorption coefficient of water varies from 0.01 mm to more than 1000 mm™ - a range
of more than five orders of magnitude! The origins of tissue absorption and its

dependence on temperature are analyzed and discussed in more detail in Chapter 2.

1.3 MULTIPLE SCATTERING OF LIGHT

It has been mentioned that Mie theory, and single particle scattering in general,
is practically impossible to apply to light transport in tissues. Attempts have been made
to solve Maxwell’s equations for multiple scattering®®'. In general, a solution can be
found for a random medium with spatial fluctuations in refractive index®*. Although
such an approach is physically appealing, it is of enormous complexity. Furthermore,
a priori knowledge of the spatial random fluctuations in the refractive index is needed.
It seems virtually impossible to obtain this information to the required accuracy. A more
successful approach has been the theory of radiative transfer, aspects of and solutions
to which will be discussed within this section. For a general overview, there is an
excellent review by Patterson et al. of models of radiation transport and their application

to the propagation of light in tissue®.
1.3.1 Equation of radiative transfer

The central equation governing the transfer of photons in a scattering medium
can be derived by evaluating the balance of radiance L(r,§) in an infinitesimally small
tissue volume. Such a volume is shown schematically in Figure 1.4. A net radiance
incident on the volume is attenuated according to the total attenuation coefficient of the

medium and the infinitesimal length ds:

dL(r$) = -p L(r.§)ds (1-10)
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Figure 1.4: Schematic drawing to illustrate the contributions to the energy

radiance L(Q) in an infinitesimally small tissue volume.

To form the equation of radiative transfer two more terms have to be added on the right
hand side of Equation (1-10). These are a source term S(r,f) and the contribution of
light scattered from all directions §” into the direction §, the distribution of which is

given by the SPF (see Equation (1-4)).

dL(r§) = ~uL(r§)ds + j du(rs! $)dQ L(rg') + Sars)  (1-1D)

This equation is equivalent to the linearized Boltzmann particle transport equation which
finds use, for example, in neutron transport theory. The important feature of
Equation (1-11) is the term contributed by light scattered from all directions into the
forward direction §. This term is a weighted integral dependent on the SPF. If this term
was not present, a solution to Equation (1-11) would be easy to find. In this case, the
exponential decay of light penetrating ds according to the total attenuation coefficient
would satisfy the radiative transfer equation and the solution would be identical to that
given by the Lambert-Bouguer law. It is the term weighted by the SPF which both
includes the effect of multiple scattering and makes the search for analytical solutions
to Equation (1-11) sometimes awkward, often difficult and in most cases simply
impossible. There is no general analytical solution known and approximate solutions

often use boundary conditions which do not apply in real tissue.
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