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Abstract

A Monte Carlo simulation is used to simulate the emergent light distribution from a
turbid media sample placed in the probe beam arm of a scanning low-coherence
interferometer that is used to build-up voxelated images in three-dimensions. The
sample is a simple three-layered model with an embedded cylinder which simulates
the physical and optical properties of skin for near-infrared light passing through the
sample. Coherent light from an input probe beam of variable profile and incidence
angle is traced through the sample by means of ray-tracing, and any emergent beams
are collected in a sample surface array which also logs any emergent Monte Carlo
generated photons reaching the surface. At the surface, the heterodyne to non-
heterodyne signal ratio (HNHR) measured by a user-defined variable geometry
detector is calculated for each point upon a linear scan of the detector position across
the sample surface. A coherence gate is set to image a voxel located at the uppermost
point of the blood vessel-simulating cylinder. Monte Carlo simulations are
performed for various input probe beam angles and probe beam profiles, and the
HNHR analysed for various detector geometries by varying: the detector area, central
detector axis angle and the acceptance angle at the detector. The Monte Carlo results
confirm the benefit of confocal detection, and indicate that angular decoupling of the
light delivery and detection systems can improve differential HNHR measurements
at scan extremities by 25 to 30 dB provided that stratum corneum is either removed
or the sample index matched to the imaging system. Also presented is the description
of a prototype experimental low-coherence' interferometer system and some of the
results derived from it: at its best this system was able to measure reflected coherent
signals with a dynamic range approximating 130 dB.
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Chapter 1D Introguction

Introduction

The past decade has seen an enormous increase in the use of, and research into,
optical techniques for use in in-vivo medical applications for diagnostic, therapeutic
and imaging applications, with a concomitant increase in the use of modelling to
analyse and predict the measured results or effects of these various experimental

techniques.

Behind these optical techniques, some of which are outlined in sections 1.1 and 1.2,
has been much research work into not only modelling techniques, as described below
in section 1.3, but measurement of optical parameters of tissue both in-vivo and in-
vitro. (Some measured values for the tissue types and wavelengths of interest to us

are given in section 3.4)

In sections 1.1 and 1.2 below, we outline some of the uses to which these optical
techniques have been put. Generally these sections present a broad overview of the
techniques used in the field and attention is draw to the references therein for further
detail. The exception to this broad generality is in section 1.1 where we go into a
more detailed discussion of the technique of low-coherence interferometry to
illustrate the technique from which the ultimate hypothesis of this thesis and the

subsequent results to test that hypothesis were derived.

The sub-divisions 1.1 to 1.3 below are for convenience only, and are not categorical
divisions with impermeable boundaries between them: their contents can and do
overlap; indeed one ultimate goal for these techniques is the combination of imaging

techniques and diagnostic techniques for performing localised in-vivo spectroscopy.

1.1 Imaging techniques

In this section we give a brief summary of the main techniques used for forming
images using optical and near-infrared radiation. Use of such wavelengths is being
actively investigated at present in biological tissues due to the non-ionising
properties of this radiation and the spectral properties of tissues at these wavelengths

(see section 3.2), even though there are inherent problems in imaging through any

13



Chapter 1: Introduction

great thickness of such highly scattering-dominated media. Furthermore, optical
techniques can be of the “remote sensing” type, in that they do not require an optical
probe to be brought into direct contact with the sample being measured. This lessens
patient discomfort when measurements are to be performed on painful medical

conditions or sensitive organs, such as the eye.

There are three main techniques for imaging in highly scattering tissue samples, all
of which are related, and which rely on separating a coherent image from a diffuse
scattered light background by either pathlength- or time-resolved means. Polarisation
techniques may also be used to further reject scattered light (see section 5.3.4.3.1).
The techniques are: time-resolved imaging; holographic imaging and low-coherence
imaging. The latter of these, which is of most interest to us, is discussed further in

section 1.1.1.

Time resolved imaging'>3>6785:1011.12

relies upon methods for gating light that is
quasi-coherent and thus image-bearing from later arriving light which degrades the
detected image. It relies upon the so-called least scattered light to contain
information and gates out light which arrives later than this by means of a fast
“photographic” method, which may involve the use of a streak camera or Kerr gate
for example. Generally short pulses of laser light (femto- to pico-second in duration)
are used to probe samples due their high intensity and short temporal coherence, and

the samples are investigated using a sample in transmission geometry.

Holographic imaging tCChniquesU’M’15

involve recording the coherent interference
patterns created by light emerging from a sample by exposing an image recording
media such as a photographic plate, or more commonly, a CCD camera. This
technique can be combined with time gating techniques to give improved rejection of

incoherent background light.

1.1.1 Low-coherence imaging techniques

Low-coherence imaging, sometimes known as optical coherence microscopy (OCM),
optical coherence tomography (OCT) or coherent detection imaging (CDI), can

provide high resolution (of the order 10 um) non-invasive images in living tissue to a

14



hlapel 1. Hroduction

depth of the order of 1-2 mm depending upon tissue type. It is particularly suited to
imaging blood vessels, skin and mucosal linings of the gastrointestinal, respiratory
and urogenital tracts which are particularly prone to inflammation, carcinoma and
ulceration. Generally the technique is usefully applied in situations where an ability
to differentiate soft tissues of closely matched refractive index in highly scattering
media is required. Recent studies have even used the technique to perform internal

in-vivo optical biopsy via a fibre-optic endoscope'®.

Although the OCT technique can be used with confocal imaging techniques, it is
physically fundamentally different as it is a way of temporally differentiating photons
as opposed to spatially distinguishing them.

Several review papers discuss the basic principles of the low-coherence technique
and some of the uses to which it has been put'”'®!°. The technique usually involves
use of an interferometer of the type shown schematically in Figure 1.1 below,

although it is not always fibre-optic based®*?",

Figure 1.1 shows a low-coherence interferometric system configured as a fibre-optic-
based Michelson interferometer. In this system an interference pattern will be seen at
the detector only if the reflections from the sample and the reference arms are
matched to within the coherence length of the source. In the case of an interferometer
designed to image tissue samples, a low-coherence light source operating in the near-
infrared region of the optical spectrum is preferred. This permits imaging at micron
resolution (the same order of magnitude as the source coherence length) within a
region of the optical spectrum at which absorption is at a minimum. Typically, a
superluminescent diode (SLD) is used as a source operating at either 850 nm or
1.3 pum, and has a coherence length of around 10-20 pum in tissue. Such systems may

be able to deliver several mW of radiant energy to a sample.

The system discriminates scattered photons from those bearing imaging information
on a pathlength resolved basis, since only photons whose pathlength matches that of
the reference beam to within the coherence length of the source contribute to a
heterodyne signal at the detector. So by changing the pathlength in the reference arm

the coherent reflectance can be measured as a function of depth in the sample.
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Chapter 1: Introduction

Usually, a confocal optical system®>?>?** is used to deliver the probe beam to the

sample and collect light emitted from it in a backscattered direction. Such confocal
detection systems help to both focus light into the tissue sample at a point of interest,
and also help to reject diffusely scattered light before it reaches the active surface of

the photo-detection system.

Since the level of coherent heterodyne signal reaching the detector is generally very
small compared to the non-heterodyne light component, coherent detection methods
are used to measure it (a shot noise limited HNHR can be obtained with a dynamic
range of around 130 to 140 dB using such a technique'® — where the HNHR, or
heterodyne to non-heterodyne signal ratio, is the ratio of the intensity of the light
signal reaching the detector that contributes to the heterodyne signal compared to the
intensity of all other light signals reaching the same detector). This technique
requires spatial modulation of the reference beam (which may be obtained by fibre
stretching using a PZT device or by a mirror mounted on a motorised stage, for
example) so as to generate a pattern of amplitude varying moving fringes at the
detector, the envelope modulation depth of which gives a measure of the coherent
reflected signal. Periodic spatial modulation allows the use of a lock-in amplifier to
separate the small coherent reflection related periodic signal from the DC diffuse

background signal.

Images are generally made up by scanning either the sample beneath the incident
optical beam, or by scanning the beam itself, or by a combination of both. Either
way, using this technique it is possible to create three-dimensional images of tissue

2025 and in-vivo'%?2?%?. in the latter case much work has

microstructure both in-vitro
been undertaken to investigate both intra-occular parameters and to form three-
dimensional images of the retina itsel?**°%*!, Use of the technique in-vivo has led
to various works concerned with speeding up the process of the whole image

acquisition in an effort to overcome the problems caused by motion artefacts””2%>!,

An example of a low-coherence interferometric system built by the author is

described in Chapter 7.
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1.2 Therapeutic and diagnostic techniques

Here we mention, for completeness, certain of the other applications besides imaging
for which optical and infrared radiation are used but without going into in any great
detail and using references that are merely illustrative. These other techniques fall
broadly into two categories: therapeutic for the treatment of disease and diagnostic

for obtaining clinical information relating to various conditions.

In the first of these two categories are treatments that rely on either: thermal
deposition of energy such as photo-coagulation®* and photo-ablation used in surgery;
or treatments relying on photo-chemical effects such as photo-dynamic therapy
(PDT), whereby a photo-activated chemical substance is bound to tumours and
activated using optical radiation to create free radicals which then attack those

tumours.

Diagnostic methods include the use of techniques such as Doppler velocimetry>>~43
for measuring in-vivo blood flow and spectroscopic techniques®®3383%4041 o,

measuring the concentration of various chromophores.

One “holy grail” in the field of tissue optics is the combination of imaging
techniques with spectroscopic techniques so as to produce a system that allows the

performance of in-vivo localised spectroscopy>®.

1.3 Modelling techniques

In this section we briefly discuss both physical methods and mathematical methods
applicable to modelling tissue approximating samples for use in experimental
systems and for the prediction of the optical distribution of light, or light induced
effects, in tissue, respectively. Numerical modelling of the optical distribution in
tissue is also used to enable a fit to experimental data so as to deduce optical

properties of measured samples in a process known as the inverse problem42’43.

Experimentalists have long used intralipid solution* in their systems to give a
sample having light attenuating properties approximating those of in-vivo tissue in

that the attenuation is predominantly scattering dominated over the optical and near-
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infrared region of the electromagnetic spectrum. Such fluid samples are fine for
simulating homogeneous scattering samples held within a glass-walled cuvet, but for
imaging it is difficult to produce samples which replicate the structure and shape of
an in-vivo sample: for example producing a layered sample to simulate skin is
difficult using such material. For these reasons solid tissue equivalent phantoms'**
have been developed which are easy to machine and to build into complex composite
models upon which experimental studies may be performed. A description of the

manufacture of such a phantom is described in Chapter 7.

There are numerous analytical or simulation techniques for evaluating the
propagation of radiation in tissue***’. The Monte Carlo method*®#+0:515233 of
modelling is a reliable and proven technidue which produces accurate results for
complex samples, at the expense of being a relatively slow technique requiring
plenty of computing power: it was the preferred technique used for the investigations
performed to test the hypothesis, outlined below in section 1.4, which forms the basis
for the Monte Carlo simulation part of this thesis. It is used not only for simulating
imaging systems such as those using OCT**, but also to simulate energy deposition
for thermal and therapeutic effects®>>*". Other noteworthy techniques often used for

58,59

simulation in the field of tissue optics include finite-element analysis (FEM)*°” and

other diffusion-theory based models®$%1:¢2,

1.4 Aims of this project

In this section we discuss the train of thought and ideas that led us to propose the
hypothesis which the investigation described in the rest of this thesis was designed to
test. The experimental system we built went some way towards building a system to
test this hypothesis, and the Monte Carlo simulation went one step closer.
Unfortunately, the experimental and Monte Carlo results were never fully reconciled,

although some interesting results were derived from the Monte Carlo simulated data.

As far as we were aware no studies had investigated the effects of decoupling the
optical delivery system in a low-coherence interferometric tissue-imaging system
from the light collection system at the time we began our project. Prior systems

tended to prefer to use a degenerate delivery and collection system such as that
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shown in Figure 1.1, although various studies of how optical elements of low-
coherence imaging systems affect the overall system have been made’3:64:65:66.67
Moreover, certain studies have used decoupled light delivery and collection systems

for measuring the optical properties of tissue*-%%¢,

Systems in which the same degenerate optical system is used to both deliver and
collect light in a tissue sample necessarily collect relatively large amounts of diffuse
background light as the radial diffuse background falls off in intensity as a function
of distance from th; point at which any incident beam impinges. Furthermore, even
for confocal systems, at least a proportion of any specularly reflected probe beam
will be incident at the detector and contribute to the non-heterodyne component of
the HNHR, if this specular component does not form a desired heterodyne signal

component.

Our proposal was therefore to investigate the possible benefits of decoupling the
light delivery and light collection paths in a tissue imaging low-coherence
interferometric system along the lines shown schematically in Figure 1.2. This meant
angling the light delivery and collection systems with respect to the surface of the
sample. Some studies have already investigated tilt for measuring tissue optical
parameters®®. It was recognised that going off-axis meant that coherent light had to
pass through a greater amount of tissue and therefore would be reduced more in
intensity than light incident at an angle normal to the sample surface, but what was
less certain was whether the potential benefits of reducing the background intensity

outweighed this for the particular sample used.

We envisaged other advantages that may arise from doing this: viz. use of a separate
light collection arm means that any Fresnel reflections’® in the light delivery system
from lenses, couplers or the 2x2 splitter would not find their way back to the detector
as is the case for the degenerate system of Figure 1.1. This can cause particular
problems in low-coherence systems whereby multiple coherent Fabry-Perot like
reflections may be recorded as coherent signal even if they have not sampled the
tissue if, by coincidence, their optical pathlength corresponds to that set by the
reference arm of the interferometer. This possible disadvantage is mentioned for note

only as it did not form part of our investigations. Another possible benefit is that
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decoupling of the delivery/detection arms of the interferometer permits the use of
dual-balanced detectors which enhance measurement stability’™>”"! and improve
dynamic measurement range by allowing the background DC signal components at
each detector to be subtracted from one another. Dual-balanced detection could be
introduced into the system of Figure 1.2 by replacing the 1x2 fibre coupler with a

2x2 coupler.

In our investigation we performed Monte Carlo simulations to determine the non-
heterodyne signal component emitted from a skin tissue-approximating sample
containing an embedded blood vessel for beams incident at various angles with
respect to the surface (chapter 4). We then analysed the Monte Carlo generated data
and a coherent ray traced signal to enable us to determine a HNHR (chapter 5) as a
function of the surface position of a detector for an optical pathlength set so as to
image the blood vessel. We thereby simulated an imaging low-coherence
interferometer having a light delivery and collection system, similar to that shown in
Figure 1.2, scanning the sample at a fixed depth corresponding to an embedded

blood vessel.

As a further part of our investigation we built a low-coherence interferometer similar
to that shown in Figure 1.1 as a step towards building the interferometer of
Figure 1.2, which was to have been used to obtain results to test the data produced by
the Monte Carlo simulation. Although the investigations using the low-coherence
interferometer were incomplete at the time of writing this thesis, we present details
of the experimental system, including system design, circuit characteristics and
results from tests on a variety of phantom materials, in Chapter 7. Here we also
discuss the problems we encountered in order to provide advice for any persons

building a similar system in the future.
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1.5 Structure of the rest of this thesis

The rest of this thesis is dedicated to describing how the hypothesis outlined in
section 1.4 above was investigated. We begin in Chapter 2 by giving an outline of the
basic terminology and concepts used in tissue optics followed by, in Chapter 3, a
general discussion of the physical and optical properties of skin. In Chapter 4 we
discuss details of the Monte Carlo simulation and in Chapter 5 describe how the data
generated by the Monte Carlo simulation was analysed. In Chapter 6 we show and
discuss the results of our Monte Carlo study and draw conclusions from them. For
completeness, we present a description of our experimental system, our experimental
data, a discussion of the experimental data and details of tissue equivalent phantom
materials developed for use with the experimental system in Chapter 7. Chapter 7
also includes a description of the partially complete experimental version of the
system shown schematically in Figure 1.2. Chapter 8 presents a brief summary of the
content of the thesis. Finally, for completeness, Appendix A provides a listing of the

computer control code used to operate the experimental system.
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Interaction of optical radiation with turbid media

2.1 Chapter overview

In this chapter we discuss the interaction of radiation with turbid media. We present
a general overview of some of the concepts and terminology used in this field which
besides being a useful background also allows us to define some of the terminology
and equations that were used in the calculations and algorithms of the later chapters.
Many excellent works discuss this subject matter in much greater detail than we are

able to give here and we refer readers to these other references for more detail >,

2.2 The optical properties of turbid media: methods of interaction

The effect of scattering and absorption by particles upon an incident parallel beam of
light is to reduce the intensity of light that is detected by a collimated detector facing
into the incident light beam. Any absorbed light deposits its energy as heat, causing
molecules to vibrate, rotate or translate, whereas light which is scattered is merely
redistributed in space. Other, non-linear, processes such as fluorescence, and
inelastic scattering may also occur, but are not considered to be of consequence at the

wavelengths and power levels that we were concerned with in this project.

Attenuation of a beam of light is usually spoken of in terms of either absorption or
scattering, and mathematically these two processes can be treated in a very similar
way. Often the intensity attenuation follows an exponential decay relationship which
is described as "Beer Law" like. A similar relationship holds for the light that is
attenuated by scattering, under the circumstances that are described further on in this

chapter where we consider absorption and scattering as separate entities.

Some possible end permutations for a photon entering a turbid media are shown
below in figure 2.1: other cases not shown include the case of a multiply scattered
photon not hitting the detector; a multiply scattered photon which is backscattered

and a multiply scattered photon which is absorbed.
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Figure 2.1: Simple schematic illustrating the mechanisms by which light is

- attenuated in a turbid media

Turbid medium

o Y

=

- ® o 0o T D

o

a) unattenuated component; b) photon singly scattered and then absorbed; c) singly scattered and not
detected; d) multiply scattered emerging parallel to the axis and detected; e) multiply scattered

emerging at an angle to the axis and detected; f) backscattered component

2.2.1 Absorption

We have already mentioned that absorption can be described using an exponentially
decaying intensity profile. This description is simple and has been used for many
years to predict how light is attenuated upon passage through an optically absorbing
media. In its differential form, the Lambert-Bouguer law, it simply states that equal
thicknesses of material dx absorb the same fraction dI/I of the light intensity 7/
incident upon them, so that dI/I = u,dx where u, is a constant of proportionality
known as the absorption coefficient and whose dimensions are inverse length. In its
best known form it is valid only for a homogeneous media, or those that can be

treated as such overall, and follows the relationship:

=L ) @.1)
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