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Abstract

NEAR INFRARED OPTICAL IMAGING AND 

LIGHT PROPAGATION IN HIGHLY SCATTERING

RANDOM MEDIA

By

MANUEL E. ZEVALLOS 

Advisor: Professor Robert R. Alfano

This thesis presents a study o f near-infrared optical Imaging and photon migration 

through highly scattering random media. Near-infrared (NIR) time-sliced and 

continuous-wave (CW) spectroscopic imaging techniques were developed and used to 

obtain in vitro images of excised human breast tissue specimens and to characterize 

inhomogeneities and locate objects inside highly scattering biological and model random 

media. Investigation of photon migration involved time-resolved studies of light 

propagating through various types of highly scattering biological and non-biological 

media.

NIR CW transillum ination  images of an object hidden inside biological media of 

different thickness were improved by preferentially selecting the image-bearing photons 

th rough  the use of polarization gating and spatial filtering techniques. Through the use of
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a time-gated imaging approach to sort out the early photons, e.g. ballistic and snake 

components, the transillumination images of objects embedded in highly scattering 

diffusive media were improved. Higher image contrast was obtained using time-resolved 

as compared to CW imaging techniques.

A tunable chromium-doped forsterite laser system was used to explore the 

wavelengths that enhance image contrast of excised human breast tissue samples. The 

contrast of the images was improved by selecting appropriate wavelengths of light for 

better penetration and enhancement of the intrinsic properties of tissue constituents. In 

particular, the image contrast of human breast tissue samples showed strong wavelength 

dependence in the absorption band of fat, one of its main constituents. In the two- 

dimensional time-sliced transillumination imaging approach, an ultrafast electronic gated 

imaging system was used to select and record the image-bearing photons. Images 

recorded with different temporal slices of the transmitted light are found to selectively 

highlight different types o f tissues, such as, adipose and fibrous or normal and cancerous 

in excised breast tissue specimens.

Time-resolved and CW light propagation in tissues with tubular structures were 

studied. Results show that transmission of linearly polarized light through tissues with 

tubular structures depends on the orientation of the structure of the sample with respect to 

the incident light, proving the existence of different paths for photon propagation.

Intensity temporal profiles at a fixed point in space as a function of angle of 

detection (arrival angle o f light) were measured for ultrashort pulses of light propagating 

through highly scattering random media. It was found that there is a strong angular 

dependence of light traveling in a highly scattering media even for distances as large as

iv
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20 transport mean free path. To describe the high degree of anisotropy in the medium, 

two new anisotropy parameters are introduced.

The accuracy of the Non-Euclidean Diffusion (NED) equation to predict photon 

transport in a highly forward scattering medium was tested against experimentally 

measured temporal intensity profiles and compared to theoretical predictions given by the 

Diffusion Approximation (DA) in the pre-diffusive and diffusive regimes. It was found 

that the NED is more accurate than the DA. specifically in the pre-diffusive regime.
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IDEALS

As you think, you travel; and as you love, you attract. 
You are today where your thoughts have brought you; 
you will be tomorrow where your thoughts take you.

You can not escape the result of your thoughts, 
but you can endure and leam, can accept and be glad.

You will realize the vision (not the idle wish), of your heart, 
be it base or beautiful, or a mixture of both, 
for you will always gravitate towards that which you, 
secretly, most love.

Into your hands will be placed the exact result of your 
thoughts;
you will receive that which you earn: no more, no less.

Whatever your present environment may be, 
you will fall, remain, or rise with your thoughts, your 
vision, your ideal.

You will become as small as your controlling desire; 
as great as your dominant aspirations.

Unknown
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Chapter 1

Introduction

1.1 Background

The beginning of the medical imaging of the interior of human body can be traced 

back to the 1895 discovery of x-rays by Wilhelm Conrad Roentgen.11 The potential of x- 

rays to provide images for use in diagnosis was immediately recognized by the medical 

community. The first x-radiograph taken with clinical intent was made the following 

year, 1896 by two English doctors to show a needle in a woman’s hand. Seven years 

later, the first mammogram ever was reported by Salomon.11 Through out the next 

century, several imaging techniques have been presented but only the most efficient ones 

have survived. At the present time, one of the newest and most appealing imaging 

techniques in the medical field is Optical Imaging. Optical Imaging through highly 

scattering media such as biological tissues has received renewed interest in recent years 

because of its non-ionizing and diagnostic potential in the medical field. The wide 

variety of colors of light that could be used in optical imaging presents a significant 

advantage over all other imaging methods.

M. Cutler, in 1929 in New York, was the first person to report measurements of 

transmitted light through tissues as an aid in the diagnosis of breast lesions.1 ~ This 

transillumination technique became known as Diaphanography and produced 

shadowgrams. Although first medical-related imaging work using light began shortly
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after Cutler's discovery, there was no commercially available equipment until the late 

1970’s. The fifty-year delay of optical imaging had could be attributed to several factors, 

the major ones being: poor spatial resolution and lack o f suitable light sources, as well as 

o f adequate imaging photo-detectors. Likewise, the enormous success of x-rays and the 

emergence of several competing imaging technologies during this period also 

overshadowed the optical technique and contributed to its slow start. The imaging 

techniques that appeared prior to the late 1970’s, and which remain active up to this day 

(to list a few) are x-rays, x-ray computed tomography (CT). single-photon emission 

tomography (SPET), nuclear magnetic resonance (NMR). ultrasound, and radioisotope 

imaging. Unfortunately, some of these currently available non-optical imaging 

modalities are costly, have a poor spatial resolution, and present potential hazards to the 

human body.1"5

With the advent of new light sources, such as lasers with different wavelengths, 

and the general availability of charged-coupled device (CCD) cameras, fibers, and fast 

photo-detectors in the ultra-violet (UV), visible, and near infra-red (NIR) spectrum, 

optical imaging has reappeared in the 80’s as a compliment or rather as a promising 

alternative to the current imaging modalities. New excitation and detection schemes 

facilitated by the growth of photonic technology have greatly enhanced the capability and 

potential o f optical imaging in the medical field. The main reasons why optical imaging 

technology is highly attractive to the medical community are that it may offer safer, non­

ionizing, non-invasive, and in-expensive diagnostic methods for the detection and

2
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characterization of diseases. Light has the potential to provide spectroscopic 

information o f  the sample constituents and monitor physiological changes o f  the 

body’s key molecular components in real time, offering unmatched diagnostic 

capabilities when compared to current non-light based imaging modalities. Better- 

developed optical tomography can complement MR! and ultrasound imaging.

The goal of every imaging technology is to be able to detect defects, objects or 

diseases buried or hidden inside highly scattering opaque media, which can not be 

observed or diagnosed by simple eye inspection. Examples are abnormal growths such as 

cancer inside a human breast, or airplanes inside clouds. In particular, the physical basis 

of transillumination imaging (also known as Shadowgrams or Diaphanography) is based 

on the light transmission difference between a normal tissue and a foreign object or 

growth inside it.14 This difference in transmitted light, in principle, should lead to the 

formation of the “shadow” o f the hidden object, or a tumor in the case of breast cancer.

In general, light traveling through a highly scattering medium will be attenuated 

mainly due to the scattering and absorption properties of the medium. Alfano and co­

workers introduced the concept of the light breakup into three main signal components 

called ballistic, snake, and diffusive photons.15 J 6

The original characteristics of the incident light —such as its original direction of 

propagation, intensity, coherence, and polarization— are scrambled, and in many cases

3
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lost. This, in fact, can easily be observed that the ballistic component disappears as light 

travels long distances through dense, turbid medium. The Ballistic component is 

coherent photons that do not scatter and travel a straight line following its original 

direction of propagation arriving at time tbaUistic =  Xa /  ( c /n j  , where Xa is the

thickness of the medium, c  is the speed of light in vacuum and n g the group index of 

refraction of the medium. The snake photons travel in a snake like-manner around the 

initial direction of propagation and arrive at a later time, tsnake > tbanistic. The ballistic 

and snake photons contain the least distorted image information.

The diffusive component are photons undergoing multiple scattering, and are 

completely randomized. These photons arrive at a much later time. fdi/fttsive >> *ballistic 

and lose their direct image information. In order to extract information from the diffuse 

component, one must employ mathematical algorithms to reconstruct the image.

To obtain shadowgram information about the medium in transillumination 

imaging, sorting of the image-bearing photons from the higher intensity diffusive ones is 

imperative. Light detection approaches can use either steady state or ultrafast techniques 

depending on the light source use to illuminate the sample. Steady state techniques are 

used when the sample is under continuous wave (CW) illumination. In this case, spatial 

and polarization filtering techniques can be used to reduce the highly diffuse light, and 

improve the image quality. Ultrafast time-resolved technology is required when the

4
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sample is illuminated with ultrashort pulses of light to further improve the image of 

quality. In these cases, a Streak Camera and Kerr gate technology are often used to select 

the early arriving light and get rid of the late arriving diffusive light. In this way optimal 

time windows for imaging are obtained.17—110 In spite of the great achievements 

accomplished by optical technology in the last decade, there are still problems associated 

with the speed and recovery of the signal. A combination of filtering techniques with a 

clever manipulation of procedures is likely to be more successful in providing useful 

information for optical imaging. In addition, a clear understanding of light transport 

through a highly scattering medium, and Iight-tissue interaction are. in fact, key 

requirements for the successful development and introduction of optical imaging in the 

medical field.111—113

Much research has been devoted to solve the radiative transfer Boltzmann 

equation which describes photon migration in random medium. Due to the difficulty in 

solving this equation, various approximations have been proposed for different 

geometrical considerations, in both time and frequency domains.114—117 So far, a general 

solution for this equation, in particular for the time-dependent case, has not yet been 

obtained. In addition to higher order approximations of the Boltzmann equation,119120 

approximations such as the telegrapher's equation118 and the diffusion approximation 

(DA) are commonly used models to predict the phenomenon o f photon migration which 

is used in sophisticated computer algorithms to inverse reconstruct information about the 

medium. The imaging results obtained using these models are rather modest and lack the

5
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high resolution needed for biomedical imaging. More accurate light transport models are 

needed and are crucial to better describe light scattering through highly turbid media.

One of the advantages o f using light for the development of an imaging technique 

is the property of “color”. In the optical mammography arena, as Prof. Alfano states, 

“the ‘Holy Grail’ is the proper selection of color (or wavelength of light) which can 

separate cancer from normal tissue”. Spectroscopic information is a special property of 

optical imaging to examine tissue interior. The wavelength of choice for optical imaging 

resides in the NIR spectral band (e.g. 700-1500 nm) where these wavelengths are less 

scattered, and allow deeper penetration of light into the sample.121—123 Identification of 

the “fingerprint wavelengths” that can characterize breast tissue constituents and 

provide a good signal to noise ratio still remains a challenge to the optical medical 

imaging community.

The main challenges in optical imaging are: 1) availability of adequate light 

transport models that could describe photon migration in random media with a higher 

degree of accuracy, 2) development of new imaging techniques and electronic devices 

that could resolve problems associated with the recovery of the signal, and 3) the 

identification of key wavelengths of light that harness good penetration depth and are less 

scattered which could provide adequate spectroscopic information about the sample 

under study and produce good imaging contrast.

6
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1.2 Thesis Statement and Organization

This thesis will focus on light propagation in highly scattering media, improving 

optical imaging approaches for the production of shadowgrams based on space, time, and 

polarization gating techniques, and techniques used to discriminate the image-bearing 

photons from the highly diffusive ones. Moreover, to demonstrate the effectiveness of 

proper selection of wavelengths, a two-dimensional (2-D) NIR spectroscopy imaging 

approach will be used to identify the main breast tissue constituents, blood, fat. fibrous, 

and tumors. Time resolved and CW near-infrared shadowgram and spectroscopic 

imaging via experimental and theoretical modeling will be used in this thesis, in the steps 

towards an optical mammographic system.

The research part of this thesis presented in Chapters 3 through 8 is divided in two 

parts. The first part—Chapters 3 through 5—will theoretically and experimentally 

investigate the propagation of light through various types of highly scattering anisotropic 

media. This will be achieved using steady state and ultrafast detection schemes to better 

understand photon migration and light-tissue interaction. The second part of the 

research—Chapters 6 through 8— will further build on the concept o f near-infrared 

transillumination imaging, by implementing detection schemes based on spatial, 

polarization, and time gating light sorting techniques, whilst paying special attention to 

the spectroscopic information obtained through the selection o f optimum wavelengths. 

This will be achieved using state o f the art two-dimensional CW and time-resolved light 

detection imaging systems, with the aim to improve image quality.

7
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In the first part, time-resolved studies of light propagation through various highly 

scattering biological and non-biological (with and without an axis of symmetry) media 

will be performed. Temporal intensity profile-measurements of photons scattered in a 

highly turbid medium, moving through a fixed point in space with different angular 

directions, will be obtained. Analysis of these profiles will show that angular-detection 

dependence of the scattered light is preserved through large source-detector distances as 

big as 20 transport mean free paths. Experiments similar to those mentioned above will 

be carried out, and the results obtained will be compared to predictions obtained by the 

Non-Euclidean Diffusion (NED) and the conventional DA models. This will prove the 

efficacy of the NED equation in predicting light propagation in both the highly diffusive 

and the pre-diffusive regime, the latter one being where the diffusion approximation fails. 

The studies performed on biological media will investigate different scattering behaviors 

(if any) of polarized light traveling through tissues of well defined cellular structures. 

The results obtained will show the feasibility of applying different polarization schemes 

for imaging samples with defined internal cellular structures.

The second part of this thesis concentrates on CW, time-resolved, and 

spectroscopic near-infrared optical imaging of tissues.

Two-dimensional NIR shadowgrams of hidden objects inside different biological 

media will be obtained via CW techniques. The efficacy of, both, Fourier and 

polarization gates to sort out the image-bearing photons and discriminate against multiply 

scattered image-blurring photons will be examined using a Nd:YAG and Cr4':  Forsterite

8
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laser systems. Optimum wavelengths for deeper penetration and less scattering that could 

provide better image qualities will be investigated.

In the time-resolved section, two-dimensional time-sliced N1R transillumination 

images of hidden objects will be obtained by applying ultrashort pulses of light to the 

samples and using a time gated image intensifier coupled to a charged-coupled device 

(CCD) for its detection. The time-resolved CCD camera will take advantage of the time 

domain and improve the image quality by selecting early-light components. Direct 

information from the samples that otherwise would have been impossible to obtain by 

using only steady state measurements, will be obtained through time-sliced imaging. 

Time-sliced imaging shows the 2-D spatial intensity distribution of light transmitted 

through the different tissue constituents for different time windows.

NIR spectroscopic imaging studies on different excised human breast tissues will 

be performed in an effort to exploit the spectral signatures of the different tissue 

constituents. Such information will prove valuable in the detection of cancer. Certainly, 

the wide spectrum of light offers vast possibilities for the detection and monitoring of 

diseases which are being and wall be discovered to the pace of the emerging technology.

In short, the contents o f the different chapters are as follows:

Chapter 2 presents a brief review of Light Transport Theory, and the Radiative 

Transfer Equation. In addition, the Diffusion Approximation as well as the Non- 

Euclidean Diffusion Equation will be described in this chapter.

9
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Chapter 3 shows the angular dependence of scattered pulses in highly scattering 

media in the pre-diffusive and diffusive regime. Two new equations are introduced in 

order to describe the degree of anisotropy in photon distribution in the medium.

Chapter 4 compares the accuracy of the DA and the NED equations in predicting 

light propagation in a highly forward-scattering medium against measured scattered light 

temporal profiles acquired for the pre-diffusive and diffusive regime.

Chapter 5 shows that tissues with definite internal structure could offer different 

pathways for photon propagation, and that the sample structure orientation with respect to 

the incident beam polarization direction influences on the transmitted scattered light.

Chapter 6 presents two-dimensional NIR transillumination images of an object 

hidden inside different biological media. A Fourier gate in tandem with a polarization 

gate is used to improve the image quality. Images obtained using light from a 

Cr4':Forsterite and a Nd:YAG laser systems are compared.

Chapter 7 presents the results of a time-gated imaging approach to select the early 

arriving photons to improve the image quality. Two-dimensional time-sliced NIR 

transillumination images of thick biological media are presented.

Chapter 8 NIR laser spectroscopic and time-sliced transillumination optical 

imaging approaches are used in an attempt to characterize breast tissue constituents.

Chapter 9 summarizes the results of this thesis.

Chapter 10 introduces some future research directions and presents a list of 

publications and presentations by the author of this thesis related to this work.
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1.4 Figures

Figure 1.1 Light propagation through highly scattering media showing the ballistic, snake 
and diffusive components.
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Chapter 2

Photon Migration in Random Media: 
Light transport theory

2.1 Introduction

Photon migration in highly scattering media has been studied for many years.2'1-'2 

Most recently, work on light scattering has been conducted in biological tissues. 

Experimental investigations into the nature and behavior of light interaction in this type 

of media are required to understand the propagation phenomena. The evolution of new 

ideas and approaches in this field depends on the understanding of the interaction of light 

and matter. The work conducted in this thesis will experimentally tap on the behavior of 

light propagation in different biological and model random media.

Light propagation in a random scattering media is best described by the radiative 

transfer theory, also known as the transport theory. Radiative transfer means the 

transport o f light energy through matter. A medium such as vacuum has no influence on 

light propagation; that is, its initial energy and direction of propagation are maintained. 

In such a case, photons are neither absorbed, nor scattered. On the other hand, scattering 

and absorption of light occur if photons interact with particles of the medium. The way 

particles are arranged in the medium is important since it will influence how the light is 

scattered. If a medium has particles that are arranged in a very regular way, the light 

scattered by the particles interfere in such way that causes no scattering at all, such as in a 

crystal. If they are not arranged in a regular way and are closely pack, the cooperative 

scattering effect of all the particles should be taken into account.

1 4
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The problem of light scattering is more than a hundred years old. It was first 

studied by Lord Rayleigh21 [1847] and then by Gustav Mie22 [1908]. Lord Rayleigh's 

theory applied to small dust particles requires the following assumptions: (1) there must 

be an assembly of small spheres in the medium. (2) The scattering must be coherent 

implying that addition of the scattered light amplitude at each scattering angle for all 

these speheres is allowed. For this to occur, a plane wave must be incident on all these 

spheres. (3) All the spheres must have the same size and must be small compared to the 

wavelength of the incident light.2 3 (4) The scattering spheres should not be closely 

packed.2'4' 2 3 If they are closely packed then multiple scattering is bound to occur. Mie 

extended Lord Rayleigh’s theory by studying light propagating through a medium of gold 

spheres of different sizes, comparable to the wavelength of the light and by considering 

absorption in addition to scattering. The phenomena studied by Rayleigh and Mie is 

applied to loosely packed scatters and is known as single scattering. Schuster [1905] and 

Schwarzchild [1914] were the first ones to considered multiple scattering.2 6' 2 7' and 2 8 

Schuster’s theory considers a medium with closely packed absorbing and scattering 

particles of various sizes and shapes. The differences in sizes and shape are not as 

important as in the Rayleigh and Mie cases because of the closer packing of the particles. 

Therefore, the values obtained by Schuster are statistical averages over the range of sizes 

and shapes. In his theory, Schuster assumed light travels only in two directions, one 

forward (initial direction of propagation), and one backward (opposite to initial 

direction). Shwarzschild, on the other hand, modified the forward and backward 

differential Schuster’s equations by integrating over all directions the scatter light in the 

forward and backward hemisphere respectively. Shwarzschild’s formulation is the first

1 5
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example of radiative transfer proper. See Ref. 2.7 and 2.8. Schuster-Shwarzschild’s 

formulation has been perfected by subsequent authors. In its actual form. It is no longer a 

differential equation (or two differential equations, as with Schuster) but an integro- 

differential equation. Analytical solutions to the transport equation are difficult to obtain 

and numerical calculations require large amount o f computational work. Most solutions 

to the transport equation, so far. are for defined geometries and have been obtained via 

approximations. The Diffusion Approximation and the Non-Euclidean Diffusion (NED) 

equation will be compared to experimental data in Chapter 4.

2.2 Radiative Transfer Equation (Boltzmann Equation)

The basic differential Radiative Transfer Equation is similar to the Boltzmann 

Equation in Kinetic theory of gases and in neutron transport theory.2 9—211 It treats the 

flow of particles, e.g. photons, —per unit area, per unit time, per unit solid angle— 

incident with direction J on a given volume element (with unit cross section and length 

dl, with particle density p) and scattering in the s' direction due to collisions, i.e. 

scattering and absorption. See Fig. 2.1.

The equation of transfer can be written as follows:212—214

f  d
c df

+  S  V l(r,s,t) = - u Tl(r,s,t) + Jj ]-  \p (s ,s ' )l(r,s’ ,t)dQ-+S(r,s,t), (2.1)
4tt

where I(r,s,t) is the specific intensity or radiance and represents the number of photons 

at position r , traveling in the direction s , at time /, with units Wm'2 /sr (sr = steradian =

16
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unit solid angle), pr =jus + /4» is the total attenuation factor, where //, is the scattering 

coefficient and Ua is the absorption coefficient.

The p(s,s') function inside the second term is a normalized phase function, and 

represents the probability of scattering into a direction s' from direction s  . This phase

function is normalized by the condition —  f p (s ,s ’)dQ' = —  f p (s .s ' )dQ = l .
4n  ■ « ' An *

integrating over the solid angle Q ? where dCl = sin 9 dO d<j>. The term ,S ,t)

represents a light source within the volume. The r and s dependence in this term 

indicates the spatial and angular distribution of the source, respectively, at time t.

The first term on the left-hand side — —— is the time derivative of the
cdt

radiance and accounts for the rate of change of photons entering minus photons leaving

the volume element. The second term T accounts for the photon flux along the

direction J .

On the right hand side the first term accounts for the attenuation (absorption + 

scattering) of photons within the volume. The second term takes into account the 

intensity gain due to secondary scattering from all surrounding angles,2 8 always under 

the provision that the re-emitted or scattered energy has the same frequency as the

incident energy. The term represents a light source within the volume.

The photon number density is obtained by integrating the specific intensity over 

all directions as follows:

n(r,t)=- f l(r,s,t) dCl (2.2)
c  **

1 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The photon fluence is given by — c .

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

as the photon flux. The photon flux represents the amount and the direction of the net 

flow of power and is given by:

j ( r , t )  =  j l / ( r . I , / )  dQ.
4jt

(2.3)

Both the photon fluence and the photon flux have units Wm'2.

A general solution to the transport equation 2.1, in particular for the time 

dependent case has not been obtained, basically, due to the difficulty and the number of 

variables inherent in the equation. Solutions obtained to describe the transport o f light 

have been achieved by cutting down the level of difficulty of the transport equation by 

using specific information and assumptions related to the propagating medium under 

study, such as geometry of the medium and scattering/absorption properties of the 

scattering particles.215—219 By expanding the transport equation, using spherical 

harmonics, different approximations could be obtained depending on the number o f terms 

used in the expansion. The expansion method is also known as the Pn approximation and 

is better described in Ref. [2.20, 2.21, 2.9, 2.10]. Several solutions obtained through 

approximations have been reported for define geometries such as for infinite media.215' 

216 slab,216' 217 cylindrical,217’218 and spherical219. In this thesis experimental results 

of a pulse of light propagating in a highly anisotropic turbid media will be compared to

18
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the Diffusion Approximation and the recently introduced Non-Euclidean Diffusion 

Equation.

2 3  Diffusion Approximation (DA) and Non-Euclidean Diffusion (NED) Equations

The DA and NED equations are described in sections 2.3.1 and 2.3.2. 

respectively. Solutions to these equations are presented and compared against 

experimental data in Chapter 4.

23.1 Diffusion Approximation equation

The most common approximation used to predict the transport of photons in 

turbid media is the diffusion approximation. This approximation is obtained by the 

spherical harmonic method.2 20' 2 22 The essential idea of this method, as proposed by 

Eddington,2 23 lies in seeking the solution of the equation of transfer in the form of an 

expansion of the intensity in a series of Legendre polynomials in traveling direction

r
. The diffusion approximation assumes that the specific intensity is descnbed by 

the first two terms o f the expansion, and that j ( r , t )  = - (D/c)Vn(r , t ) .  The time- 

dependent diffusion approximation equation is:

= D V'nfot) ~ cMan(F,t) + S(T,t)
*  (2.4)

Q
where D  -------------------------  is the diffusion coefficient, c is the speed o f light in the

3 (A i„ + A (l-S ))

medium, g is the anisotropic factor, defined as the mean cosine of the scattering angle2 24.

1 9
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fja is the absorption coefficient, n(r.t) is the photon density, and S(r.t) is the photon 

source.

The Diffusion Approximation or PI approximation is valid when the albedo is 

close to unity, e.g. //, / (//* * Pa ) = 1. which is the zero order function of the phase 

function, and the scattering is quite isotropic (highly diffusive). Solutions to the DA have 

been used extensively by atomic physicist and most currently have been applied to the 

optical medical imaging field. Yoo, et. al., have shown that the diffusion approximation 

is an excellent approach to study photon transport in the highly diffusive regime,2 23 such 

as for thick biological samples, to determine their key optical parameters. However, the 

DA approximation has been found to be inadequate for predicting the photon distribution 

in the pre-diffusive regime by Alfano’s group and others as well.2 25' 2 27 This inaccuracy 

has led to the introduction of the NED equation2'28 whose solution predicts photon 

propagation better in both the diffusive and pre-diffusive regime as well. The NED 

equation will be discussed in the following section.

2.3.2 The Non-Euclidean Diffusion (NED) Equation

The NED equation was recently introduced by A. Polishchuk, et. a/.,228' 229 and 

its efficacy was addressed in Ref. [2.30, 2.31]. Some important aspects of the NED 

equation are presented in this section.

The Non-Euclidean Diffusion Equation is derived from the general Boltzmann 

equation. It describes photon migration in turbid media as a random walk on a spherical 

surface of radius c, non-Euclidean velocity space. This equation was developed

20
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specifically for highly forward scattering medium, such as human tissues. Ref. 2.29 

presents the mathematical background to the physical ideas behind photon diffusion on 

the velocity sphere. Under the small angle approximation (i.e. highly forward scattering 

phase function), the non-Euclidean diffusion equation is written as:

^  + s V rn - ^ — A,n + van = S(t)S(r)S(s - s 0).  (2.5)
ot 21,

where n(r,s,s0,t)is the specific photon number density at the time-space-velocity 

point (r,s,t) , which satisfies the above non-Euclidean diffusion equation. s0 is the initial 

velocity orientation for photons in a point-like ultrashort pulse. va is the absorption 

collision frequency an is given by c/la . As is the non-Euclidean Laplace spherical 

operator acting on the photon velocity sphere. It is obtained by going from the Cartesian

d“ d~
to the spherical domain, replacing the Euclidean Laplace operators Az=— -  + — The

etc' dy~

right hand side of the NED eq. implies initial condition n(t = 0) = S(r)S(s -S a) . which 

means that initially all photons are concentrated at the origin and possess the same 

propagation direction s0 .

Although the NED equation is also an approximation to the transport equation, 

there are important differences between the NED and DA equations. The main 

differences between the NED and the DA equations are that: (1) the diffusion process in 

the NED case occurs on the velocity sphere rather than in real coordinate space. (2) The 

NED equation describes ballistic, transient, and diffusive motion of photons, which can

21
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not be accomplished by the standard diffusion model, e.g. DA could only predict 

accurately photon propagation in the diffusive regime.

Solutions for both the NED and DA equations are presented and compared against 

experimental data in Chapter 4.

2.4 Background to Optical Imaging: Experimental Techniques

The basic idea of optical biomedical imaging is that of extracting information 

from a medium, such as for detection of hidden objects, without loss of information. The 

ability to image internal structures using transillumination techniques is limited by 

several factors, such as the thickness of the sample, as well as on the sensitivity of 

detector, and the color of light used. It is the overwhelming scattering that light suffers 

— while travelling through tissue—  which limits this technique. In this thesis, near 

infrared light and various filtering techniques have been combined and used to improve 

the image resolution. The techniques implemented in this research to eliminate the 

undesirable highly scattering photons are: Polarization. Fourier, and time gate filtering 

techniques, as well as careful selection of the wavelength of the light source.

2.4.1 Photon Sorting Methods

The different photon sorting techniques used in optical imaging are briefly 

described below. These techniques have been implemented and their performance 

analyzed in subsequent chapters in this thesis,

a) Polarization Gating

The polarization gate makes use of the fact that scattering events depolarize an 

incident beam of polarized light, so that ballistic and snake photons retain their

22
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polarization memory while the multiple-scattered photons are depolarized.2"52'2 In 

order to implement a polarization gate, two polarizers are commonly used. The first 

polarizer is placed in front of the sample and is used to ensure the polarization state o f the 

probing beam when entering the medium. The second polarizer is the actual gate and is 

used to select the photons that keep the same polarization state as the probing beam.

b) Spatial filtering: Fourier Gating

Spatial filtering is one of the simplest methods for the suppression of scattered 

light. The main idea is that of applying a spatial aperture that allows the undeviated 

ballistic light to pass through while blocking the highly scattered light (or high frequency 

components). The spatial gate implemented in our laboratory is a Fourier gate. In this 

system, a collimated beam is used to illuminate the sample. The sample is located at a 

distance equal to the focal length (0  of the collecting lens. The scatter light from the 

sample, after being collected by the lens, is focused at the Fourier plane where a small 

aperture is placed to eliminate the high diffusive component. A second lens is placed at a 

distance equal to its focal length from the Fourier plane to detect the scattered photons in 

a collimated fashion. The detector is placed at the image plane at a focal distance f. It 

has been demonstrated that by varying the aperture diameter, the Fourier gate may be 

used as a temporal gate for selecting out the early arriving less scattering photons. This 

system, unfortunately, cannot discriminate against highly scattered photons exiting the 

medium with a propagation direction equal to the input beam.

2 3
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c) Time Gating

A pulse of light traveling through a medium other than vacuum will suffer a 

temporal spreading or pulse broadening. In principle, the early arriving photons would 

have travelled shortest distance and therefore have encountered fewer scattering events. 

In time gate imaging, the main idea resides in the detection of these early arriving 

photons. The time gating technique is exclusively used when the light source is a pulse 

of light. It has been broadly classified into incoherent and coherent techniques. In the 

incoherent techniques, selection of the early arriving photons is achieved by opening a 

time gate for a short period of time.236' 2 37 On the other hand, the coherent gating 

technique requires that the light transmitted through the medium is combined spatially 

and temporally with a reference beam.2 38 239

d) Wavelength selection

The critical factors that need to be considered for wavelength selection have been 

nicely described by Alfano, et. ai, in Ref. 2.32 and are quoted here: "The color o f light 

selection is probably the most important consideration in optical imaging o f tissues. ... 

Several factors must be considered to choose the optical wavelength. First, to form a 

sharp image one needs light that is scattered the least. Second, the chosen wavelength 

should provide high spatial resolution, but should not be strongly absorbed by the tissue. 

Finally the Wavelength range need to be suitable to detect the key chemicals that can 

indicate how the body is functioning. Unlike ultrasound and X-rays, only light offers this 

capability o f  spectroscopic monitoring o f body chemistry. ”

2 4
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2.6 Figures

Figure 2.1 Flow o f particles, e.g. photons.— per unit area, per unit time, per unit 
solid angle—incident with direction s on a given volume element (with unit cross 
section and length dl, with particle density p) and scattering in the s' direction due to 
collision, i. e. scattering and absorption.

Input pu lse
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Part I 

LIGHT PROPAGATION 

IN HIGHLY SCATTERING RANDOM MEDIA
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Chapter 3

Angular Dependence of the Temporal Intensity Profiles 
of Scattered Light Pulses in Highly Scattering Media

3.1 Introduction

It is commonly believed that the direction of light in a highly scattering turbid 

medium is randomized after photons travel many transport lengths. No angular 

dependence should be present. Prior research conducted by this group and others has 

been done by taking the detected intensity profile in either time or frequency domain as a 

function of source detector distance (r) while neglecting the dependence of angle of 

detection.3 1—3 4 In this chapter. I focus on the angle of detection dependence on light 

traveling through a fixed spatial point in highly scattering random media. The influence 

of the media scatter size on this dependence will also be analized for three different 

media.

Intensity temporal profiles I(r, 6,t), of scattered light traveling in various directions 

(angles) at a fixed spatial point, were measured using optical fiber probes; where r is 

vector (x,y,z) which indicates the source-detector (S-D) distances; and 9 is the detector 

angular position of collection of photons travelling through a fixed point in space with 

various directions. The detection angle at a fixed point is varied. Similar detection 

points in each medium have been chosen along two directions: forward -along the light 

source launching direction, x-axis; and lateral or perpendicular direction, y-axis, for 

comparison. Figure 3.1 shows the S-D configuration arrangement used for this work. In 

order to relate the angle of detection dependence to the scattering size property, three

3 1
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different sizes of polystyrene spheres comparable to the size of cells found in a human 

breast were chosen.

The anisotropy of light propagation was detected by comparing temporal profiles 

with different angles of collection at: a) a fixed point, and b) two equidistant points from 

the source. For this purpose, an equation to describe the degree of anisotropy has been 

introduced.

The degrees of anisotropy in photon distribution in the medium due to the source 

directionality are defined as:

a) Angular anisotropy at a point

, ,  f ( r ,0x , t ) -  f ( r , 0 ' x  ,t)
A xx( r ,0 x ,0 'x , t )=  - J — -------------- —  (3-D

! (r ,0x ,t) + f ( r , 0 ' x  .0

b) Angular-spatial anisotropy between two points

l ( r ,0x ,t)  -  l ( r , 0 y ,t)
A „ ( \ r \ , 0 x ,0y , t ) =  -f—  (3.2)

y  l (r ,0x ,t) + l ( r ,0y ,t)

Equation (3.1), Axx describes the degree of angular anisotropy at the same spatial point 

between two propagation directions, Qx and &x. The subscript xx in the first equation 

indicates that two profiles, o f a fixed point on the x-axis, have been chosen. The 

subscript yy  indicates that a point on the y-axis has been chosen. The second equation Axy
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describes the degree of angular-spatial anisotropy between two profiles taken at two 

different equidistant spatial points from the source in the forward and lateral directions 

and considers angular dependence.

32. Experimental Methods and Materials

A schematic of the experimental set up is shown in Fig. 3.2. Ultrashort laser 

pulses of 100-fs duration at 625-nm wavelength. 82-MHz pulse repetition rate, and 10- 

mW power were generated from a colliding-pulse mode- locked (CPM) dye-Iaser system. 

The laser beam was split into a reference and signal beam by a glass slide. The reference 

beam was used to mark the zero time of the signal beam and monitor the intensity 

fluctuations of the laser pulse. The signal light was guided into and out of the medium 

using two 200-pm core diameter optical fibers with a numerical aperture (N.A.) in the 

medium of 0.287. Scattering samples suspended in water were placed in a transparent 

cylindrical tank of 100-mm diameter and 90-mm height. The input fiber was fixed at one 

of the walls of the tank; while, the detection fiber was mounted on a x-y-z translation 

stage and a rotational stage Q. The output of the detection fiber (scattered signal) as well 

as the reference beam were imaged into the input slit of a 10-ps resolution streak camera.

Polystyrene micro-spheres of three different diameters, (i) small d= 0.091-pm, (ii) 

medium d= 0.304-pm, (iii) large d= 1.11 -pm, were used individually in each scattering 

medium. The scattering concentrations used to obtain a 2-mm transport mean free path 

(It) for each sample are given in Ref. 3.5. The absorption length ( l j  of each medium was 

set to 300-mm by adding a small amount of absorbing dye (Malachite Green). The 

scattering mean free path (Is) and scattering mean cosine factor (g) were 1.88-mm and
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0.06. 0.62-mm and 0.69. 0.14-nm and 0.93 for small, medium, and large scatters sample, 

respectively.

The source-detector distance was varied from 1 I, (2-mm) to 20 lt (40-mm) in the 

launching direction (x- axis) and lateral direction (v-axis). At each distance, scattered 

pulse profiles of various angular orientations were measured for the forward and lateral 

direction. The detection angles around a fixed point were varied. Similar detection 

points in each media have been chosen along two directions: forward - along the light 

source launching direction, x-axis; and lateral or perpendicular direction, y-axis. for 

comparison. For 15 I, (30-mm) the angular range on the forward direction (x-direction)

0 0 ^ ji

was from 0X to 135 clockwise , and in the lateral direction (v-direction), it was from

o o o o
Oy to 40 clockwise and from 0V to 135 counter-clockwise for the three different

media.

3 3  Results and Discussions

Figure 3.3 shows intensity temporal profiles for a source-detector separation of 15 

lt (30-mm) for small, medium and large scatterer size respectively. The inset in Fig. 

3.3(a) shows the source-detector positions for the three different media (one in the

forward direction and one in the lateral direction); in the forward direction, the fiber

O O
angular orientations were 0X and 90x (clockwise); for the lateral direction, the angular

orientations were 0y ° and 90y ° (counter-clockwise). The common features of the data for 

the three media are: (a) Highest intensity temporal profile -for a fixed point- along the

O O
launching direction is localized at 0X detector angular orientation. (Profiles at 0X were

3 4
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higher in intensity than any profile in the lateral direction), (b) In the lateral direction, the

O i •»
highest intensity temporal profile is at 0V + A0 detector angular orientation. (c)

Intensity temporal profiles detected in the lateral direction randomized faster than the one 

in the forward or launching direction, for the three media. This can be better observed in 

Fig. 3.3(c) by comparing the two profiles in the y-direction vs. the two profiles in the x-

O
direction, (d) Intensity peak time detection at 0X occurs at an earlier time than any other 

intensity peak with a different angular detector orientation for either the forward or lateral 

direction. See Figs. 3.3(a)—(c). (e) As the angle o f  rotation is increased away from

O
maximum angles of detection (0X in the forward direction and 0VU + A0  in the lateral 

direction), the following features are observed: (1) the intensity temporal profile 

decreases, (2) the intensity peak time (xp) is delayed; and (3) there is an increase in time 

the full width at half-maximum (FWHM).

Observations mentioned above are enhanced when one compares profile 

0X° versus that of 90X or profile 0X° versus 90y° in Fig. 3.3 (c).

In addition to these observations, certain differences were encountered in the three 

scattering media: (a) The emergence of a strong ballistic light for the medium with 

smaller diameter particles was observed, see Fig. 3.3(a). This ballistic light appears on 

the forward direction on and about o/-degree detector angular orientation. Ballistic light 

was still visible at a distance of 20 I, (40-mm) away from the source. No ballistic light 

was detected in the experiment for larger particles, (b) The intensity angular distribution 

is more uniform for the larger scatterers. In other words, peak intensity values at a fixed 

point in the forward and lateral direction become closer to each other in the medium of

3 5
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larger scatters size than for the medium of a smaller scatters size. This is even more 

evident when we observed the two profiles at (0.30,0) vs. the two profiles at (30.0.0) in 

Fig. 3.3(c).

The degree of anisotropy is plotted in Figs. 3.4 (a), and (b) using the profiles 

shown in Fig. 3.3 (c), which correspond to the medium o f larger scatters diameter (1.11 - 

pm).

Curve Axt in Fig. 3.4(a) shows the angular anisotropy between 0° and 90° in the 

forward direction as indicated by the inset xx, while curve Ayy shows the anisotropy 

between 0°  and 90° in the lateral direction as indicated by the inset yy. The two profiles 

in Fig. 3.4(a) show a higher degree of anisotropy mainly in the first 500 ps. Curve A** 

becomes negative around 800 ps. This is because the intensity of the profile detected at 

90° is higher than the one detected at 0° for 800 ps and later times. See Fig. 3.3(c). This 

flipping in intensity values occurring after 800 ps can be attributed to the isotropic 

behavior of light for late times that is when a higher amount of diffusive photons exist.

Profile Ayy becomes more uniform after the first 500 ps. This uniformity at an 

earlier time was expected since randomization occurs faster in the lateral direction than in 

the launching detection. See Fig. 3.3(c).

Fig. 3.4(b) shows the degree of spatial anisotropy A^ between two equidistant 

spatial points from the source as indicated by the inset labeled xy. It was observed that 

the degree of anisotropy in profile Axy is four times larger in the early portion (0 .8) than 

in the tail (0.2). This can be explained since photons experience less scattering events in 

the early time.

3 6
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3.4 Conclusion

Randomization of light going through a highly scattering medium after traveling 7 

or more transport lengths was expected. However, we have observed that light retains a 

strong angular dependence for large r//, distances. In the three media under study, 

temporal profiles maintained a non-diffusive behavior even for distances as far as 15 /, to 

20 /,. This is an indication that well-defined photon paths are preserved in the launching 

direction and that photon direction (momentum) is maintained even after light has 

traveled 20 I, away from the source. It was also observed that key profile characteristics 

such as intensity, zp, snake light and FWHM are affected by the strong angular 

dependence on the scattered light. To describe the degree of anisotropy in photon 

distribution due to the source directionality, two new parameters were introduced: Axr 

and A ^ .  It was found that there is a higher degree of anisotropy in the early time where 

photons experience less scattering events. The anisotropy of photon migration provides 

additional data and may need to be taken into consideration in image reconstruction in 

optical tomography.

Establishing at which distance from the source total randomization of a pulse of 

light occurs is a key pre-requirement for the scientist to be able to accurately apply the 

diffusion approximation model. Measuring photon migration at a fixed point under 

various collection angles could help to determine where total randomization starts. The 

angular information of photons travelling through a fixed spatial position may help 

scientist in the future to predict photon transport with higher accuracy.

3 7
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3.5 The scattering concentrations used to obtained /,= 2-ram and la-  300-mm in the 
three samples are:
i. For the small diameter scatters (d= 0.091-pm), we used 653.46 mL of water, 

43.87 mL of the 10% concentration polystyrene micro-spheres emulsion, and
2.641 mL dye.

ii. For the medium diameter scatters (d= 0.304-pm), we used 680.162 mL of water, 
18.41 mL of the 10% concentration polystyrene micro-spheres emulsion, and
I.428 mL dye.

iii. For the large diameter scatters (d= 1.11 -pm), we used 686.679 mL of water,
II.893 mL of the 10% concentration polystyrene micro-spheres emulsion, and
2.641 mL dye.

3.6 Counter-clockwise measurements were not recorded in the forward direction since 
there is symmetry along the launching direction.

3.7 A0 (clockwise) is a small angle, which increased as S-D distance (r) increases. At 
large distances, It fades away.
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3.6 Figures

Figure 3.1 S-D configuration arrangement for detecting photons passing through a fixed 
point in space, with different directions. The figure shows detection o f photons arriving 
with different directions at a distance r  away from the source, for two different spatial 
positions, one in the forward direction (r,0,0) and one in the lateral direction (0.r.0). The 
light intensity detected becomes a function o f position, time, an angle of photon arrival or 
detection, that is I(r.t.Q). The diameter size of the polystyrene micro-spheres used in 
each medium was: (i) 0.091-Mm, (ii) 0.304-Pm. and (iii) 1.11 -pm.

A O

3 9
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Fig. 3.2 Experimental setup. Ultrashort laser pulses of 100-fs duration at 625-nm 
wavelength. 82-MHz pulse repetition rate, and 10-mW power were generated from a 
colliding-pulse mode- locked (CPM) dye-laser system. The laser beam was split into a 
reference and signal beam by a glass slide. The signal light was guided into and out of 
the medium using two 200-Hm core diameter optical fibers with a numerical aperture 
(N.A.) in the medium of 0.287. Scattering samples suspended in water were placed in a 
transparent cylindrical tank of 100-mm diameter and 90-mm height. The input fiber was 
fixed at one of the wails o f the tank; while, the detection fiber was mounted on a x-v-z 
translation stage and a rotational stage q. The output of the detection fiber (scattered 
signal) as well as the reference beam were imaged into the input slit of a 10-ps resolution 
streak camera.
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_  ROTATION

I | DETECTED
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STREAK CAMERA

POINT SOURCEFIBERSu  GLASS SUDE

SIGNAL BEAM
APERTURE
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Fig. 3.3 Temporal intensity profiles for different collection angles obtained for a 30-mm 
S-D separation for three different media. In each medium. /, and la was fixed to 2 -mm 
and 300-mm, respectively. Profiles in 3.3(a) correspond to the small size scatters of 
diameter=0.091 Pm: profiles in 3.3(b) correspond to the medium size scatters o f diameter 
=0.304 P m ;  while profiles in 3.3(c) correspond to large size scatters o f diameter=l.l 1 
P m .  The recorded intensity profiles has been labeled 0° when the detector is facing the 
source. The subscripts x and y are to indicate measurements taken along the direction of 
propagation and in the lateral direction, respectively. Intensity temporal profiles labeled 
90o has been obtained by rotating the detector at a fixed spatial point 90». Each figure has 
four temporal profiles detected at 0o, 90° in the forward direction and Qo and 9o » in the 
lateral direction. Inset in 3.3(a) shows the S-D positions and angles of detection of the 
plotted profiles for the three different media.
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Figs. 3.4 Degree of anisotropy for profiles in figure 3.3(c). In Fig. 3.4(a). the degree of 
angular anisotropy at a point is plotted for a point along the launching direction A„ and 
for a point in the lateral direction A,,.. The inset xx and the inset yy  show the source- 
detector distance and angular orientations. Fig. 3.4(b) shows the degree o f anisotropy An 
in the medium. Inset xy shows the locations and angle o f detection of the two chosen 
points.
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Chapter 4

Time-Resolved Photon Scattering Measurements from 
Scattering Media Fitted to Non-Euclidean and 

Conventional Diffusion Models

4.1 Introduction

As it was stated in Chapter 2. the radiative transfer Boltzmann equation can 

describe photon migration in a random medium; however, because of its complexity 

several approximations have been developed, such as the diffusion approximation (DA), 

the telegrapher’s equation, and higher order approximations to Boltzmann equation.414 2 

These approximations with the help of fitting techniques have been used to determine the 

values of some key optical parameters that describe the scattering medium such as the 

transport mean free path (/,) and the absorption length ( / j .  Determination of these key 

optical parameters is important for predicting the photon temporal distribution at a fixed 

point inside a scattering medium or the photon spatial evolution between two or more 

different points. The limitations of the DA are its inaccuracy in predicting the intensity 

of early arriving light and the location of the maxima intensity peak position. This 

inaccuracy leads to a failure in fitting experimental intensity temporal profiles obtained in 

the pre-diffusive regime (distances < 5 - 7  lt—transport mean free path—  that is, 10 to 15

mm for human breast tissue in the near-infrared (NIR) region). The DA deficiency in 

predicting the nature of photon migration in a close spatial region has been shown in refs.

4 5
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[4.3.4.4]. Further improvements in this onset regime should prove useful in the detection 

of hidden abnormalities in medical imaging and optical tomography. It is not the distance 

between source (S) and detector (D) that determines the applicability of DA in optical 

tomography, but the distance between hidden objects (tumour) and the source (or 

detector). In this context, Polishchuk, et. al., recently introduced the non-Euclidean 

(NED) model4546 and in contrast to the DA offers an improvement in predicting photon 

transport in the pre-diffusive regime. Based on past experiments performed on different 

animal tissues, the transport mean free path (/,) is about 2.5 mm at 625 nm. and ~5 mm in

the NIR region.4 7-4 8 The transport mean free path in human breast tissues is /, ~ 1 mm in 

the visible region and, is expected to be more than twice that value by selecting the 

appropriate NIR wavelength. The S-D distances of 5 /, and 15 /, used for the 

measurements of this experiment correspond to typical distances between 

source/detectors and hidden inhomogeneities—such as tumours—located in the middle of 

a typical compressed human breast size of a  60 mm or 30/, under NIR light. Interesting

tissue components of a human breast include adipose (fat), glandular, ducts, blood 

vessels, calcifications, and growths—each with different scattering properties.

In this chapter, theoretical predictions from the NED and the DA equations 

obtained for the pre-diffusive and diffusive regions are compared with the measured 

scattered light temporal profiles. The NED equation represents a bridge between the 

ballistic regime at small /, distances and the diffusive regime at large /, distances. At large 

times, for a fixed distance, the NED equation describes the diffusive regime and NED and 

DA approach each other.

4 6
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4.2 DA and NED Models

DA Model

The photon number density function N(i .r )  is used to describe the temporal and 

spatial evolution of scattered photons originating instantaneously from a point-like 

collimated source and travelling in a highly forward-scattering medium. The photon 

number density profiles obtained from the NED and the DA equations for an infinite 

medium are compared in this paper with experimental profiles in time and space.

For the DA model the photon number density for an infinite medium is 

given by:49410

N ( t , r )= ------- ! e7DF'r'~ (4.1)
( 4 7 r ) - l ( D t ) :s

c c Iwhere the source is assumed at the origin and ; D ~    = — - .  The term
3[(1 - g ) / J s ] 3

is the reduced scattering coefficient; c is the speed of light, and I, is the

transport mean free path. The last exponential decay term ) is the absorption term 

that affects the pulse profiles, more strongly, at large times when t > t a = (va )~x. va is 

defined as c/la. For this study, the absorption length in the media was fixed at la =  300 

mm and the transport mean free path to l, = 2 mm. The absorption dependence of D has 

been neglected since la is much larger than /,. A problem of the absorption dependence of 

D was recently reconsidered in Ref. [4.2] and references therein.
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NED Model

For the NED model, the photon number density is given by Polischuck as:4 54<’4 11

N(t ,r ,sn) =
(4;r) : ^det A

(4.2)

where A is a 3 by 3 matrix and A-1 is its inverse. The exponential term. A ^ r_r. U /'-'i )p .

indicates the summation of the multiplication of the components of the inverse matrix 

with the components of the vector difference (r -  r ) . The components of the A matrix 

as well as the components of the vector difference are indicated by the subscripts 

a  and p which can take the numbers 1, 2, or 3. The components of the A matrix are 

given by

where / ,  = l - e  lr , / 3 = l - e -3r, r  = ~ ,  and (•s„)a(^„)fl is the multiplication of the
h

components of the initial velocity propagation direction vector sn, which for our system 

is defined as (0,0,c). Notice that the multiplication (s0)^ (sn) f will only survive 

for a  and P equal to 3 for our particular experimental system, i. e. light propagation in the 

z-direction. On the other hand, (r-rc)a(r-rc)p indicates the multiplication of components of

(4.3)

c t
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the vector difference (r -  r ) . Here, r  is the detector location or final photon trajectory- 

detection position: r  (/) is the position of the center o f mass of the photon cioud and it is

equal to r ( t ) =<r (t) > = ?,(—)(! — e '• ). The symbol < > stands for the averaging over

all trajectories with the same initial velocity propagation sit.

From Eq. (4.2), for small times t « ( l t /  c) one has 4 ^  ->• 0 and 

N(t,r,s0) -+ S(r-s0t) ; the ballistic regime is recovered. On the other hand, for larger 

times t » ( l t /  c), Aafi =Dt; the diffusion regime is attained and the solution for

the NED equation N(t,F,su) approaches to the solution of the conventional DA. Note 

that the photon number density in Eqs. (4.1) and (4.2) are normalized to the initial 

number of photons in the pulse.

The time-resolved intensity profile from red scattered light was measured in the 

range 10—30 mm (5 to 15 /,) for a calculated I, = 2 mm value to check on the predictions 

of the NED-based Eq. (4.2) and the conventional DA Eq. (4.1). It should be noted that 

even at distances as large as 15 transport mean free paths (/,) the photon number density 

predicted by the NED and by the conventional DA differ appreciably; see Ref. [4.5].
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4 3  Experimental Method

The schematic diagram of the experimental setup is shown in Fig. 4.1. A laser of 

ultrashort pulses of 100 f s  duration at 82 MHz pulse repetition rate and 10 mW with 

average power generated from a colliding-pulse mode-locked (CPM) dye-laser system 

was used to simulate an instantaneous point source. The wavelength of laser pulses was 

centered at 625 nm. The laser beam was split into a reference and signal beam by a glass 

slide. The reference beam was used to mark the arrival time of the signal beam and to 

normalize the intensity fluctuations of the laser. The signal beam was coupled into the 

medium using a 100 mm focal length lens and an optical fiber. A 10 ps resolution streak 

camera was used to measure the collected scattered pulse travelling inside the highly 

scattering medium.

The scattering media consisted of polystyrene micro-spheres and absorbing dye 

suspended in de-ionized water. The diameter of the polystyrene spheres was 1.11 fjm. A 

scattering concentration (of polystyrene sphere) of 0.169% of the total volume was 

selected to ensure lt = 2.00 ±0.04 mm. The absorption length was set to la = 300 mm by 

adding a calculated small amount of absorbing dye (Malachite Green) to the scattering 

medium. The scattering mean free path (ls) and scattering mean cosine factor (g) were 

0.144 and 0.926, respectively. The value of I, was calculated on the basis of the Mie 

theory. For such a concentration of scattering particles /, was experimentally shown to be

proportional to the number density of scatters.412 The scattering medium was placed in a 

transparent cylindrical tank of 100 mm in diameter and 100 mm in altitude.
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To simulate a point source and a point detection, the signal light was guided into 

and out of the medium by means of two 200 pm core diameter optical fibers with a 

numerical aperture (N.A.) inside the medium of 0.287. These fibers represented the 

source (S) and detector (D). The input fiber (S) was fixed at one of the walls of the tank. 

The detector (D) was mounted on a x-y-z translational and angular {6 ) rotational stage 

and positioned on the optical axis right across the source direction ( sa ). The translational 

stage was used to vary the source-detector distance r while the angular rotational stage 

was used to rotate the detector and collect the light arriving from different directions at a 

fixed point. The output of the detection fiber (scattered signal) was focused into the input 

slit of the streak camera.

Intensity temporal profiles l(t.r,m,s0) were measured at various distances r and 

various angular orientations m . where m is the orientation of the detecting fiber with 

respect to the propagation direction s0 [see inset in Fig. 4.2(a)].

The measured intensities are related to the photon specific number density 

n(t,r,s,sa) by

I(t ,r,m,sn) = jcg A(m,s) nft,F.s.sa)  ̂ ^  ^

where A f m . s j  ds is the ratio of the number of photons in a solid angle ds collected by 

the detector per unit time to the photon flux in the s direction. For additional 

information on the receiving cross sectional area for the receiver see Refs. [4.13— 4.16].

The angular-integrated intensity temporal profile I( t ,r ,sa) is represented as :
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Ut.r.sj =\dm l(t,r.m.s0) = W N(t,r.s„) (4.5)

where W - A c  N0; N0 is the number of photons in the incident pulse and 

A —\dm A<m.s) is a constant characterizing the effective fiber system receiving area.

The corresponding experimental temporal profiles detected with different angles 

of collection m at a fixed spatial point r were combined to obtain an angular-integrated 

intensity temporal profile, 7 ( /,r , su) . The procedure described above makes possible the 

comparison of the experimental angular-integrated intensity temporal profiles for a fixed 

distance r  (presented in Fig. 4.2) with the theoretical result predicted by the NED and DA 

equations.

4.4 Experimental Results and Discussion

In this experiment, the source-detector distance was varied from 5 I, to 15 /, ; at

each distance r, scattered pulse profiles Kt.r.mj0j Qf  various angular orientations were 

measured. Figs. 4.2(a)— 4.2(c) show intensity temporal profiles obtained for r  = 5, 7.5, 

and 15 I, respectively. Each temporal profile in Fig. 4.2 has been labelled with its

respective angle of detection (*  ). The inset in Fig. 4.2(a) shows a schematic of the 

source and detector position and angular orientations for a fixed distance r. These

profiles were averaged to obtain .
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The salient features o f profiles shown on Fig. 4.2(a) for 5 I, are the following: (a) 

the highest-intensity temporal profiles for a point in space are localized along the 

launching direction and around the 0° detector angular orientation, (b) as the angle of 

rotation is increased away from the 0° collinear direction, the temporal profiles are 

affected and the following features are observed: (i) the intensity temporal profile 

decreases; (ii) the early light (snake light) and the time to reach the intensity peak (Tp) is 

delayed in time; (iii) there is an increased in the full width at half-maximum (FWHM) 

and the scattered pulse becomes broadened. These features were consistent for all 

distances in the range chosen for this study (5 /, to 15 /,) and can also be observed in Figs.

4.2(b) and 4.2(c). The strong angular and spatial dependence of photons travelling in a 

highly scattering medium in the forward direction (source launching direction) and lateral 

direction (perpendicular to source launching direction) have previously been mentioned 

in Ref. 4.17. In this work only light propagation in the forward direction was considered. 

In the near zone at a fixed distance r, the local scattered light intensity is strongly angular 

dependent. This local angular dependence (anisotropy) gradually decreases with time as a 

result o f multiple scattering. For a fixed point, photon distribution in time becomes more 

isotropic as time passes; in addition, the intensity detected at a fixed point decays as we 

move away from the source. When comparing profile groups obtained at different 

distances, another important feature can also be observed: mainly, the striking difference 

due to the angle of detection dependence starts fading away as the source-detector 

distance is increased. It is clear that even at the distance 15 lt the angular distribution of
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light is still appreciably anisotropic. Note that almost isotropic angular distribution of 

photons is a necessary condition for the diffusion model to be valid.

The curves in Figs. 4.3(a) and 4.3(b) show the experimental angular-integrated 

intensity temporal profiles I( t .r ,sa) for r=5 I, andr=I5  /, together with the normalized

photon number density temporal profiles calculated using the NED and the ordinary 

diffusion approximation DA. The theoretical curves calculated for different distances r 

were normalized to the experimental peak intensity values obtained at each distance 

respectively. The a priori known optical parameters /, and la used in the prediction of

these theoretical curves were 2 mm and 300 mm, respectively. The curves predicted by 

the DA have been plotted using dashed lines, while the NED predictions use a smooth 

solid line. The difference in shape accuracy of the theoretical curves with respect to the 

experimental data is presented in Fig. 4.4(a). Although theoretical curves were 

normalized to experimental data, NED and DA predictions (profiles) still showed 

considerable differences for different distances, as is shown in Figs. 4.3(a) and 4.3(b). 

The experimental data favour more the curves predicted by the NED theory than the ones 

predicted by the DA. It should be emphasized once again that the theoretical curves 

plotted in Figs. 4.3(a) and 4.3(b) do not use the best fitting parameter approach; instead, 

we make use of the a priori known actual parameters (e.g.. I, =2 mm and la =300 mm) of

the scattering medium to plot both theoretical curves.

Since the theoretical results were obtained for an infinite medium while the 

experiment was performed in a finite medium (e.g., a tank 100 mm in diameter), an 

estimated time (Tm) where the walls of the tank commence to affect the experimental
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measurements was found to start at around 600 ps. We attribute the intensity mismatch 

of the experimental temporal profile with respect to the theoretical curves shown at the 

falling wing in Fig. 4.3b to the boundary effects (for t> Tm) since photons escaping 

through walls are equivalent to surface absorption. Therefore the region between 0 and 

600 ps should be considered for the match with theory.

The fitting of the key parameters /, and la of the experimental data obtained by 

both theories for different distances is displayed in Table I. The values in Table I 

correspond to the best fitting predicted by both theories while using the least square 

curve fitting  technique.

Distance NED DA
best fitting parameters best fitting parameters

r (mm) lt (mm) la (mm) lt (mm) la (mm)
10 1.69 101.6 1.75 62.24
14 1.64 104.0 1.73 82.4
17 1.66 102.1 1.74 85.4
25 1.68 125.0 1.77 115.3
30 1.81 145.3 1.91 137.4

Table I. Best fitting values (/, , l a ) to the measured 
temporal profiles for NED and DA for different distances r.

The best fitting parameter values from Table I are used to plot the theoretical 

intensity temporal profiles for the NED and the DA models for distances r=10 mm and 

r=30 mm and are compared to the experimental data in Figs. 4.3(c) and 4.3(d), 

respectively. The average value found through the best fitting approach for I, and la is 1.7

and 115.6 for the NED and for the DA, 1.78 and 96.54, respectively.

Although the values obtained through fitting differ from the a priori known fixed 

values lt =2 mm and la =300 mm, both theories could provide a good fit. Notice that,

although fitted, la shows a strong dependence on distance especially for the DA. Table I
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indicates that the simple two parameter fitting procedure may not be a correct way to 

obtain the I, and la parameters since the values obtained differ significantly, given errors

over 13% and 100% for I, and la. respectively.

The relative error, deviation S  of normalized predicted theoretical curves I,{t) 

from experimental intensity temporal profiles I„p,(t) was calculated for different distances 

r in order to have a feeling o f the shape accuracy for both theories. The relative 

deviation was characterized by a parameter S -  100 | -Lp,(0\\/\\Lxp,(t)\\ where

l l w l l - v T ^ 7 is the L-2 norm of the Intensity function I(t) defined on a segment 

[0.rw], Figure 4.4(a) shows a histogram plot of the relative deviation S of both models 

using I, =2 mm and la =300 mm. To avoid the boundary effects, the parameter 5  was 

calculated using the first 600 ps o f the experimental and theoretical profiles for distances 

r /  lt o f 5, 7, 8.5, 12 and 15. It can be observed in this histogram that the relative

deviation £ is bigger for the DA than for the NED mainly in the close region 5, 7, and 8.5 

lt . These results demonstrate that the NED describes the shape of the intensity temporal 

profiles of scattered light better than the DA does at different spatial positions.

The plot of the full width at half maximum (FWHM) of the experimental and 

theoretical temporal profiles for each distance (r /  /, ) is shown in Fig. 4.4b. A large

deviation arising from the boundary effects is observed in the FWHM for distances r /  lt 

=12.5 and 15. The theoretical FWHM values predicted by the NED model were found to 

be closer to the experimental results than those predicted by the DA.

5 6
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The plot in Fig. 4.4(c) shows the time peak (Tp) corresponding to the maxima 

intensity temporal position for different distances r for both models NED and DA. and for 

the experimental results. It could be observed that the Tp values for the DA model are 

further apart from the experimental values than the ones obtained by the NED model. 

This time peak shift in the DA profiles has been observed before and addressed in Refs.

[4.3,4.4]. The main advantage o f  the NED versus the DA model is that the NED model 

can describe with greater accuracy the transition between ballistic and developed 

diffusion regimes, e.g., that it is where the DA starts to fail.

To determine the accuracy of both models when only one parameter la or I, is

known in advance, the standard best fitting approach has been used to calculate one of 

these optical parameters while the other one has been kept fixed. The results are given in

Table Il-a. The parameters lt obtained as a result of fitting the NED and DA to the 

experimental data taken at different distances from the source (r) holding the a priori 

known value of la fixed (e.g., equal to 300 mm) are plotted in Fig. 4.5(a). This figure

shows the variation of the fitted value lt with respect to a priori calculated /, value (e.g.. 

equal to 2 mm) given by the NED and the DA theory for different distances. The fitted 

lt values predicted by the NED and DA are plotted using stars (*) and circles (o),

respectively, and are connected with solid lines, while the a priori I, constant known

value has been plotted using plus signs (+) and are connected by dashed lines. The mean 

transport length values predicted by the DA show a higher deviation than those predicted 

by the NED. The variation of error (e) to the fitted parameter lt with respect to I, = 2mm

5 7
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has also been tabulated in Table II-a and ranges from 0.5% to 4.5% for the NED model 

and from 4.0% to 24.5% for the DA model.

Distance NED best lt fitting parameter DA best If fitting parameter

r (mm) If (mm) la (mm)
2 - 1  

e =  —p j * l 0 0 If (mm) la (mm)
2-/'

e - ---- 4 * 1 0 0
2

10 1.96 300 2.0 % 2.49 300 24.5 %
14 1.93 300 3.5 % 2.25 300 12.5 %
17 1.99 300 0.5 % 2.26 300 13.0%
25 1.91 300 4.5 % 2.08 300 4.0 %
30 1.98 300 1.0 % 2.12 300 6.0 %

Table Ila. Best fitting values ( lt ) and respective errors (e) for NED and DA obtained by
keeping fixed the a priori known parameter la =300 mm fixed for different distances r.

In a similar manner, Table Il-b shows the best fit for la obtained by both models 

for different distances while keeping fixed the a priori calculated I, value equal to 2 mm.

Distance NED best l a  fitting parameter DA best la fitting parameter

r (mm)
fixed 

^ (mm) l a  (mm) e -
300-/

a * 100
fixed

^ (mm) l a  (mm) e -
300-/

300 300
10 2.0 223.8 25.4 % 2.0 80.0 1 3 3  %
14 2.0 252.5 15.8% 2.0 119.0 60.3 %
17 2.0 223.0 25.6 % 2.0 122.0 59.3 %
25 2.0 392.0 30.6 % 2.0 190.2 36.6 %
30 2.0 281.8 6.0 % 2.0 167.7 44.1 %

Table Il-b. Best fitting values ( la ) and respective errors (e) for NED and DA obtained by
keeping fixed the a priori known parameter 1 ,-2  mm fixed for different distances r.

The error given by fitting the absorption length la with respect to la =300 mm has been 

tabulated in Table Il-b. Figure 4.5(b) depicts the results of Table Il-b. Once again the
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predicted la values obtained by the NED and DA are plotted using stars (.) and circles

(o), respectively, and are connected with solid lines, while the a priori la constant known 

value has been plotted using plus signs (+) and are connected by dash lines. Notice that 

the margin o f  error for la is below 30.6 % for the NED and above 36.6 % for the DA 

model with respect to the a priori fixed and constant known value la =300 mm.

Figures 4.5(a), 4.5(b) show that, when a parameter l( or la is a priori known, the 

NED model will predict with a considerably higher accuracy the unknown parameter 

values ( ta or lt ) than the DA at any distance in the pre-diffuse regime.

In Figs. 4.3 and 4.4, we have compared to the experimental data only the shape of 

the normalized theoretical curves predicted by both models which correspond to the 

photon temporal distribution at fixed  distances. To make a fair comparison between the 

two theories and the experiment, one needs to observe not only the prediction of the 

temporal evolution o f local photons (i.e.. distribution o f  photons in time at a fixed 

distance r) but also the consistency in predicting the spatial-temporal distribution o f 

scattered light at different distances. On the other hand, an absolute direct comparison of 

the intensities calculated and measured at different spatial locations is difficult since the

effective receiving cross section A and the number M0 of the initially launched photons 

have not been measured in the experiment (see also the respective discussion below). A 

relative comparison at different distances r does provide critical information regarding 

the capabilities of the NED and DA in describing the scattered light distribution in space

and time. Intensity peak ratios I ptak(r ->Tp) I  Ipnk(\%*Tp) obtained from the experimental
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profiles and both theories have been plotted in Fig. 4.6 for different distances r . The 

experimental values in Fig. 4.6 are connected with a solid line while the ones obtained by 

both theories are connected with dashed and smooth solid lines. The intensity ratios in 

Fig. 4.6 provide insight into the consistency and accuracy of both theories in predicting 

intensity values at different spatial locations. Looking at the intensity ratios predicted by 

both theories, one could observe a larger deviation for the DA with respect to the 

experimental values in the close region (below 10 I, ) as expected. This figure mainly 

demonstrates that the spatial distribution of scattered light intensity is better described by 

the NED than by the DA.

A similar comparison could be done by using the absolute intensity values 

predicted by each theory. In order to do this, one needs to use directly the experimental 

intensity values /  (f,r,Jo)-and compare them independently to the intensity values

predicted by both theories (/«»>(/,r,50),7/M(/,r)), in time and space. Although the

parameters A and N0 are a priori unknown, we may use fitting of either theories to the

experimental data to determine an intensity normalization factor W = A c N0. Since the 

photon number density values of both theories differ from each other the factor W will be 

individual for each theory; however, for a consistent theory W should be the same when 

comparing theoretical and experimental intensities at different times and distances. 

Since the NED and DA models approach each other at large I, distances and at large

times, we have picked W from the experimental intensity temporal profile at r =151, (the 

furthest distance in our experiment) and at / = 600 ps (later times are strongly subject to
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our boundaries constraints ). We calculate W for each theory as follows: for the NED

IexDt(t=600F-30.so > I  (t=6l)0.r=30.so ;
theory *,V£D = f j - ttmt00fm3i^r tat the DA theory WD, -  N •

S'ED DA

The values found for W.vro and WD/( were 0.0405 and 0.0545. respectively.

The plots in Figs. 4.7(a) and 4.7(b) show the experimental profiles obtained at r = 

10 mm and r  = 30 mm (e.g., 5 It and 15 It ) compared with two theoretical 

curves— Isa)(t,F,s0)~ VIsed NsF.o(t ,F , s q )  and hu(t,F) = WDA Nda(i.F)— obtained after 

the introduction of the intensity weight factors W,v££> and VIda at t=600 ps and r  = 30 mm. 

In these figures, the a priori known values /, =2mm and la =300 mm have been used. At 

t=600 ps, an exact matching in intensities for both theories and experiment is observed in 

Fig. 4.7(b). This matching is a result of the individual intensity factors ( Wned and VIda ) 

introduced by each theory. In the same plot [Fig. 4.7(b)] for t<600, the intensity values 

at different times for the NED model are in better agreement with the experimental 

intensity values than those for the DA model. This asymptotic intensity matching should 

be consistent at shorter distances. Indeed, the NED is shown to be in better agreement to 

the experimental intensity values than the DA at these distances—see Fig. 4.7a. The 

agreement of the intensities predicted in the pre-diffusive regime by the NED at different 

time and at different spatial positions is shown to be more consistent than intensity values 

predicted by the DA. In fact, intensity peak values predicted by DA at short distances (r 

< 10 It) are underestimated by about 40% with respect to the experimental values. It 

should also be mentioned that choosing a bigger Vi da value (in order to have a better 

intensity match at 5 /,) will overestimate the intensity values obtained at 15/, and beyond.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The factor obtained by W\£o is considered to be a more reliable value since it is shown to 

be more consistent with the experimental results at different times and distances as shown 

in Figs. 4.7(a) and 4.7(b). In order to have a direct comparison of both theories and 

experimental results, we have plotted in Figs. 4.8(a) and 4.8(b) the intensity predicted by 

each theory using a common factor ( W = W.v£o ) as well as the profiles obtained 

experimentally for distances 5 It and 15 I t . respectively. Performing a direct comparison 

of the two theories under a common factor W clearly shows appreciable intensity 

differences between them. These differences are observed in the peak intensity values as 

well as in time peak positions (Tpeak )• Fig- 4.8(a) shows a 46.4% peak intensity 

difference between the two theories plus a delay in time of 18 ps for the DA. Fig. 4.8(b) 

shows a 22 .88% peak intensity difference between the two theories and a delay in time of 

60 ps for the DA. The intensity difference of the two theories decreased for large It 

distances as expected since the NED model takes the form of the DA. Also in Fig. 4.8, 

the DA model can be compared to the experimental results. Here it could be observed a 

complete intensity mismatch of the DA with respect to the experimental results at 

different times and distances. Asymptotic comparison of intensities in time of the two 

theories for different distances (spatial locations) with respect to experimental values is 

essential and provides a better description of the capabilities of both theories. The NED 

model in contrast to the DA showed a satisfactory and consistent description o f scattered 

light intensity at most distances and times.
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4.5 Conclusion

In conclusion. I have demonstrated by a comparative study that the NED model 

provides a better description of the temporal and spatial evolution of scattered light than 

the DA does without taking boundary conditions into account. Appreciable differences 

between the NED and DA were observed for photon number density for distances as 

large as 10 to 15 / , .  Even larger differences are expected for specific number density. 

The NED approach may be considered as a possible alternative to the DA in future 

optical imaging algorithms. It is worth mentioning here that the good agreement with the 

experimental data reported in this paper by the NED in the pre-diffusive regime (short 

range) makes it a good candidate to become a mathematical basis for the non-stationary 

LIDAR equation.
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4.7 Figures

Fig. 4.1 Schematic diagram of the experimental setup.
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Fig. 4.2 Scattered light intensity temporal profiles measured at various distances for different 
detection angles. The medium optical parameters are: it = 2.00 + 0.04 mm and / = 300 
mm. The inset shows a schematic of the source and detector angular positions. The point of 
detection was situated along the pulse launching direction. The plots in (a)—(c) show the 
measurements obtained at distances r=5/f. 7/f. and 15/f. respectively, for various detection 
angles.
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Fig. 4.3 Angle averaged scattered light intensity temporal profiles measured and 
calculated using the NED and DA at r=5/, and r=15/f. In (a) and (b). the theoretical 
intensity temporal profiles for both models are calculated using the a priori known 
optical parameters l( = 2.00 mm and la = 300 mm. in (c) and (d) the theoretical profiles 
use the best fit optical parameters calculated in Table I using the best fit approach.

x 10
7.1mm)1.4

3002.0NEC
DA 3002.0

2

1

=  0.8

” 0.6

0.4

Expt0 2
NED: 
DA :

0
200 400 Exp 600

Time (ps)

x 10'
/.(mm) /,1mm)

2.0 300NED
D A 2.0 300

1.4

1.2  •>.
ine©
c

0.8

0.6 Expt
0.4

NED: 
DA :

0.2

1000 1500500
Time (ps)

x 10
/,(mm)4
101.61.69NEDExpt

DA 62 .2 41.75
2

1 v NED

“  0.6

0.4

0.2
NED: DX

0
600200 400

Time (ps)

x 10'
/„(mm)/,(mm)
145.31.81NEC

D A 137.4.91

1.2

DAc
S  0.8

NED
0.6

Expt
0.4

0.2 NED: 
DA :

1000 1500500
Time (ps)

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 4.4 General properties of scattered intensity temporal profiles predictions, (a) 
relative deviation S  (see text) of theoretical curves from an experimental intensity 
temporal profiles for the NED (open rectangles) and DA (filled rectangles) at various 
distances from the source: (b) FWHM for the calculated and measured temporal profiles: 
and (c) Temporal position of the peak of the scattered light intensity vs. source-detector 
distance.
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Fig. 4.5 Best fit optical parameters retrieved from the scattered light intensity 
measurements at different distances using the NED and DA theories. The dashed line 
represents a priori known values I, = 2.00 mm and la = 300 mm. See text for more
details. In figure (a), a priori known value la is kept fixed to 300mm while obtaining I, 
best fits; In figure (b) a priori known value lt is kept fixed at 2 mm while obtaining la 
best fits.
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Fig. 4.6 Relative peak intensity ratios vs. source-detector distance. Peak intensity values 
were obtained from experimental and theoretical profiles at the peak time (Tp). The peak 
intensity ratio was taken for different distances r  with respect to the individual peak 
intensity values obtained experimentally and theoretically at r-15 lt as follows:

I  * expt = êxpi (*"’ Tp) / ̂ expt (15A * Tp) . / '  = / /M (r. 7» /  / /M (15/,. r„). and

I ' s m  = /  / VWi(15/,.7» .
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Fig. 4.7 Experimental scattered light intensity temporal profiles and theoretical profiles 
calculated using the NED and DA after the introduction of individual normalization 
factors WV£D and WDA obtained at r—I5 I, and at /= 600 ps. See text for more details. 
The medium parameters are /, = 2.00 ±0.04 mm and la = 300 mm. Plots in figures (a) 
and (b) were measured and calculated at r= 5 /, and at r-15  l{. respectively.
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Fig. 4.8 Direct comparison of both models using a common weight factor W =0.0405. 
The medium parameters are I, = 2.00  ±0.04 mm and la — 300 mm. Plots in figures (a) 
and (b) were measured and calculated at r= 5 I, and at r=15 I,, respectively.
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Chapter 5

Light Propagation in Biological Media 
With Definite Internal Structure

5.1 Introduction

In this section, tissue structure is shown to affect the transmission of linearly 

polarized light. Light propagating in a quasi-orderly, highly scattering/absorbing tissue 

media is investigated. Understanding how light propagates in media with definite 

internal structure such as in tubular structures is important to improve the use of light in 

medical applications. Light propagation through biological media formed by elongated 

fibers (fibrous tissue structure) has not been investigated extensively and is not well 

understood yet. This type of structure is found in muscle tissues and in some type of 

leaves.

In this chapter, I focus on the effect of parallel-fibrous structures on the 

transmission of linearly polarized light. I examine: (a) how the interior structures in 

tissues could offer different pathways for photon propagation, and (b) how the sample 

structure orientation with respect to the incident beam polarization direction influences 

the transmitted scattered light components (parallel and perpendicular components), 

specifically, when the sample under study possesses a defined axial structure.

Transmission—time-resolved and CW—measurements of scattered light have 

been performed on several biological samples of different thickness for different structure 

orientations. In addition, light transmission through a leaf with fibrous-like structure
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has also been investigated. The experiments were performed using 630-nm laser light. 

The detected transmitted scattered signal components (parallel and perpendicular to the 

incident polarization) have been analyzed via polarization gate for different structure 

orientations.

Experimental results indicate that the orientation of the fibers with respect to the 

polarization direction of the incident light play an important role on the polarization 

components of the light transmitted through a tissue sample. The scattering 

characteristics such as intensity and full width at half maximum were found to be 

dependant on the tissue structure and thickness of the samples.

Samples used

The samples used for this study are bovine muscular tissue of different thickness. 

The tissues were positioned at different orientations with respect to the incident linearly 

polarized beam orientation.

5.2 Time-Resolved and CW Studies on Bovine Muscular Tissues

In order to study the dependence of the transmitted light on tissue structure, time- 

resolved and CW experiments were performed on bovine brisket tissue samples. Section

5.2.1 presents the time-resolved studies. Section 5.2.2 presents the results and discussion. 

In the same way, sections 5.2.3 presents the CW studies, and 5.2.4 the results and 

discussion.
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5.2.1 Time-resolved Studies: Experimental Methods and Media

A schematic of experimental setup is shown in Fig. 5.1. Ultrashort laser pulses of 

100-fs duration at 625-nm wavelength, 82-MHz pulse repetition rate and 10-mW power 

were generated from a colliding-pulse mode- locked (CPM) dye-laser system. The laser 

beam was split into a reference and signal beam by a glass slide. The reference beam was 

used to mark the zero time of the signal beam and monitor the intensity fluctuations of 

the laser pulse. The signal light was loosely focused into the tissue, (e.g., bovine 

muscular tissue samples) using a lens (L). The focal length (F) of the lens was 50 mm. 

The diameter of the beam was approximately 1 mm, after focusing. A bifurcated optical 

fiber, with a 200-pm core diameter, was used to collect and detect the scattered signal and 

the reference beam, as seen in figure 5.1. The output of the bifurcated fiber (carrying the 

scattered signal and the reference beam) was coupled to the input slit of a 10-ps 

resolution streak camera.

Tissue samples (slab shape) with two different internal structures were tested: A 

and B. For structure A, the samples were cut such that the fibrous muscular tissue (FMT) 

structure was perpendicular to the incident beam. For structure B. the cross-sectional 

(CS) area of the tubular structure was facing the incident beam. Thickness of the samples 

range from 3.1 to 13 mm. Their rectangular dimensions were about 25 by 35 mm. 

Figure 5.2(a) and 5.2(b) are photographs of a bovine muscular tissue sample, showing the 

elongated tubular fibers and its cross-section.

In order to study tissue structure effect on the transmission of linearly polarized 

light, the sample was mounted on a x-y translational and angular (0 ) rotational stage and
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placed on the optical axis of the incident signal beam. The angular rotational stage was 

used to rotate the sample structure orientation with respect to the incident beam 

polarization direction, while the translational stage was used to probe different points in 

the sample. Intensity temporal profiles were detected for the FMT and CS structures 

oriented at different angles with respect to the incident beam linear polarization direction. 

In the same fashion, in the second part o f  this study, scattered light intensity temporal 

profiles for samples o f  different thickness were analyzed using a removable polarizer 

(analyzer).

5.2.2 Experimental Results and Discussion

In the first part of this study, the scattered light from the sample was collected 

with an optical fiber placed behind the sample and positioned across the incident signal 

beam optical axis of propagation. No polarizer was placed between the sample and the 

collection fiber. The incident signal beam polarization direction was parallel to the 

optical table; this angular direction was used as reference. For convenience this direction 

has been labelled: E(0°). In order to study the influence of the structure on light 

propagation, the fibrous muscular tissue (FMT) and the cross-section (CS) of the FMT 

structure were rotated to different angles while maintaining fixed the incident 

polarization.

Figures 5.3(a)—(d) show results obtained for a FMT sample 3.1 mm thick. Figure 

5.3(a) shows the schematic orientation arrangement for the FMT sample. The sample was 

oriented at different angles with respect to E(0°). Figure 5.3(b) shows the intensity
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temporal profiles collected for the FMT structure oriented at 0° and 90°. Notice that 

when the FMT is oriented at 0° and 90°. the fibrous structure is parallel and perpendicular 

to the polarization direction of the incident beam, respectively. Figs. 5.3(c) and (d) shows 

the peak intensity value and the full width at half maxima (FWHM). respectively, 

obtained at different FMT structure angular orientations.

The salient feature of profiles shown on Fig. 5.3(b) is that the highest peak 

intensity was obtained for the FMT structure oriented perpendicular to the incident beam 

polarization direction. It has been labelled IRrr(90°). The peak intensity difference (Al)

between profiles obtained with cross orientations [IFMT(0°) and IFMT(90°)] is about 11%. 

For samples above 11mm in thickness the alignment of the fibers in the tissue samples 

was distorted, and the difference irl peak intensity faded away since the sample is many 

transport length thick (>10). Figure 5.3(c) shows the peak intensity of temporal profiles 

obtained for orientations: 0°, 30°, 45°, 60°, and 90° degrees; once again, this figure shows 

that higher intensity transmission is attained by positioning the elongated tubular 

structure perpendicular to the polarization o f the incident beam. Little variation in the 

FWHM of the collected intensity temporal profiles was observed, as shown in Figure 

5.3(d).

In similar fashion, Figures 5.4(a)—(d) shows the result obtained for a CS sample 

of similar thickness, e.g., 3.1 mm. Figure 5.4(a) shows the schematic arrangement for the 

CS structure cut oriented at different angles with respect to E(0°). Figure 5.4(b) shows
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the intensity temporal profiles collected for the CS structure oriented at 0° and 90°. 

Similarly Figs.5.4(c) and (d) shows the peak intensity and the FWHM. respectively, 

versus the CS structure angular orientation.

The profiles shown on Fig. 5.4(b) shows a very small peak intensity difference of 

about 1% between profiles obtained with cross orientations [Ics(0o) and Ics(90°)].

Similarly, Peak intensity and FWHM for temporal profiles obtained for 0°. 30°. 45°. and 

90° degrees have been plotted in Figure 5.4(c) and (d), and show that there is no 

difference in peak intensity nor in FWHM for this kind of tissue structure. As expected, 

little (~l%) or not difference was found in the detected intensity temporal profiles for the 

CS structure oriented at various angles, since the fibrous structure are aligned along the 

propagation direction of the incident beam.

The main differences found between figures 5.3 and 5.4 are: in (a) intensity and 

(b) FWHM. The CS structure allowed about 20 % more intensity transmission than the 

FMT sample. In addition the temporal profiles show a smaller FWHM value than the 

ones obtained for the FMT structure. This could be better observed in Fig. 5.7 (a).

Figures 5.5(a), (b), and (c) show normalized intensity temporal profiles obtained 

for FMT structure oriented at IFMT(0°) and 1^(90°) for 3.1, 6.6, and 12.7 mm.

respectively. In this figure, one can observe for the three different thicknesses that the 

transmitted light arrives faster and has a smaller FWHM value by placing FMT structure 

perpendicular to the incident polarization. Also, as expected, the intensity temporal 

profiles are spread and delayed in time as the thickness of the sample increase.
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In the same fashion Figs. 5.6 (a)—(c) show the normalized intensity temporal 

profiles for CS of the FMT structure obtained for 0° and 90° orientation for similar 

thickness as in Fig. 5.5. No major difference was observed in the profiles for the two 

orientations. As before the profiles are spread and delayed in time as the thickness 

increase.

Figure 5.7 shows Figs. 5.5 and 5.6 together for better comparison. The salient 

feature of profiles shown in Fig. 5.7 (a) is that the FWHM of the CS is smaller than the 

FMT structure. Its intensity peak value higher (compare Fig. 5.4 and 5.3). Figs. 5.7 (b) 

and (c) show that as the thickness of the samples is increased, the temporal profiles 

obtained for the CS structure are delayed and start spreading more than the temporal 

profiles obtained for the FMT structure. This could be observed more clearly in Figure

5.6 (c). It should be mentioned that the intensity peak value for the 12.7-mm thick 

samples was smaller for CS structure than for the FMT structure— not shown in figure.

The first part of this study shows us that the orientation of fibrous or tubular 

structures with respect to the polarization of the incident beam plays an important role in 

the light transmission. In addition it also indicates that a higher transmission of light 

could be obtained when light is sent along the fibers (e.g., CS structure), mainly for thin 

samples. For very thick samples, less transmission was obtained for the CS structure 

orientation. The high transmission in thin samples along the CS could be due to the good 

alignment or connection of the tubular cells. Conversely, in thick samples this alignment 

is lost and less transmission is obtained.
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In the second part of this study, the components of the transmitted scattered light 

for a FMT 3.1-mm thick sample are obtained using a removable polarizer (analyzer). For 

this study the analyzer was positioned parallel and perpendicular to the polarization 

direction of the incident beam while the sample was oriented at 0°. 45°. and 90° degrees. 

(The sample positioned 0° degrees implies that tubular structure alignment is parallel to 

the incident polarization).

Figures 5.8, 5.9, and 5.10 shows intensity temporal profiles for the FMT sample 

oriented at 0°, 45°. and 90°, respectively; the schematic arrangement for the different 

orientations are also shown at the top of the figure. The intensity temporal profiles 

shown in each figure were obtained by rotating the analyser to 0° and 90° degrees. 

Profiles obtained with the analyser at 0°and 90° were labelled I, and I respect ively.  

The I,, profiles polarization direction are identical to the incident beam, and the I 

profiles are perpendicular. The inset in each figure shows the intensity temporal profile 

difference L, - 1 , for the sample at its respective orientation. The salient features of the 

intensity temporal profiles shown in Figs. 5.8 and 5.10 are that in both figures the I, 

profiles show a higher transmission than the I . profiles. The highest peak intensity 

difference was obtained for the sample oriented at 90°. This intensity difference was 

about 26% and 7% for the sample oriented at 90° and 0°, respectively. In addition, the 

intensity temporal profile difference (I(i - 1 ) in the insets in Figs. 5.8 and 5.10 show that 

when the sample is oriented at 90° , the difference in intensity occurs earlier in time than 

when its oriented at 0°. Figure 5.9 show profiles I,, and L for the sample oriented at 

45°. The salient feature of this figure is that a higher peak intensity was obtained for
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profile I than for profile I . This result was totally unexpected. It is believed that this 

swapping in peak intensity has to do with the influence that the macro vs. microstructure 

has on light transmission.

Figure 5.11 shows the plot of the intensity values obtained in Figs. 5.8— 5.10 for 

profiles L, and I for three different sample orientations. The peak values obtained for L. 

have been plotted using circles (o), while I uses plus signs (+). The results obtained 

have been connected using dashed thick lines. The thin dash line shows the average 

intensity [(I,, + 1 )/2] expected for different orientations.

The results obtained for the parallel and perpendicular components of the 

scattered transmitted light clearly indicates that, in a transmission arrangement, more 

photons keep their original polarization when the fibers of the sample are oriented 

perpendicular to the incident beam polarization direction.

In the third part of this study, a pulse of light is sent through a piece of FMT 

sample with the tubular structures oriented parallel to the polarization of the incident 

beam. The transmitted light was collected by moving the collection fiber to different 

positions 1/20 th of an inch apart along the x and y-axis. The orientation of the fibers of 

the sample were aligned parallel to the polarization direction o f the incident beam, e.g. 0°. 

See Figure 12 (a). No analyzer was used for this part of the study.

Figure 5.12 (b) shows the intensity temporal profiles obtained at different 

distances away from the center of the incident beam.. The profiles were taken 1/20 of an 

inch apart from each other. From left to right, the first row of profiles corresponds to
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positions 0 . 1/20 . and 2/20 inch apart from the center; the second row corresponds to 

positions 3/20. 4/20, and 5/20; the third row corresponds to positions 6/20. 7/20. and 

8/20. Profiles measured along the orientation of the fiber (x-direction) were plotted 

using a solid line, while profiles measured perpendicular to the orientation of the fiber (y- 

direction) were plotted using dashed lines. The profile at left top comer was obtained at 

the center of the sample, i.e.. the collecting fiber was positioned directly across the 

incident beam. The transmitted pulse through the center of the sample has been plotted 

using a dotted line to be used as reference, for better comparison.

The salient feature of curves in Figure 5.12 (b) is that as we move away from the 

center of the sample, the intensity transmitted across the muscular fibers of the sample (y- 

axis) decreases faster that the light transmitted along the fibers (x-direction). This high 

transmission along the fibers of the sample could be attributed to photons that are trapped 

and channelled by the muscular fibers, indicating a waveguide feature of fiber due to the 

tubular structure.

Peak intensity values and FWHM vs. detector position—corresponding to profiles 

in Fig. 5.12 (b)—have been plotted in Fig. 5.12 (c) and Fig.5.12 (d), respectively. Values 

obtained along the fibers in the sample (x-axis) has been plotted using plus signs (+), 

while values obtained across it (y-direction) has been plotted using circles (o). The peak 

intensity plot was done using a logarithmic scale. The main results that can be 

appreciated in this figure is that higher peak intensity and less FWHM values (less 

temporal spreading) are obtained along the direction o f the fibers in the sample (x-axis).
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These results clearly indicate that there must be different diffusion coefficients in 

samples with tubular structures, i.e.. FMT structures, one along the direction of the fibers 

and another across this direction. In addition, light t transmission along the fibers (CS of 

the FMT) must have a different diffusion coefficient. These different diffusion 

coefficients should be better appreciated on well-aligned tubular structures in the pre­

diffuse regime.

5.23 CW Studies: Experimental Methods and Media

The dependence of the transmitted light polarization on tissue structure, using CW 

NIR light was investigated. A linearly polarized laser beam. 2.5 mm in diameter, was 

incident normal to the sample. The incident beam was chopped for better monitoring of 

the intensity values. The scattered signal light was collected using a Fourier and 

polarization gate. The diameter of the spatial filter was set to 2.5 mm. The analyzer was 

positioned behind the sample and was oriented at 0° and 90° to separate the parallel and 

perpendicular intensity components of the transmitted light. The photons were detected 

using a Germanium-Silicon photo detector placed at the image plane. The intensity 

readings were done using a Tektronix digital oscilloscope (model TDS 744 A), which 

was connected to the photo detector. The wavelength used for this experiment was 1250 

nm obtained from a Forsterite laser system. A schematic of the experimental setup is 

shown in Fig. 5.13.
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The sample used was a 6.3 mm thick bovine brisket tissue. The sample was cut

such that the fibrous muscular tissue (FMT) structure was perpendicular to the incident

beam.

In the same way as in section 5.2.1. in order to study tissue structure effect on the 

transmission of linearly polarized light the sample was mounted on an angular (0 ) 

rotational stage and placed on the optical axis of the incident signal beam. The angular 

rotational stage was used to rotate the orientation of the sample structure with respect to 

the incident beam polarization direction. The intensity of the transmitted light was 

measured as the angle. 6 , between polarization direction of the incident light and the 

orientation of the fibers in the tissue sample was changed by rotating the sample about the 

axial direction. For every angular orientation of the sample, the intensity of transmitted 

light was measured for the axis of the polarizer (e.g., analyzer) oriented (a) parallel, and 

(b) perpendicular to the incident polarization direction. Its intensity values were labeled I„ 

and Ij_, respectively.

5.2.4 Experimental Results and Discussion

Overall, the 'parallel' component (I„) o f the transmitted intensity was either greater 

than or equal to the 'perpendicular1 component (I_). This is expected; since in the 

absence o f scattering, /| | will be equal to the total incident intensity except for losses due 

to absorption in the sample and reflection at the interfaces. And /| j will be equal to I_ 

when a large number of scattering events completely randomize the polarization of the 

transmitted beam such as in highly scattering and sufficiently thick samples.
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The transmission polarization intensity dependence I,, and I as a function of the 

fibrous structure orientation is displayed in Fig. 5.14. The intensity values obtained for I 

and I has been plotted using squares (□) and circles (o). respectively. The salient 

feature of the two curves formed by the parallel and perpendicular intensity components 

is that both are symmetrically opposite to each other. In addition, there are some preferred 

orientations of the fibers in the tissue with respect to the polarization direction of the 

incident light for which I,, is optimal. Maxima of I,, were observed at 0°. 90°. 180° and 

270°, and minima at 45°, 135°, and 225°. Maxima (minima) positions of I coincided 

with those of minima (maxima) of Ir  What is even more noteworthy is that the 

magnitude of maxima of I,, at 0° and 180° is not the same as that at 90° and 270°. the 

latter being approximately 7% higher. The orientation dependence of I(I>J_ may be 

expressed as

where 0  is the angle between the incident polarization direction and the direction of fibers 

in the tissue, and a, b and c are presumed to be functions o f tissue characteristics and 

sample thickness. The fitting values for the coefficients a, b, c, and K obtained for the 

parallel intensity values (If)) as a function of 0 were 4.8. 3.19, 0.5, and 0°. respectively. In 

the same fashion, the fitting values for the coefficients a. b, c. and K obtained for the 

perpendicular intensity values (Ij_) as a function of 0 were 1.47, 3.57, 0.5, and 90°. 

respectively. In addition we also defined here, the maximum values of anisotropy caused 

by the structure orientation on the intensity components as:

It| (0 ) = a  + b cos2(20 ) + c sin^f© ), (5.1-a)

I_l (0) = a ’ + b ' sin^(20  ) + c ' cos^(Q), (5.1-b)
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(5.2)

where the subscript || indicates the parallel component. I,,77”” is the minimum value of I,, 

are 0.25 for 0° and 180°, and 0.28 for 90° and 270°. This difference in maximum 

values of A (and/or, the maximum values of I„) is small but consistent and was observed 

in repeated experiments with different bovine brisket tissue samples.

In addition, the depolarization values found for the parallel and perpendicular 

components (e.g., Iu and I jJ  became a function of the angular position of the structure 

and has been defined here as

E>(0 i) = 1- K I A ) - 1j_(9s )}/{I«(e,)+ lj.(0 , )}l (5-3)

0; indicates the angular orientation of the structure. When the sample was 

oriented at 45° and 135°, maximum depolarization values of about 0.96 were obtained. 

When the sample was oriented at 90° and 270°, minimum depolarization values of about 

0.2 were obtained. At 0° and 180° the depolarization values were around 0.4. It should 

be also mentioned that the difference found between the maximum intensity values at 0° 

and 180° and the maximum values found at 90° and 270° vanishes as the spatial 

aperture in the Fourier plane is increased. This clearly indicated that more information 

on the tissue structure is found by using spatial filters with small apertures.

53  Conclusion

It was found that the structures of the samples play an important role in light 

propagation. In particular, a higher intensity transmission was obtained when the fibers
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of the FMT structure were aligned perpendicular to the polarization of the incident beam. 

The difference on the transmitted intensity temporal profiles along and across the fibers 

of a tissue sample indicates the existence of different diffusion coefficients for tubular 

tissue structures. Moreover, the observed dependence of I„ and Ij_on structure orientation 

is significant, since the parallel component of light could form a sharper transillumination 

image of an object inside a turbid medium than the perpendicular component, and ways 

to optimize the magnitude of the parallel component are always sought. In this case. It 

was found that light is less depolarized when the structure orientations of the fibers are 

oriented perpendicular to the polarization of the incident beam.
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5.5 Figures

Figure 5.1 Experimental setup
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Figure 5.2 Photograph of a bovine muscular tissue samples. Pictures (al) and (a2) 
correspond to dried and freshly cut muscular fibers, respectively. Picture (b) correspond 
to the cross section of the elongated muscular fibers.
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Figure 5.3 Results obtained for a fibrous muscular tissue (FMT) sample 3.1-mm thick. 
Figure 5.3(a) shows the schematic orientation arrangement. The sample was oriented at 
different angles with respect to E(0°). Figure 5.3(b) shows the intensity temporal profiles 
collected for the FMT structure oriented at 0° and 90°.
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Figs. 5.3(c) and (d) shows the peak intensity values and the full width at half maxima
(FWHM). respectively, as a function of structure orientation. 0.
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Figure 5.4 Results obtained using the cross section (CS) of a fibrous muscular tissue 
(FMT). The CS sample was 3.1 mm thick. Figure 5.4(a) shows the schematic orientation 
arrangement for the cross sectional slab. The sample was oriented at different angles with 
respect to E(0°). Figure 5.4(b) shows the intensity temporal profiles collected for the 
FMT structure oriented at 0° and 90°.
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Figs. 5.4(c) and (d) shows the peak intensity values and the full width at half maxima
(FWHM). respectively, as a function of structure orientation 0.
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Figures 5.5 Normalized intensity temporal profiles obtained for different thickness for
FMT sample oriented at IFNrT(0°) and IFMT(90°). Figures (a), (b). and (c) correspond to
samples 3.1. 6.6. and 12.7 mm thick, respectively.
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Figures 5.6 Normalized intensity temporal profiles obtained for different thickness for the
CS of a FMT sample oriented at IFW(0°) and lFUT(90°). Figures (a), (b). and (c)
correspond to cross sections 3.1, 6.6. and 12.7 mm thick, respectively.
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Figures 5.7 Intensity temporal profiles obtained in figures 5.5 and 5.6 together for the
three different thicknesses for better comparison. Figures (a), (b). and (c) correspond to
samples 3.1, 6.6. and 12.7 mm thick, respectively.
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Figure 5.8 Parallel and perpendicular components of light traveling through the fibrous 
muscular tissue (FMT) sample oriented at 0°. The schematic arrangement is shown at the 
top. The intensity temporal profiles shown were obtained by rotating the analyzer to 0° 
and 90° degrees, and have been labeled I and I . respectively. The inset shows the 
intensity temporal profile difference ( I  - I ).
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Figure 5.9 Parallel and perpendicular components of light traveling through the fibrous 
muscular tissue (FMT) sample oriented at 45°. The schematic arrangement is shown at 
the top. The intensity temporal profiles shown were obtained by rotating the analyzer to 
0° and 90° degrees, and have been labeled I and I . respectively. The inset shows the 
intensity temporal profile difference ( I - I ).
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Figure 5.10 Parallel and perpendicular components of light traveling through the fibrous 
muscular tissue (FMT) sample oriented at 90°. The schematic arrangement is shown at 
the top. The intensity temporal profiles shown were obtained by rotating the analyzer to 
0° and 90° degrees, and have been labeled I and I . respectively. The inset shows the 
intensity temporal profile difference ( I - I ).
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Figure 5.11 Plot of the peak intensity values obtained in Figs. 5.8— 5.10 for profiles I 
and I for three different sample orientations.
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Figure 5.12 (a) Schematic of sample orientation with respect to the incident beam 
polarization direction, showing detector positions along the orientation o f the fibers (x- 
direction) and perpendicular to it (y-direction). Eight positions 1/20 of an inch apart were 
recorded in the x and y direction.
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Figure 5.12 (b) Intensity temporal profiles obtained at different distances away from the 
center of the incident beam. Starting at the center (axis o f propagation), nine positions 
1/20 of an inch apart were recorded in the x and y direction. Profiles obtained along the x- 
axis have been plotted using a solid line, while profiles along the y-direction have been 
plotted using a dashed line.
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Figure 5.12 (c) Peak intensity values vs. detector position, (d) FWHM vs. values vs.
detector position. See text for more details.
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Fig. 5.13 CW: experimental setup.
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Fig. 5.14 Transmission intensity components I:; and I (i.e.. parallel and perpendicular) 
dependence as a function of the fibrous structure orientation. The I,, and I were obtained by 
rotating the orientation of the sample around the axis of propagation and using a analyzer to 
separate the parallel and perpendicular components as indicated by schematic arrangement is 
shown at the top. The I, and I intensity data obtained for different sample orientations has 
been plotted in the graph beneath using squares (□ ) and circles ( O ) .  respectively. The 
orientation dependence tor the parallel and perpendicular components can be expressed by

(0) = a + b cos*(2Q)+ c sin>(0), and I x (0) = a’ + b’ sirp(20)+ c’ cos-(0+9O»). 
respectively, and it has also been plotted using a smooth solid line.
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Chapter 6

Two-dimensional CW  NIR Transillumination Imaging 
of Biological Media 

Using a Chromium-doped Forsterite Laser

6.1 Introduction

In this Chapter, the research is focused on imaging objects hidden inside normal 

and cancerous human breast tissues, as well as bovine, porcine, and gallinaceous 

(chicken) tissues, using CJFNIR light. The imaging performance o f 1250 ran light from 

a Cr4*:Forsterite laser was compared with that of 1064-nm light from a Neodimium- 

doped yttrium aluminum garnet (Nd:YAG) laser. A Fourier space gate6~6 j in tandem 

with a polarization gate646 5 was used to select out a traction o f the image-bearing 

photons. No time-gating was performed in this section.

The type of cancerous human breast sample examined here was found to be more 

scattering than the normal breast tissue. Both the Fourier spatial filtering and the 

polarization gate were observed to enhance image quality. The scattering characteristics 

of tissues and image quality were found to depend substantially on the orientation of 

polarization of the incident light beam with respect to fibers in the tissue, corroborating 

the findings in chapter 5. Using two different wavelengths of light to image a human 

breast tissue sample (comprised o f fatty and glandular components), we observed that 

light which is moderately absorbed by the fat generates images o f a higher contrast as 

compared to images obtained using the wavelength of light which is less absorbed.

I l l
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This chapter is organized as follows. Section 6.2 presents the experimental 

arrangement, method and parameters. The results presented in Section 6.3 illustrate the 

importance of wavelength selection, efficacy of Fourier space gate and polarization gate 

in sorting out image-bearing photons, the image characteristics as a function of sample 

thickness, the dependence of transmitted light polarization and intensity on the alignment 

o f fibers in the tissue, wavelength-dependent enhancement of contrast between fatty and 

fibrous tissues in the images of human breast tissues, and most importantly, the impact of 

the difference in scattering properties of normal and cancerous tissues on image quality. 

Finally, the implications of these results are discussed in Section 6.4.

6 2  Materials and Methods

6.2.1 Experimental Arrangement

The experimental arrangement used for NIR imaging is displayed schematically in 

Fig. 6.1. The 1250 nm continuous-wave (CW) mode-locked output of a Cr4':Forsterite 

laser pumped by a Nd:YAG laser was expanded and collimated to an approximately 8- 

mm-diameter beam and used to illuminate the sample. A fraction o f the 1064 nm 

Nd:YAG laser output was picked up using a beamsplitter and was collimated and 

attenuated to have similar beam diameter and average power as the Cr4*:forsterite laser 

beam. The optical power was maintained at approximately 100 mW for both the beams. 

Both the beams were linearly polarized along the horizontal direction.

A 4f  Fourier space gate was realized by placing the sample at the back focal plane 

of a 20 cm focal-length lens and a variable-diameter aperture at the front focal plane with
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the center of the aperture at the focus. Another 20 cm focal-Iength lens placed on the 

optical axis at a distance o f 20 cm from the aperture collected and collimated the Iow- 

spatial-frequency light filtered by the aperture, and directed it to an InGaAs NIR area 

camera (Sensors Unlimited SU 128-1.7RT) placed at its front focal plane. The camera 

had a 128x128 pixels sensing element with a pixel size o f 25 pm.

Since the incident light was linearly polarized, the polarization gate was 

implemented simply by using a linear polarizer before the camera to measure the 

components of the transmitted light polarized parallel (||) and perpendicular (j_) to that of 

the incident light.

In order to measure the quality of the images, the contrast of the image was 

monitored, and it has been defined here as

C — Umax ~ IminVUmax +IminX (6-1)

where Imin is the minimum value of the transmitted intensity on the shadow image, and 

Imax is the maximum value of transmitted intensity in the immediate vicinity of the 

shadow image. Figure 6.2 shows a schematic diagram of a shadow image casted by an 

object after being illuminated by a light source. The dashed rectangular box in the 

shadow image indicates the integrated intensity area (pixels) used to plot the spreading of 

the shadow image. Imax and Imin values are obtained from the intensity plot, as shown.
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6.2.2 Sample Characteristics

The object used for imaging was a 1,5-mm-diameter aluminum rod painted black. 

Scattering media included samples of excised human breast and animal tissues, as 

detailed below.

(a) The normal and cancerous human breast tissue samples used included two 

normal and one cancerous each of which had a nominal thickness of 5 mm and lateral 

dimensions between 10 to 14 mm. The tissues were from the left breast o f a 61 year old 

female patient, and were made available to us by National Disease Research Interchange 

(NDRI). An accompanying biopsy report interpreted the malignancy as infiltrating 

lobular carcinoma with focal intraductal carcinoma and noted that the specimen showed 

very severe cytologic atypia. The cancerous tissue sample had cancer throughout the 

entire specimen and the available literature value66 of transport length l( for such a 

specimen at 789 nm is approximately 1 mm, while that for the normal sample is 

approximately 1.7 mm.

(b) A normal human breast tissue sample obtained from the left breast of a 28 

year old female patient following reduction mammoplasty was made available to us by 

NDRI. The specimen was composed of fat tissue with broad strands of firm fibrous 

tissue. The dimension of the specimen was approximately 70 mm x 50 mm x 5 mm. A 

35 mm x 14 mm x 5 mm section of it comprising fat tissue in the middle and fibrous 

tissue on the two sides was used in the experiment reported. Available literature values6 6 

of transport length lt for normal fatty and fibrous breast tissues at 789 nm are 

approximately 1.3 mm and 0.7 mm, respectively.
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(c) Bovine brisket tissues, porcine leg-muscle tissues, and gallinaceous (chicken) 

breast tissues were obtained from a local butcher. Values l( for all three types (bovine, 

gallinaceous, and porcine) of muscle tissues were available6 7 only for 633 nm and are 

2.27 mm, 3.03 mm. and 8.33 mm. respectively.

The biological tissue samples were placed in a container with two movable 

parallel glass plates that slightly compressed them in an attempt to maintain an overall 

uniform thickness. The tissue samples were frozen for storage and thawed before making 

measurements.

63 . Results

63.1 Wavelength Dependence

Wavelength dependence studies on transillumination imaging using intralipid 

suspensions in water have been discussed in Ref. 6.8. This reference shows that the 

image contrast is much higher for 1250-nm illumination than for 1064-nm light, for the 

same levels of intralipic concentration. Since V* of the human body contains water, 

similar results were expected to take place on transillumination images of human and 

animal tissues. The observed dependence of image quality on the wavelength of the light 

source will be discussed in Sections 6.3.5 and 6.3.6 of this chapter.

6 3 3  Fourier Space Gate Enhances Image

The role of Fourier spatial filtering in discriminating against multiple scattered 

light and enhancing the image quality was investigated by recording the transillumination
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images of the 1.5 mm-diameter black metal rod embedded horizontally in the middle of 

bovine tissue samples as a function of the diameter of the aperture in the Fourier spectral 

plane (focal plane of the first lens). The variation in the aperture diameter controlled the 

relative magnitude of lower-spatial-frequency light (ballistic and snake) and the higher- 

spatial-ffequency light (multiple-scattered) that reached the image plane. The efficacy of 

Fourier spatial filtering is demonstrated in Figs. 6.3(a) and 6.3(b) that display the images 

o f the 1.5 mm diameter rod embedded horizontally in the middle of a 12 mm thick bovine 

brisket tissue for aperture diameters o f 0.9 mm and 6 mm. respectively. The shadow of 

the rod is apparent in Fig. 6.3(a) but is not observed in Fig. 6.3(b). The normalized 

spatial intensity distribution integrated along the same vertical region (marked by dashed 

lines) of both the images are shown in the curves of Fig. 6.3(c). The thin and thick lines 

show the spatial profiles of the images recorded with 6-mm diameter aperture and 0.9- 

mm-diameter apertures, respectively. The dip in the intensity profile (thick line) shows 

the position of the rod. No such dip is observed in the other profile ( thin line) since the 6 

mm-diameter aperture lets enough multiple-scattered light through to completely masks 

the image formed by much weaker image-bearing light.

The extent to which a Fourier gate would be effective in improving image quality, 

however, depends on the scattering characteristics of the sample, for example, the value 

o f z//f, where z  is the thickness of the scattering medium and lt is the transport mean free 

path. We observed the image quality to depend more strongly on the aperture diameter 

for thicker samples. As an illustration, the variation of image contrast as a function of the 

aperture diameter when the rod was placed in the middle of a 9 mm and a 12 mm thick 

bovine tissue samples and imaged using 1250 nm light is shown in Fig. 6.3(d). It is
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evident that the contrast decreased with the increase of the aperture diameter for both the 

sample thicknesses, since the larger-diameter apertures transmit more of the image- 

blurring light. However, the rate of contrast loss with the increase in aperture diameter is 

higher for the thicker sample.

The results clearly indicate that a better image contrast is obtained by closing the 

aperture; however, as the thickness of the sample increases the amount o f light 

transmitted decreases, for this case the diameter of the aperture should be increased in 

order to be able to gather some signal. This incurs in a trade off between the image 

contrast and the amount of signal detected.

6 3 3  Polarization Gate Improves Image of Tissues

The polarization gate sorts out image-bearing light by using the polarization 

memory of the transmitted light. Scattering events depolarize a beam of linearly 

polarized light. Image-bearing photons are less scattered and retain more of the/initial 

polarization compared to the multiple-scattered light. In implementing a polarization 

gate, images of the object inside the scattering medium are recorded with a linear 

polarizer oriented parallel (’parallel image’) and perpendicular (’perpendicular image') to 

the polarization direction of the incident light. The parallel image is generally expected 

to have a better contrast than the perpendicular image. The 'difference image’ obtained by 

subtracting the perpendicular image from the parallel image is even more free from the 

noise due to scattered light.
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Quantitatively, the extent of depolarization of incident polarized light due to 

scattering in the intervening medium may be described in terms of the degree of 

polarization. D of the transmitted light, defined as

D “ (/i r /J_ )/(/ll+ / J_ )’ (62)

where 7|| and 7 |_ are transmitted intensities o f light with the same polarization and 

orthogonal polarization with respect to the incident light, respectively. The degree of 

polarization is ideally expected to be unity for ballistic light, zero for completely 

depolarized light, and between 1 and 0 for the snake light. The snake light with higher 

values o f D will form sharper shadowgrams than that formed by lower Z)-vaIue snake 

light.

Figures 6.4 (a), (c), and (e) show the parallel, perpendicular, and difference 

transillumination images, respectively, of the metal bar placed horizontally in the middle 

of a 9 mm-thick bovine tissue sample. Corresponding spatial intensity profiles along the 

same vertical region of all three images are shown in Figs. 6.4(b), (d), and (f), 

respectively. The values of contrast for the parallel, perpendicular, and difference images 

are 0.31, 0.18, and 0.65, respectively. The remarkably higher value of contrast in the 

difference image demonstrates that the polarization difference imaging is a useful 

technique in enhancing the images of an object inside a scattering medium.

Enhancement of image quality using a polarization gate does not continue 

indefinitely. As the value of z/lt, where z  is the thickness o f the scattering medium and lt 

is the transport mean free path, increases the difference between 7|| and 7j_ and the
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magnitude of D decreases and image quality becomes poorer. The variation of contrast C 

and the degree of polarization, D as a function of bovine brisket tissue thickness is 

presented in Fig. 6.5. In this figure, the ellipses present values of D. while the triangles 

and the rectangles present the values of contrast for parallel and perpendicular images, 

respectively. It is evident that the contrasts for both the polarizations decrease with tissue 

thickness as does the degree of polarization. What is more important is that the 

difference between the contrasts for the two polarizations also decreases and is not 

appreciable for a bovine brisket tissue sample thickness of 16 mm. The maximum 

thickness o f a sample over which the polarization gate would be effective depends on the 

photon transport characteristics of the sample. By the same token, polarization difference 

schemes usually used in imaging techniques would fail to improve the image or withdraw 

any information since, in very thick samples, the parallel and perpendicular intensity 

components are identical.

6.3.4 Imaging Dependence on Tissue Structure

The experimental results on photon transport dependence on tissue structure 

obtained in chapter 5 were tested by using bovine muscular fibrous tissues in 

transillumination imaging experiments performed in this section.

In order to examine the effect of the sample orientation—with respect to the 

polarization direction of the incident beam—on the image quality, we examined the 

images of the 1.5 mm diameter black metal rod embedded in a bovine brisket tissue 

sample, 10-mm thick. The incident beam fell perpendicularly to the fibers in the sample.
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The orientation of the fibers in the tissue with respect to the polarization of the incident 

beam was changed by rotating the sample. The image contrast using the 'parallel' 

component (/j|) of the transmitted intensity were either better than or equal to the contrast 

using the 'perpendicular' component (/ . ). Figure 6.6 (a), (b), and (c) are the images of 

the rod obtained using the parallel component of the light transmitted (/jj) for the fibers 

oriented at 6 =0°, 45°, and 90°, respectively. When the fibers were perpendicular 

(orientation 90°) to the polarization of the incident beam there was a significant 

improvement in the image contrast. The spatial intensity profiles of the images integrated 

along the same vertical area (dashed box) are shown in Fig. 6.7(d). The value of the 

image contrast for the orientations 0°, 45°. and 90° are 0.12, 0.097. and 0.18, respectively. 

Notice that when the sample was oriented at 45°, the image contrast using the parallel 

component decayed to 0.097, almost half the maximum contrast value obtained when the 

sample was oriented at 90°.

In the same fat , Figure 6.7 (a), (b), and (c) are images of the rod obtained 

using the perpendicular component o f the light transmitted (/ | ) for the fibers oriented at 

0=0°, 45°, and 90°, respectively. The spatial intensity profiles are shown in Fig. 6.7(d). 

The value of the image contrast for the orientations 0 4 5 ° ,  and 90° are 0.08, 0.096, and 

0.08, respectively. Notice this time that when the sample was oriented at 45°, the image 

contrast (0.096) was better than for the other two orientations (0.08). In general, images 

obtained using the parallel component were better than the images obtained using the 

perpendicular component. This was expected since unscattered photons will preserve 

and keep the same polarization as the incident beam.
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Plot in Figure 6.7 (e) corresponds to the image contrast value found in figure 6.6

(d) and in figure 6.7 (d) as a function of structure orientation. The contrast value obtained 

using the parallel component was plotted using open circles (o). while the ones obtained 

using the perpendicular value have been plotted using dark squares ( ). It is interesting 

to note that the image contrast plot follow the plot obtained for light transmission vs. 

structure orientation shown in Fig 5.14.

63.5 Imaging Through Biological Tissues

Imaging measurements were next extended to bovine, porcine and gallinaceous 

tissues of different thicknesses. The objectives were: (a) to test the feasibility and 

efficacy of optical imaging through different types of tissues; (b) to compare the imaging 

performance of 1250 nm and 1064 nm lights; and (c) to estimate the optimal thickness of 

tissues of different types that one can image through with a reasonable image quality. For 

these measurements the 1.5 mm diameter black metal rod was embedded in the middle of 

tissues of different thicknesses. One of the objectives was to image through as thick a 

tissue as possible with the same experimental arrangement, and to make optimal use of 

the weak transmitted light was an important consideration in signal collection. Within the 

sensitivity limit of our experimental arrangement, it was found that the polarization gate 

did not appreciably improve the image quality for samples beyond certain thickness. 

This thickness depends on the photon transport characteristics of the sample used (for the 

bovine sample this thickness is around 16mm). Since the sheet polarizer absorbs a 

fraction of the light that traverses it, the polarizer sheet was removed to avoid 

transmission loss and ensure higher incident fluence for imaging through thick samples.
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As demonstrated in Section 6.3.3, polarization gate helps improve image for thinner 

samples. But we did not use it in these measurements in order to maintain identical 

experimental conditions for both thick and thin samples so that the results could be 

compared. The diameter of the aperture in the Fourier gate was maintained at 1.5 mm. 

For every sample thickness, a composite image of the object was constructed from a sum 

of 3 grabbed frames by the frame grabber. The same sample and experimental 

arrangements were used for imaging with both 1250 nm and 1064 nm.

In addition to the image contrast (e.g., C). we also monitored the relative lateral 

size, W  o f each of the images for tissue samples. (See Fig. 6.2) The relative lateral size 

was defined as

W = Ws /Ww, (6.3)

where Ws and Ww are the full widths at half maximum (FWHM) of the spatial intensity 

profile of the shadow image of the object measured through the scattering medium and 

through clear water, respectively. The spreading provides a way to measure the spatial 

resolution of the image. The spreading W= Ws IWw=l is obtained when Ws = Ww which 

would imply that there is no scattering taking place in the medium and therefore no 

shadow-image spreading. A shadow image spreading will occur in a scattering medium, 

for which case Ws >Ww

The contrast, C and relative lateral size, W o f images recorded using 1250 nm and 

1064 nm lights for sample located inside gallinaceous (chicken), bovine, and porcine 

tissues of different thicknesses are presented in Figs. 6.8(a), 6.8(b), and 6.8(c),
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respectively. Contrast. C is represented by triangles and relative lateral size. W by 

circles. Filled circles and triangles pertain to measurements made using 1250 nm light, 

while open circles and open inverted triangles denote measurements carried out at 1064 

nm.

The salient features of the data are as follows. First, the contrast decreased with 

the sample thickness for all three types of tissues. The loss of contrast was accompanied 

by a corresponding loss in the spatial resolution of the image as manifested by increase in 

the value of W. Since the point spread function of an imaging arrangement changes with 

the thickness and scattering characteristics of the sample,610 this result is expected. 

Second, for the same type of tissue of a given thickness. 1250 nm light provided better 

contrast and significantly higher spatial resolution compared to 1064 nm light. An 

implication of this result is that the 1064 nm light is scattered more strongly by tissues 

than the 1250 nm light. Third, for the same tissue thickness both the contrast and the 

spatial resolution of the images were the highest when the object was located inside the 

gallinaceous tissue, next highest were for bovine and then porcine tissues. The result 

implies that among these three types of tissues, the porcine tissue is the most scattering, 

followed by the bovine and the gallinaceous tissues. We do not have values of optical 

transport coefficients for the bovine, gallinaceous, and porcine tissues for the two 

wavelengths used in the study, so a correlation of the observed behavior with transport 

properties is not feasible. The available values6 7 of transport length of 2.27 mm and 3.03 

mm at 633 nm for bovine and gallinaceous tissues are consistent with these 

measurements. However, lt =8.33 mm for porcine tissue does not follow the observed 

behavior. Precise data at appropriate wavelengths are necessary to find a meaningful
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correlation. Finally, we have demonstrated the ability to image a 1.5 mm diameter rod 

with reasonable contrast and resolution through 26 mm gallinaceous. 22 mm bovine, and 

20 mm porcine tissue samples using 100 mW average power. Transillumination images 

through thicker samples may be obtained by: (a) increasing the fluence of the incident 

beam of light; (b) using a camera with higher sensitivity, resolution and lower noise than 

the 128x128 pixels camera used in the present work; and (c) improving the optical system 

for signal acquisition.

63.6 Imaging Through Human Breast Tissues

6.3.6.I Cancer and Normal Tissue Samples

The utility o f an optical imaging method would ultimately be determined by its 

ability to image through human tissues, and more so by its ability to distinguish between 

normal and malignant tissues. We used the near-infrared imaging arrangement described 

in Section 6.2 to obtain images of the 1.5 mm diameter rod placed inside human breast 

tissues. The objective was to explore if the characteristics of the image change when the 

object is placed inside a cancerous tissue as compared to the normal tissue. Appreciable 

differences in image characteristics may in turn provide useful information that help 

distinguish between normal and cancerous tissues.

For these measurements we used the normal and cancerous human breast tissue 

samples described in Section 6.2.2(a) in two configurations. First, the rod was 

sandwiched between the two normal breast tissues, each of which had a nominal 

thickness of 5 mm. Next the rod was placed between the 5 mm thick cancerous breast
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tissue and a 5 mm thick normal breast tissue. The overall sample thickness in both the 

configurations was 10 mm. Figure 6.9(a) presents an image of the rod sandwiched 

between the normal tissues. Figure 6.9(b) shows the corresponding image when the rod 

was placed between a normal and a cancerous tissue. Both the images were recorded 

using 1250 nm light and a 1.5-mm aperture in the Fourier gate. Polarization gate was not 

used since at this thickness of human breast tissues, the polarization gate did not improve 

the image significantly. The normalized spatial intensity distribution integrated over the 

same horizontal area of both the images as highlighted by the dashed boxes in Figs. 6.9(a) 

and 6.9(b) are displayed in Fig. 6.9(c). The contrast of the image of the rod in Figs. 

6.9(a) and 6.9(b) is 0.081, and 0.075, respectively. The relative lateral size of 2.7 for the 

normal-cancerous sample is almost a factor o f 2 larger than that of 1.4 for the normal- 

normal sample. This dramatic change in the spatial resolution indicates that this kind of 

cancerous tissue is much more highly scattering than the normal human breast tissue. 

Although we do not have data for 1250 nm, the above observation is consistent with 

values obtained at at 789 nm where the transport length of cancerous and normal human 

breast tissues are of 1.0 mm and 1.7 mm, respectively.

6.3.6.2 Fatty and Fibrous Human Breast Tissue Samples

Transmission spectrum for a human breast tissue sample exhibit a local minima 

around 1203 nm that has been attributed to absorption by fat.611 In order to explore the 

possibility that wavelength-dependent difference may provide a fingerprint for 

identification of tissues in the transillumination image, we compared images o f the
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normal human breast tissue sample that was comprised of fatty and fibrous tissues 

described in Section 6.2.2(b) using 1225 nm and 1250 nm wavelengths from the 

Cr4*:Forsterite laser. While 1225 nm falls on the absorption band attributed to fatty 

tissues. 1250 nm is completely nonresonant with it. Optical transmission through a 3 mm 

thick slab of breast tissue is reported to be approximately 0.26 at 1225 nm and 0.32 at 

1250 nm.6"  Two-dimensional transillumination images of the 5 mm thick sample 

recorded using 1225 nm and 1250 nm wavelengths are shown in Figs. 6.10(a) and 

6.10(b), respectively. The fatty region in the middle of the specimen appears darker and 

distinct from the fibrous regions on the two sides in the 1225 nm image. No appreciable 

difference between the regions is observed in the 1250 nm image. The corresponding 

spatial intensity profiles integrated over the areas highlighted by white dashes are 

displayed in Fig. 6.10(c). The fatty region shows up as a distinct dip in the 1225 nm 

image profile, while no such dip is observed in the 1250 nm profile. This result clearly 

demonstrates that even a small spectroscopic difference may act as a fingerprint and 

enhance contrast between the images of different types of tissues.

6.4. Discussion

A salient observation of this work is that the near-infrared light around 1250 nm 

enables deeper penetration and provides higher image contrast than that obtained using 

1064 nm or shorter-wavelength light. The absorption coefficient of water was measured 

and found to be 0.07 cm 'l at 1064 nm and 0.42 cm 'l at 1250 nm, respectively. 

Consequently 1250 nm light would be more strongly attenuated due to absorption by 

water (found in tissues) when compared to the 1064 nm light. Similar wavelength
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dependence of optical transport properties was observed in various biological tissues as 

shown in Figs.6.8 and 6.10. The experimentally observed deeper penetration using 1250 

nm light and the results displayed in Fig. 6.8 thus imply that the scattering cross section 

of the scatters in the tissue are much larger at 1064 nm than that at 1250 nm. The overall 

reduced scattering coefficient is thus higher at 1064 nm than that at 1250 nm. The 

somewhat higher overall absorption at 1250 nm also helps to enhance contrast by 

attenuating multiple-scattered light more than the image-bearing ballistic and snake 

light.612 The higher attenuation of multiple-scattered light occurs because it traverses a 

longer path inside the medium than the image-bearing light, and the light intensity 

attenuates exponentially with distance due to absorption. A combination of lower 

scattering and higher absorption accounts for the better image quality obtained using 

1250-nm light.

The Cr4*:Forsterite laser, with its output centered on 1250 nm and continuously 

tunable613 from 1150 nm to 1350 nm, is now well-developed and has already been used in 

optical coherence tomography.614 This laser is expected to be even more useful in 

transillumination imaging through thicker tissues and in microscopic or backreflection 

imaging of structures deeper in tissues than other lasers operating at shorter wavelengths. 

Since its output tunes through an optical absorption band of human fatty tissues, it 

promises to be useful in diagnostic spectroscopic imaging involving these tissues. This 

will be treated in more detail in Chapter 8.

The polarization gate and the Fourier gate were both found to be effective in 

sorting out some of the image-bearing photons. The polarization gate is simple and easy 

to implement. Its efficacy for transillumination imaging is limited by sample thicknesses
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for which the polarization of the transmitted light is completely randomized by scattering 

events within the tissue. In our experimental arrangement, this limit was 10 mm for 

human breast tissues, and 16 mm for bovine brisket tissues. However, the polarization 

gate promises to be more effective in subsurface imaging using backscattering 

geometry.615 In that arrangement it can greatly reduce the reflected light from the surface 

which is dominantly polarized parallel to the incident light and contributes a strong noise 

to weaker signal from subsurface structures.

The Fourier gate, in principle, may be effective in discriminating against multiple- 

scattered photons for samples of any thickness. However, its effectiveness is more 

pronounced for sampleswith thickness in intermediate scattering regime. It cannot 

discriminate against on-line scattered photons. As the thickness of the turbid sample 

increases, the relative magnitude of image-bearing photons decreases and that of the on­

line scattered photon increases, making the signal-to-noise ratio poorer. When combined 

with a time gate both the polarization gate and the Fourier gate may provide much 

stronger discrimination of multiple-scattered light.

A major observation of this work is that cancerous human breast tissue scatters 

light much more strongly than the normal tissues. Measurements on more specimens are 

required to establish if this observation holds in general for all types of carcinoma. A 

large difference in the scattering characteristics between the normal and cancerous tissues 

is expected to provide an opportunity for distinguishing them by using time-resolved 

imaging techniques. (Time-sliced transillumination images will be covered in chapters 7 

and 8). Proper time gating may take advantage of this temporal behavior o f transmitted 

light to accentuate the difference between the normal and cancerous regions.
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By tuning the Crrforsterite laser output into an absorption band o f fatty human 

breast tissue, we obtained images that had marked contrast between the fat and fibrous 

tissues. The result is significant since it demonstrates that spectroscopic differences can 

enhance image contrast and may provide diagnostic ability. It also highlights the 

usefulness of the wavelength agility afforded by a Cr4':Forsterite laser for biomedical 

imaging applications. A more detailed spectroscopy imaging study using 

transillumination technique will be covered in Chapter 8.

Another interesting finding of this study is the polarization-orientation 

dependence of the transmitted image-bearing light. The observed existence of preferred 

orientation of muscle tissue fibers for higher transmission of image-bearing light is an 

useful information for optimizing the performance of a transillumination imaging system. 

The obvious question is: what is the origin of this dependence? Bovine muscle tissues 

are known to exhibit birefringence615 that may have an effect on the polarization 

characteristics of the transmitted light. Detailed information about tissue fiber 

ultrastructure, molecular constituents, and their distribution along fiber are necessary to 

develop an understand ing  of the observed anisotropy. We have observed similar 

polarization anisotropy of light transmission through the leaves of palm trees as well. 

Elucidation of the origin of this polarization anisotropy in biological systems remains an 

interesting problem.
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6.6 Figures

Figure 6.1 Schematic diagram of the experimental arrangement for NIR imaging of 
objects embedded in biological tissues and model turbid media. (A. aperture; P. linear 
polarizer; S. sample.)
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Figure 6.2 Schematic diagram of a shadow image casted by an object after been illuminated 
by a light source. The dashed rectangular box in the cartoon indicates the integrated intensity 
area (pixels) used to plot the spreading of the shadow image. Imax and Imin values are 
obtained from the intensity plot, as shown.
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Figure 6.3. Transillumination image of the 1.5 mm-diameter metal rod placed in the 
middle of a 12 mm thick bovine brisket tissue sample for aperture diameter of (a) 0.9 mm 
and (b) 6 mm. (c) Spatial intensity distribution of the transillumination image of Figs. 
6.3(a) and 6.3(b) integrated over the area highlighted by dashed lines in respective 
images, (d) Contrast of the image as a function of the Fourier aperture diameter when the 
rod was placed in the middle of a bovine brisket tissue of thickness 12 mm (ellipses) and 
9 mm (squares).
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Figure 6.4. Transiilumination image o f a 1.5 mm black metal bar embedded in the 
middle of a 9 mm -thick bovine brisket tissue using a polarization gate with the polarizer 
before the NIR area camera oriented (a) parallel, (c) perpendicular to the incident 
polarization. Fig. 6.4(e) is the difference image obtained by subtracting the image in 
6.4(c) from that in 6.4 (a). Figs. 6.4 (b). (d). and (f) show the normalized intensity 
distribution, integrated over the same vertical region highlighted by white dashed lines, in 
the images (a), (c). and (e), respectively.
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Figure 6.5 Degree of polarization D and the contrast C as a function of the thickness of 
the bovine brisket tissue sample. Ellipses represent the values of D. while the triangles 
and squares represent the values of contrast for parallel and perpendicular polarizations, 
respectively.
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Figure 6.6 (a), (b). and (c) Transillumination images of the 1.5 mm diameter black metal 
rod placed in the middle of a 10 mm thick bovine brisket tissue sample for the fibers 
oriented at 0°. 45°. and 90°. The images were obtained using the parallel component (I ). 
Figure (d) shows the integrated intensity (marked by the square dashed boxes) for the 
three orientations.

1000 90°
e
3

800U«

f  700

I  600

500, 100 120
Pixels

1 3 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.7 (a), (b). and (c) Transillumination images of the 1.5 mm diameter black metal 
rod placed in the middle of a 10 mm thick bovine brisket tissue sample for the fibers 
oriented at 0n, 45°. and 90°. The images were obtained using the perpendicular 
component (I _). Figure (d) shows the integrated intensity (marked by the square dashed 
boxes) for the three orientations.

(a) (b) (c)
1000

900s
3

J5w
s .  800

■| 700

e 600

500. 100 120
(d)

Pixels

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.7 (e) Image contrast value found in figure 6.6 (d) and in figure 6.7 (d) as a
function of structure orientation.
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Figure 6.8 Contrast. C and the relative lateral size. W of transillumination images as a 
function of the thickness of (a) gallinaceous, (b) bovine, and (c) porcine tissue samples. 
C is represented by triangles and W by circles. Filled circles and triangles pertain to 
measurements made using 1250 nm light, while open circles and open inverted triangles 
denote measurements carried out at 1064 nm.
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Figures 6.9 Two-dimensional transillumination images of a 1.5 mm black metal rod 
sandwiched between (a) two 5 mm thick normal human breast tissues, (b) a cancerous 
and a normal breast tissue each of which is 5 mm thick, (c) Corresponding spatial 
intensity profiles integrated along a horizontal area (highlighted by white dashed line) of 
the images. The profile of the image with both normal tissues is shown by the thick line 
and that containing a cancerous piece by the thin line.
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Figure 6.10 Two-dimensional transillumination images of a 5 mm thick human breast 
tissue sample comprising fatty and fibrous regions obtained using (a) 1225 nm light, and
(b) 1250 nm light from a Cnforsterite laser, (c) Corresponding spatial intensity profiles 
integrated over a horizontal area (highlighted by white dashed line) o f the images. The 
lateral dimension of the sample was 35 mm X 14 mm.
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Chapter 7

Two-Dimensional Time-Sliced NIR 
Transillumination Imaging of biological media

7.1 Introduction

Although Fourier space gate and Polarization gate spatial filtering techniques 

could select ballistic and snake photons in steady state measurements, they cannot 

remove the diffusive photons scattering along the initial direction of propagation. For 

thick samples, the probability of diffuse photons scattering parallel to the ballistic or 

snake photons increases the washing out of the information provided by the undeviated 

early light. In order to separate the image bearing photons from the undesirable 

diffusive ones, one needs to make use o f  the time domain. With the technology 

advancements in pulse lasers and ultrafast detection systems, time resolved optical 

imaging is becoming a prefer technique among scientist to detect defects or hidden 

anomalies inside a highly scattering medium.7 '*7 21

In principle, it is possible to distinguish the early photons, i.e. ballistic and snake 

components, from the more diffusive ones, which travel along the axis of propagation- by 

measuring the time of flight of the transmitted photons. Photons that travel between two 

points across a medium with the shortest time of flight must have remained along or 

closest to the straight line between the two points, which correspond to the ballistic and 

snake photons, respectively. The probability of detecting ballistic photons decreases

exponentially as e '^  where z is thickness of the medium and ls is the scattering mean free 

path assuming that absorption effects are negligible, ls « l a. Thus, the intensity of light
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detected with the shortest time of flight will depend on the absorption properties of the 

medium contained within a narrow volume element surrounding the straight line. The 

intensity of the transmitted snake light (Isnake) through a piece of tissue arriving at

where th= n z/c is the ballistic time of the photon travelling straight through a piece of 

tissue; a , n, z, c are the collection factor, the refractive index of the medium, the 

thickness of the sample, and c the speed of light in vacuum, respectively. In Liu’s works, 

it was shown that for biological tissues, the snake component decreases much more 

slowly than the ballistic component as the tissue thickness increases. Hence, it is the 

snake photons the ones that will survive while going through a thick sample and still 

carry strong and direct image information about the medium.

Most of the time-resolved imaging experiments performed in the past, by this 

group and others7'1'7'6, were one-dimensional (ID) or two-dimensional (2D) scanning 

imaging techniques. The most common of these techniques is described in Fig. 7.1 (a) 

and (b) where the sample to be scanned is placed between the source and detector. In 

order to obtain a ID image, the sample is translated and measurements along one 

direction are taken. In the same fashion, for 2D images, two directions are scanned and

different time intervals At have been calculated and defined by F. Liu and co-workers in

Refs. 7.5 and 7.6 as:

tb+At

(7-1)
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measured. The basic idea of this technique is integrating the intensity within time 

window intervals. The earliest time window interval o f  the measure profiles across the 

sample will carry snake photons making it possible to detect any absorption centre within 

the medium, as can be observed in Fig. 7.1 b, while the later time windows will carry 

diffusive photons which produce no shadowgram at all. Although, good results have 

been obtained in the past, this imaging technique is too lengthy and time consuming. 

These pioneering works in optical imaging using scanning techniques has led to new 

ideas for more reliable and faster techniques.

In this chapter, I focus on “two-dimensional time-sliced NIR optical imaging " of

(a) bones in tissues, and (b) an object hidden inside a 72mm thick human breast sample. 

By selecting optimal time windows of a transmitted pulse, in particular o f the snake 

photons, improved shadowgram images have been obtained. The results obtained here 

clearly indicate that the two-dimensional time-sliced imaging approach is more powerful, 

faster, and direct in obtaining shadowgram images than the conventional scanning 

shadowgram techniques.

This chapter is organized as follows. Section 7.2 presents the experimental 

arrangement and samples. The results in section 7.3 illustrate the efficacy of time gating 

in sorting out image bearing photons, and the feasibility of imaging through thick 

samples. This section has been divided in two parts. In the first p a rt, two-dimensional 

time-sliced imaging of turkey bones in tissues were obtained, and in vivo imaging of 

metacarpal bones were successfully conducted. In the second part, images of an object 

hidden inside a 72 mm thick human breast tissue sample were obtained and fully 

analyzed. Finally, section 7.4 presents the conclusion.
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7.2 Materials and Methods

7.2.1 Experimental Arrangement

A schematic diagram for the experimental setup for time-sliced imaging used in 

this work is presented in Fig. 7.2. Ultrashort laser pulses of about 150 fs duration at 800- 

nm, at an 82 MHz repetition-rate from a self-modelocked Tirsapphire laser (Spectra 

Physics Tsunami) were amplified using a regenerative amplifier and a Quantronix Titan 

multipass power amplifier system for transillumination imaging. The average beam 

power used in the experiment was approximately 400 mW, reduced from 5W available 

from the laser system. The repetition rate was 1 kHz. The beam was expanded and the 

central part of it was selected using an aperture to illuminate the sample. This was done 

to make the beam smoother by reducing the intensity difference between the center and 

the edge of the beam at the incidence. An electronic time gate was used to sort out image 

bearing photons and discriminate against image-blurring scattered light. The time gate 

was provided by a ultrafast electronic gated imaging camera system (La Vision, Pico- 

start), consisting of a time gated imaging intensifier coupled to the charge coupled 

device (CCD) camera. The full-width-at-half-maximum duration of the gate could be 

adjusted to a minimum of 80 ps and the gate position could be varied in steps of 25 ps 

over a 15 ns range. The transmitted light from the samples was collected by a camera 

lens and directed to the gated image intensifier. Resulting time-sliced images were 

recorded by the CCD camera and displayed on a personal computer. The approach 

selects optim al picosecond-scale time-windows of the transmitted light pulses to form 

time sliced images of the bones or foreign object hidden inside thick biological media.

1 4 6
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In order to measure the image quality, the spreading as well as the contrast of the image 

(as described in the chapter 6) were monitored here as a function of "time ”.

7.2.2 Samples Characteristics

The samples used in the experiments were: (a) a turkey drum, (b) a chicken wing 

bones placed inside breast chicken tissues, (c) a chicken thigh bone embedded in tissues 

from chicken thigh and breast, (d) metacarpal bones of a human palm in vivo, and (e) a 

rod 6.5 mm diameter hidden inside a 72 mm thick human breast sample.

The chicken and turkey samples were compressed and placed between two glass 

plates in order to keep a uniform thickness. The human breast tissue sample with the rod 

inside it was placed inside a plexiglass box. The dimensions of the box were 250mm x 

250 mm x 72 mm.

(a) The turkey drum sample was compressed using the two glass plates to 60 mm thick. 

The bone inside the sample was measured after the experiment and was 12 mm in 

diameter.

(b) The two chicken wing bones were 2.5 -3.5 mm thick with a separation of 7 mm 

embedded in a 32 mm thick chicken breast tissue.

(c) The chicken thigh bone was 5.5 mm thick and 8.5 mm wide. It was embedded in a 20 

mm thick chicken tissue. In order to investigate the potential of this time sliced imaging 

method to detect fractures in bones, a small 1.5 mm-diameter hole was drilled in the 

chicken thigh bone.

The animal samples were obtained from a local butcher.
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(d) The 72 mm thick human breast tissue sample for part 2 o f this work was obtained 

from an 18 years old female patient following reduction mammoplasty. The breast 

sample was made available to us by NDRJ. The specimen was composed mainly of 

chunks of fatty tissue, which filled out the dimensions of the plexiglass box described 

above. A painted black rod, 6.5 mm in diameter, was placed inside the sample. 25 mm 

away from the exit surface of the light

7 3  Results

The result will be presented in two sections. Section 7.3.1 presents the results of 

shadowgram images of bones inside animal tissue. In the second part. Section 7.3.2. a 

sequence of time-sliced images—of the 72 mm thick human breast tissue sample with the 

hidden rod inside it—are fully analyzed, and some of the images presented.

7.3.1 Transillumination Imaging of Bones

Imaging o f turkey and chicken bones inside tissue

Transillumination images of the turkey drum for two different time windows 

centered at 75 ps and 1200 ps are displayed in Figs. 7.3(a) and 7.3 (b), respectively. For 

all samples, these time windows were selected relative to the zero-position which was the 

time of arrival of the light pulse to the detector. The spatial distribution of transmitted 

light intensity shows the location of the bone clearly (the darker part) when the early- 

arriving, image-bearing photons are selected by centering the time-gate at 75 ps. Fig. 

7.3(a). At a later time-gate position the image deteriorates and the shadow of the bone 

spreads as more diffuse photons contribute to noise and overwhelm the image-bearing
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photons, as is observed in Fig. 7.3(b). Interestingly enough, some structural features of 

the muscle, such as. the boundary of two layers can be observed in the left upper side of 

the drum in the images (a) and (b).

The spatial intensity profiles integrated over a horizontal area with a vertical 

width of 20 pixels are shown in Fig. 7.3(c) to give a measure of the intensity contrast near 

the bone. The dips in the spatial intensity profiles correspond to the shadow of the bone 

inside the sample. The full width at half maximum (FWHM) of the dip (shadow), found 

in the spatial intensity profile at the 75ps-gated image, corresponds to a length of 

approximately 22 mm. ( see Fig. 7.3 (c), thick line). The shadow of the bone for the late 

time-gated image was totally spread, making the FWHM of the profile unreadable (see 

Fig. 7.3 (c), thin line). The actual width of the bone was 12 mm. The difference in 

length between the actual width of the bone and the FWHM of the shadow could be 

attributed to the high scattering that photons suffer while going through the thick sample. 

As time passes, the stray impinging light is distorted. By the time it reaches the bone, the 

initial shape of the beam has already fanned out, which cause the shadow of the bone to 

be spread more and more as it continues to the exit surface. Only coherent ballistic light, 

(i.e., travelling a straight path), could produce a perfect shadow equal to the actual width 

of the bone. (Section 7.3.2 will present a more detail analysis of the spreading of the 

shadow as a function of time). Furthermore, the intensity contrast which has been define 

in the prior chapter, e.g., ( 1 ^  - L„ ) / ( / „« ,  + /»„.), was also calculated from the profile 

obtained for the early light image in Figure 7.3 (a) and was equal to 0.74. (The contrast 

obtained is the result of light loss in the early time due to the high scattering nature of 

bone, as compare to the scattering in the soft tissue. For later time slice windows more
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scattered photons are detected washing out the image-bearing signal and the intensity dip 

disappears).

In order to determine if two closely situated thinner bones could be resolved, two- 

dimensional images of two thin chicken-wing bones inside a 32 mm thick chicken tissue 

were recorded. The separation of the bones was of about 7mm. Figure 7.4(a) presents 

one of the images recorded for the time gate positioned at 25 ps where the two bones 

could be discriminated. The intensity profile of this image is displayed in Fig. 7.4 (b). 

The profile shows two dips clearly resolving the two thin bones. The contrast obtained 

for this image was 0.4.

Two dimensional transillumination images of a 1.5 mm diameter hole in a 

chicken bone (e.g., 8.5 mm wide and 5.5 mm thick) embedded in a 20 mm thick chicken 

tissue are displayed in Fig. 7.5. The hole was drilled in the bone to show the 

effectiveness of using time-sliced imaging for detection of bone fractures. The time- 

sliced transillumination images in Figs. 7.5 (a), (b), and (c) correspond to images taken 

for gate positions of 0. 50 and 225, respectively. Next to each image, two spatial intensity 

temporal profiles integrated over a 10 pixel wide area have been plotted: one of the 

profiles has been chosen to pass through the hole location in the image, while the other 

pass in its proximity to show the difference in light transmission. In order to calculate the 

contrast, we have considered 1 ^  to be the light going through the position of the hole, 

while Imm was taken to be the light passing next to it. The contrast obtained for the three 

images were 0.4, 0.08, and 0.00 for the 0, 75, and 225 ps time-gate positions, 

respectively. The calculated image contrast is higher for early-arriving light than for the 

late arriving light, as expected, and is easily evident from the spatial intensity profiles
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accompanying each image. The most salient feature of the images is the distinct 

appearance of the hole as a bright circle in the zero-time frame of Fig. 7.5(a). When 

observing the correspondent profiles for Figure 7.5(a). more intensity transmission is 

observed in the profile around the spatial position through the hole than the one in its 

proximity. Although the hole was partially filled with bone marrow, with the hard surface 

removed, it was more permeable to light. Light through the hole arrived earlier than the 

rest of the sample giving rise to the early-time image of the hole. At later times, the 

image became blurred and the profile showing the position of the hole became 

indistinguishable from the profile in its proximity.

73.2 Imaging of a Hidden Object Inside a Large Excised 72-mm Thick Human 

Breast Tissue Sample

Time-slice shadowgram images of a object inside a thick human breast sample 

were measured. The object placed inside the breast was a black rod, 6.5 mm in diameter. 

It was positioned parallel, and 25 mm away from the exit surface, making sure that the 

axis of propagation of the beam coincides with the position of the rod. In this 

experiment, the incident 800-nm beam was 5 mm in diameter, with an input power o f 300 

mW. Fig. 7.7 (a) presents the schematic of the experimental set up.

A spreading of the shadow—in the images of the sample with the object— was 

observed to be time dependent. In order to analyse this dependence, time-sliced images 

of the light going through the sample with and without the foreign object were recorded.
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Images of the light exiting the sample at various time gate positions provided us 

with the means to calculate the total intensity per unit image-area (flux) as a function of 

time. These intensity' sampling-values—obtained at different time-gate windows—have 

been plotted in Figure 7.7 (b) using filled black squares connected by a solid black line. 

It is interesting to note that the 150-fs probing pulse going through the sample spread to 

more than 10 nanoseconds, giving a clear indication of the highly scattering properties 

found in a human breast fatty tissue. In order to calculate the optical parameters, a fit to 

the experimental data has been performed using the diffusion approximation for slab 

geometry. This fit has been plotted in Figure 7.7 (b) using a solid thick line. The fitted 

optical parameter values obtained for I, and la were 1.25 and 377 mm, respectively.

Time-sliced shadow images of the black rod inside the thick sample are presented 

in Figure 7.8 for times 2. 4 and 9 nanoseconds time-gate position, as marked by the 

dotted lines in Fig. 7.7 (b). Spatial intensity temporal profiles integrated over a 50 pixel 

wide area (marked by the two dotted white lines) has been normalized and plotted next to 

each image. The greyish area on top of the profiles has been drawn to mark the position 

and actual diameter size of the rod in pixels, for easy reference. The salient features of 

Figure 7.8 is that the shadow images of the rod obtained using the late-arriving light are 

not as good as the ones obtained using the early light

The spreading of the shadow was analyzed from images obtained by subtracting 

the images with the object from the images without the object. The resulting image from 

each subtraction is called (defined) here the “bright ” image. The bright image scheme
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allows to take care of the noise introduce by our detection system, and give us better 

appreciation of the kind of distortion the shadow of the rod suffers in the images at 

different time-gate positions.

Figure 7.9 shows the ' bright'’ images obtained for the 2 . 4, and 9 nsec images 

presented in Figure 7.8. The smearing of the black dark region across the "bright" 

images represented the shadow cast by the object at different times. The "bright" images 

presented in Figure 7.9 make the spreading of the shadow of the rod over time more 

apparent. In the same fashions as before, spatial intensity temporal profiles integrated 

over a 50 pixel wide area (marked by black dashed box, in the bright images) has been 

normalized and plotted together (in Fig. 7.9) to observe the spreading o f the shadow of 

the rod diameter size over time. The greyish dotted area drawn on top of the profiles 

represents the expected undistorted shadow cast by the object under no scattering (e.g.. 

ballistic light suffers no scattering). Since only the earliest collinear photons (e.g.. 

ballistic photons) could produce a shadow (undistorted shadow) equal to the dimension 

of the diameter of the rod, the expected initial spreading o f  the shadow was considered to 

be equal to the diameter of the rod. The dimension of the FWHM(t=0) of the undistorted 

shadow cast by the rod is equal to 23.32-pixels, which correspond to the 6.5-mm rod 

diameter. The full width at half maximum of the undistorted shadow has been labelled 

FWHMo(t=0) in Fig. 7.9.

The FWHM of the plotted profiles obtained for t = 2, 4, 9, nsec (in Fig. 7.9) were 

3.8, 4.6, and 6.2 FWHMo, respectively. The plotted profiles are time dependent, and
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clearly show how the FWHM increases as time increases. The ratio FWHM(t)/FWHM„ 

give us the number of times the initial shadow of the object has spread, and is called here 

the spreading number o f  the shadow, Wft). W(t) is unitless. and is a function of time.

The spreading W vs. its respective time of acquisition has been plotted in Figure

7.10 using solid squares. The white square at t=0 delay represents the "initial" spreading 

number o f  the shadow Wo=I— e.g., FWHM(t=0) / FWHMo . The spreading number o f 

the shadow time dependence, Wft), may be expressed as:

W(t)= Wo+ b t '2

where Wo is the initial spreading number o f the shadow, and t is the time at which 

different spreading takes place, b is presumed to be a function of the object position 

within the sample and the optical parameters of the medium, e.g.,. I, and la. The fitting 

value for the coefficient b obtained for the shadow spreading as a function of time was 

0.0525

In this section, I have only considered the spreading of the shadow as a function 

of time. A deeper investigation of the shadow spreading as function of position of the 

object in the sample, optical parameters of the medium, as well as time is without a doubt 

a worthwhile pursuit.
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7.4 Conclusion

The results obtained from these time-resolved transillumination measurements 

underline the potential of ultrafast optical methods for application in biomedical imaging. 

The feasibility of using time-sliced imaging for the detection of bones in thick tissues and 

a small hole (representing a fracture) in a bone embedded in tissue have been 

demonstrated. Two thin bones in a chicken wing were resolved using the time-slicing 

technique. The in vivo measurement result (of metacarpal bones yielding high contrast 

two-dimensional images) highly encourages to pursue this optical modality in 

development of viable alternatives for regular monitoring of bone as in case of 

osteoporosis, arthritis, rheumatic disorders and other abnormalities. The ability to image 

a rod 6.5mm embedded in the 72 mm thick excised human breast sample gives a clear 

indication of the potential time-sliced imaging has in the medical field, as a screening 

tool for the detection of tumours. The two-dimensional time-sliced imaging approach 

presented here capture images of the photon spatial distribution in time directly in only 

few seconds of data accumulation; this is of great importance since it surpasses the 

imaging acquisition time needed in prior scanning techniques.

It is expected that further improvements in the electronic time-gated imaging 

system would also enhance the time-slicing imaging approach to more precise and faster 

measurements. These results underscore the potential of time-sliced optical detection in 

future biomedical imaging.
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7.6 Figures

Fig. 7.1 (a) Experimental arrangement diagram commonly used in ID and 2D scanning 
imaging.
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Fig. 7.1 (b) Scanning beam. ID and 2D-shadowgram approach.
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Figure 7.2 Schematic diagram of the experimental arrangement for the two-dimensional 
time-sliced transillumination imaging measurements.
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Figure 7.3 Two-dimensional time-sliced shadow images of a 60-mm thick turkey drum. 
The cartoon in the figure is a cross section schematic of the 800-nm laser beam going 
through the sample. Images (a) and (b) were taken at 75. 1200 ps time-gate position, 
respectively. The spatial intensity profiles in (c) have been normalized, and were obtained 
by integrating a cross section of images (a) and (b), as marked by the dotted lines.
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Figure 7.4 Two-dimensional time-sliced shadow image of a chicken wing inside chicken 
tissue. Image (a) was taken at 25 ps time-gate position, using a 800-nm laser beam, (b) 
Spatial intensity profile obtained from dotted area in image (a)
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Figure 7.5 Two-dimensional time-sliced shadow images of a hole in a chicken wing bone 
embedded inside chicken tissue, using a 800-nm laser beam. Images (a), (b), and (c) 
were recorded at 0, 75, 225 ps time-gate position, respectively. Next to each image, 
respective spatial intensity temporal profiles have been plotted, (see text for explanation)
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Fig. 7.6 Schematic of the experimental setup to obtain the shadow image of an object 
hidden inside a 72-mm thick human breast sample, using an electronic time-gated CCD 
camera.
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Figure 7.7 Intensity temporal profile of the 800-nm laser light transmitted through a 72- 
mm thick human breast sample using an electronic time-gated CCD Camera fitted to the 
Diffusion equation. The experimental data has been plotted using a black squares 
connected by a solid line. The fit has been plotted using a solid grey line. The fitted 
optical parameter values obtained for/, and la were 1.25 mm and 377 mm. respectively.
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Figure 7.8 Two-dimensional time-sliced shadow images of a rod 6.5-mm in diameter 
embedded in a 72 mm thick human breast tissue sample obtained using 800-nm laser 
light. Images (a), (b), and (c) were recorded at 2. 4. 9 nsec time-gate position, 
respectively. (See dashed lines in Fig. 7.7 (b). showing respective location in the 
temporal profile). Corresponding spatial intensity temporal profiles have been plotted 
next to each image.
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Figure 7.9 ~Bright" images obtained for images in Fig. 7.8. Each "Bright" image is 
obtained by subtracting the image of the sample recorded with the object inside it form 
the image of the sample without the object. Spatial intensity temporal profiles obtained 
from the dashed rectangular region from each image have been plotted below showing 
the FWHM spreading over time.
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Figure 7.10 Wft), Spreading o f  the shadow Image of the 6.5-mm diameter rod versus time 
(time-gate position) were obtained from "Bright'' images at temporal positions marked 
with gray squares in Fig. 7.7 (b). The Wft) collected values have been plotted using 
squares, while the solid line represent the fit using the expression Wft)- Wo + h t . See 
text for details.
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Chapter 8

Two-Dimensional NIR 
Laser-Spectroscopic and Time-Sliced 

Transillumination Optical Imaging of 
“in Vitro" Human Female Breast Tissue Specimens

8.1 Background

Although, the promise of combining the imaging and spectroscopic aspects to 

develop an optical imaging modality with genuine diagnostic ability has been 

expounded,81—816 there is a paucity of efforts to realize this 'holy grail' for optical 

mammography in practice. Insufficient spectroscopic information about the normal and 

cancer human breast tissues is presumable one o f  the reasons for this paucity o f  efforts. 

Lack o f  commercially available tunable lasers in the 1000-1300 nm spectra range might 

have limited the spectroscopic imaging efforts in this important spectral range within the 

‘therapeutic window.'

In this chapter, we focus on finding light-tissue signatures that could be used to 

characterize and distinguish normal and cancer regions o f human breast. A combined 

laser spectroscopy and time-sliced transillumination optical imaging approach—in the 

NIR spectral region—is used to characterize breast tissue constituents, by exploiting their 

intrinsic spectral ‘‘fingerprints ”, as well as the difference in their transit time of 

transmitted light

A Cr^+-doped Forsterite laser system, tunable over the 1150-1350 nm spectral 

range, was used for the spectroscopic transillumination imaging study. The results 

demonstrate that spectroscopic differences may be used to highlight different tissue
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constituents. The two-dimensional time-sliced transillumination imaging study was 

performed using pulses of light (at 800 nm) of 150 fs. and 1kHz repetition rate obtained 

from a self-mode-locked Tirsapphire laser and amplifier system. Images of the 

transmitted pulse of light recorded at different time windows highlighted the different 

type o f tissues, and allowed discrimination of normal and cancer regions in tissues.

8.2 Experimental Methods

NIR two-dimensional laser-spectroscopic transillumination imaging

The key constituents of a normal adult female human breast are glandular tissue, 

fibrous tissue, adipose tissue, blood vessels, and ducts. Breast lesions include cysts, 

mastitis, and malignant carcinomas, as well as benign tumors such as, fibrodenomas,

St?lipomas. Differences in optical and spectroscopic properties of the normal 

constituents and lesions of breast tissue are necessary for diagnostic optical imaging of 

breast lesions. Figure 8.1 shows the optical transmittance spectrum of a 3 mm thick 

human breast tissue sample in the 1190-1330 nm range, as measured by Marks in Ref.

8.18. The spectrum in Fig. 8.1 was composed of the absorption resonance by adipose 

tissue at 1203 nm superimposed on a smoothly varying background caused by light 

scattering. To test if a spectroscopic differences of tissues in a specimen provides any 

distinguishable signature in the transillumination image, the optical absorption 

characteristics of adipose tissues around 1203 nm was selected as a "spectral 

fingerprint”. We select this spectral range and this particular adipose absorption 

resonance since overall light scattering by tissues is weaker in this range as compared to 

that at shorter wavelengths. The goal is to examine the transillumination image
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characteristics as the wavelength of the imaging light is tuned in and out of the adipose

optical absorption resonance. The Cr^+-doped Forsterite laser NIR wavelength tunability 

was advantageous for this spectral range.819

The experimental arrangement for NIR spectroscopic imaging used the 

continuous-wave mode-locked output of a Cr4+:Forsterite laser pumped by a Nd:YAG 

laser. The linearly polarized laser output was tuned from 1225 to 1300 nm using an 

intracavity birefringent plate. The average beam power was maintained at 35 mW for all 

the wavelengths by using appropriate neutral density filters. Although, this laser system 

could deliver ultrashort pulses, we were unable to implement the time-sliced imaging 

technique due to the lack of commercial ultrafast detectors in the market for this spectral 

range. A Fourier space gate8 20 and a polarization gate8 21 were used to sort out a fraction 

of image bearing photons and discriminate against image-blurring multiple scattered 

photons. A 50 mm focal length camera lens collected and collimated the low-spatial- 

firequency light filtered by the Fourier gate and directed it to the 128x128 pixels sensing 

element of an InGaAs NIR area camera (Sensors Unlimited SU 128-1.7RT). The 

experimental arrangement used for NIR spectroscopic imaging is presented in Chapter 6. 

Fig. 6.1 (page 133).

NIR two-dimensional time-sliced transillumination imaging

The time-sliced two-dimensional transillumination imaging approach used in this 

work is an extension of the time-gated methods. It uses optimal time-slices at the 

picosecond-scale of the transmitted light pulse to form images, demonstrating that in 

specific cases later-arriving light may be as useful in distinguishing between normal and
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cancer tissues. The experimental arrangement for time-sliced transillumination imaging 

is presented in detail in Chapter 7. Fig. 7.2 (page 162).

8 3  Materials

Several human tissue samples were tested and were made available for this work 

by the National Disease Research Interchange (NDRI) and the Sloan Kattering Hospital 

under an IRB approval at the City College of New York. Each o f the samples was placed 

between two glass plates and compressed in an attempt to provide uniform thickness.

Measurements taken using the experimental approach described above will be 

presented for two different breast tissue samples, which demonstrated the most striking 

results. The first tissue sample was derived from the left breast of a 28-year-old female 

patient following reduction mammopiasty. The samples dimension was 35x14x5 mm, 

and it was comprised of adipose tissue in the middle and broad areas o f firm fibrous 

(glandular) tissue on the two sides. The second tissue sample consisted of a cancer 

placed next to a normal piece of tissue obtained from the same patient. The dimension of 

the cancer piece was 10x12x5 mm. and the normal piece 10x16x5 mm. Both samples, 

after compression, have a thickness of 5 mm.

8.4 Spectroscopic and Time-Sliced Imaging Results

a) Adipose and fibrous human breast tissue sample

In the laser-spectroscopic imaging approach, two-dimensional transillumination 

images of the first tissue sample (see insert in Fig8.2) were recorded using light o f several 

near-infrared wavelengths. The sample consisted of adipose tissue in the middle and
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strands of firm fibrous tissue on the two sides as marked in the insert of Fig. 8.2. Images 

obtained using 1225 nm. 1235 nm. 1255 nm. and 1300 ran light are shown in the left 

frames of Figs. 8.2(a)-(d), respectively. Corresponding spatial intensity distributions of 

the images integrated over the same horizontal area as highlighted by the white dashed 

box in Fig. 8.2(a) are shown in the frames to the right of the respective images

The fatty region in the middle of the specimen appeared much darker and distinct 

when compared to the fibrous regions on the two sides in the 'resonant image' recorded 

using light of wavelength 1225 nm. This wavelength is closer to the adipose optical 

absorption peak at 1203 nm than other wavelengths used in this study. The region 

appeared as a deep trough in the corresponding spatial intensity distribution. As the 

wavelength of Crrforsterite laser output was tuned out of the adipose absorption band the 

contrast between the fatty and fibrous regions in the images decreased. The depth o f the 

trough in the spatial intensity profile also decreased and the region appeared as a crest in 

the profiles of the images recorded using light of wavelength 1255 nm or longer. The 

adipose region appeared brighter than the fibrous regions in the 'nonresonant images' 

recorded using wavelengths, such as 1300 nm, which are far removed from the 1203-nm 

resonance. The difference seen is presumably due to nonuniform spatial intensity 

distribution of the incident beam, and the difference in the light transport characteristics 

of the tissues. The incident beam had a spatial intensity distribution such that the central 

region was more intense than the periphery. The adipose tissue was located in the middle 

of the specimen, and was illuminated by the more intense central part of the beam. If we 

assume the light transport characteristics of the adipose and the fibrous tissues are 

comparable, the transillumination image is expected to be brighter around the center
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when light is not preferentially absorbed by the adipose tissue. Light transport 

characteristics of the two types of tissues are expected to be different and may have 

contributed to the observed behavior. Values of transport coefficients at these 

wavelengths are not available from literature and can not be extracted from our 

measurements to make a more quantitative evaluation at this time.

More quantitatively, the change in the contrast between the fibrous and adipose 

regions of the specimen as a function of wavelength may be described in terms of a 

wavelength-dependent intensity ratio which we define as,

R(A) = IrfA) /Ia(A) , (8.1)

where Ip(A) and Ia(A) are the intensity values at wavelength A on the spatial profile o f the

image at locations corresponding to fibrous and adipose tissue regions, respectively. In 

reference to the spatial profiles in Fig. 8.2, we chose the pixel positions to be 71 for the 

adipose region which corresponded to the maxima in the 1300 nm profile, and 44 for the 

fibrous region. The value of R(A) changed from approximately 1.76 for 1225 nm 

(within the adipose absorption band) to 0.5 for 1300 nm (away from that absorption 

resonance). The plot of the intensity Ratio as a function of X can be observed in Fig. 8.3. 

The inset in Fig. 8.3 shows the values of optical transmittance through a 3-mm thick 

human breast tissue sample at these wavelengths, as reported by Marks (in Ref. 8.18), see 

Fig. 8.1. By comparing R(A) and the inset in Fig. 8.3, we could observed R(A) increases 

when the wavelength used is closer to the absorption resonance peak (1203 nm).

The contrast of the adipose region in the image may be further enhanced if the 

ratio ofror the difference between a 'resonant image’ measured using a wavelength closer 

to the resonance peak, and a 'nonresonant image’ recorded using nonresonant light is
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obtained. We illustrate this enhancement in image contrast using the 1235-nm resonant 

image, and 1300-nm nonresonant image displayed in Figs. 8.2(b) and 8.2 (d). 

respectively. Spatial intensity distributions integrated over a horizontal region of the 

1235 nm and 1300 nm images are shown in Fig. 8.4(a). Figures 8.4(b) and 8.4(c) display 

the corresponding spatial profiles of the ratio image [//nage(1235nm)///nage(1300nm)] 

and difference image [/moge(1235nm) - Image{ 1300nm)]. The images obtained were 

placed next to the profiles. We next determined the contrast

C = Umax -IminVUmax +Imin), (8.2)

of the images for comparison. In Eq.(8.2) Imax and Imin represent the maximum and 

minimum values of the intensity in the image. We use the integrated intensity values 

around pixel #71 for adipose region, and pixel #44 for fibrous region for estimating the 

contrast.

Contrasts of the 1235 nm image, the ratio image, and the difference image thus 

calculated are 0.09, 0.24, and 0.67, respectively. The contrast of the ratio image is 2.7 

times higher, and that of the difference image is 7.4 times higher than that of the 1235 nm 

image.

The time-sliced imaging approach was performed in the same sample at 800 nm. 

(See inset at the top) Two-dimensional transillumination images of light propagating 

through the sample at different times were recorded. Images for the time-gate positioned 

at 0 and 200 ps are displayed in Fig. 8.5 (a) and 8.5 (b), respectively. The zero position 

was taken to be the time of arrival of the light pulse through a 5-mm thick glass cell filled 

with water. The spatial distribution of transmitted light intensity along a horizontal area 

covering the fibrous-adipose-fibrous (F-A-F) regions in the tissue sample is displayed in
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Fig. 8.5 (c). The profile allowed a comparison of the relative magnitude of light intensity 

transmitted through the normal and the fibrous and adipose tissues at different delay 

times.

The adipose and the fibrous tissue regions are clearly distinct in both the 0-ps and 

the 200-ps images. The spatial profile of the O-ps image displayed by the thick line in 

Fig. 8.5(c), shows a marked dip indicating much lower light transmission through the 

fatty (adipose) region. The width of the dip corresponds to the spatial extent of the 

adipose region.. Interestingly, the situation is completely reversed in the spatial intensity 

profile of the 200-ps image of Fig. 8.5 (b). The profile displayed by the thin line in Fig.

8.5 (c) exhibits a peak indicative of higher light transmission through the fatty region at 

later time.

Fig. 8.5 (d) shows a three-dimensional reconstruction of the spatial intensity 

distribution of the light transmitted through the sample in time. In this figure, twenty 

profiles were plotted corresponding to integrated intensity areas of images taken 25-ps 

apart. The wide arrows labeled ti and tg point to the first and eight profiles taken at 0 and 

200 ps time delay, respectively. The color bar on the right-hand side has been placed as a 

reference to indicate the intensity of the transmitted light, for the time-sliced profiles.

The difference in the spatial intensity distribution of the transmitted light through 

the fibrous and the adipose human breast tissues at the two different times is attributed to 

the higher scattering of light by the adipose tissue. Photons transiting through the 

adipose region scattered more and came out later compared to those transiting through 

the fibrous regions. The 0 and 200 ps time slices accentuated this difference and provide
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the observed contrast in the transillumination images, demonstrating the importance o f  

the time-domain imaging approach.

b) Cancerous and normal human breast tissue sample

Following the same procedure as with the first sample, a second human breast 

tissue sample was examined. This sample consisted of a cancer piece placed next to a 

normal piece obtained from the same patient. In this experiment, the incident beam was 

further expanded to achieve a plane incident wave of equal spatial intensity distribution 

by selecting the central region to avoid any misreading.

In the spectroscopic imaging approach, two-dimensional transillumination 

images of the sample were recorded using 1210 nm, 1225 nm, 1275 nm. and 1300 nm 

light. The images are presented in Fig. 8.6 (a)-(d), respectively. Corresponding spatial 

intensity distributions of the images integrated over the same horizontal area as 

highlighted by the white dashed box in Fig. 8.6(a) are shown in the frames to the right of 

the respective images.

The cancer region (left-hand side) appeared much brighter than the normal region 

(right-hand side) in every image of the wavelengths recorded. As the wavelength of 

Crrforsterite laser output was tuned from a lower (1210-nm) to a higher (1300-nm) 

wavelength, the intensity through both regions increased at a different rate, as can be 

observed in the profiles next to the images. In Fig. 8.6 (e), this increase in intensity as a 

function of wavelength can be better appreciated. The solid square boxes represent light 

going through the cancer tissue, while the white filled square boxes represent light going 

through the normal tissue. The plot values were obtained from the profiles in Figures 8.6
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(a)-(d) for pixel positions to be around 80 for the normal region, and around 42 for the 

cancer region. This plot is a clear indication that deeper penetration of light into the 

tissue can be achieved using larger wavelengths.

Figure 8.6 (0 shows the intensity ratio R(A) = Icance/^J / l \ 0rmai(A) as a function 

of wavelength obtained from Fig. 8.6 (e). The intensity ratio values have been plotted 

using solid black circles connected by a thin dotted line. The intensity ratio obtained at 

1210 nm light was 3.5. seven times higher than the one obtained at 1300 nm light (0.5). 

Furthermore, the image contrast C = (Icancer-^normal V (I cancer +lnormal)] was 

calculated for the 1210, 1225, 1275, and 1300 nm profiles and were 0.55, 0.46, 0.29. and 

0.11, respectively. The contrast for the image recorded using the 1210 nm light was five 

times larger than the one obtained using 1300 nm light.

The differences seen in both regions are attributed to the light transport 

characteristics of the two types of tissues. In addition, the high intensity rate change 

increment behavior observed in the normal region, going from darker at 1210-nm to 

brighter at 1300-nm, is believed to be caused by an unknown percentage of fatty tissue in 

the sample.

The two-dimensional time-sliced transillumination imaging experimental results 

for the second sample are presented in Fig. 8.7. Images in Figure 8.7 (a), (b),(c), and (d) 

correspond to 25, 125, 275, 375 time-gate positions, respectively. The images presented 

(a) through (d) clearly show the intensity spatial distribution of the transmitted light 

through the tissue at different time windows, for A=800nm. Profiles plotted next to each
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image show the spatial intensity distribution along a horizontal area covering the cancer 

and normal regions in the tissue sample.

The fact, that light spread more in the normal region than in the cancer region, is 

more evident if we analyzed the evolution of the pulse in image (a) through (d). The 

image recorded a 25-ps in Fig 8.7 (a) clearly shows a high transmission through the 

cancer region, and a minimum amount of light going through the normal region. The 

spatial intensity profile next to the image gives a more accurate reading o f the amount of 

light going through both regions at this early time window. Approximately 100 hundred 

counts go through the cancer region and 1 through the normal region, resulting in a 

contrast of approximately equal to 1. e.g., C(i=25 ps) = /. At a much later time 325-ps 

delay in Figure (d), the situation is reversed, and more light goes through the cancer 

region than the normal region, corresponding to approximately 1 count and 110 counts, 

respectively, resulting in a negative contrast of -1, e.g., C(t=225 ps) = - / . The negative 

contrast is due to the fact that the light going through the cancer region is very small as 

compared to the light going through the normal region. (Notice now. that the contrast 

time dependent) Fig. 8.7 (e) shows the intensity transmitted through the normal and 

cancer tissues of similar spatial area for vs. time-gate position. The time dependence 

intensity ratio of the light transmitted through the cancer and normal tissue R(t) = 

fCancer(A=800nm,t) /ISormal(A=800nnu) using the intensity results obtained in Fig. 8.7

(e) has been plotted in Fig. 8.7 (0  using black circles connected by a thin dotted line. In 

the same figure, we have plotted the intensity ratio R(t) = I \ ormai (X=800nm,t) /Icancer 

(X=800nm,t) using white filled circles connected by a solid black line. This was done to 

emphasized the fact that different time-windows could help to visualize different tissue
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constituents. The cancer region is more clearly defined by the early-arriving photons, as 

seen in early time windows. On the other hand, late-arriving photons will better delineate 

the area of the normal region.

The difference in the spatial intensity distribution of the transmitted light through 

the cancer and the normal human breast tissues is attributed to the higher scattering of 

light by the normal tissue over the cancer tissue region. Photons transiting through the 

normal region scattered more and came out later as compared to those photons transiting 

through the cancer region. The time-domain very clearly helps to visualize and to 

separate normal and cancer human breast specimens from each other, by sorting the early 

light or the late using different time-windows. This without a doubt demonstrates the 

potential that the time-sliced transillumination imaging approach has in the field of 

optical mammography for distinguishing cancer lesions from normal tissues.
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8.5 Conclusion

Results of the two-dimensional NIR laser-spectroscopic and time-sliced 

transillumination imaging experiments clearly demonstrate the diagnostic potential of 

optical imaging. The two-dimensional time-sliced transillumination imaging experiments 

demonstrate that optical imaging using optimal time slices is a promising method for 

imaging biomedical media. The incorporation of the time-sliced imaging technique to 

NIR spectroscopic optical imaging results will add a new dimension to the images 

obtained at each of the different wavelengths of light. This novel hybrid approach 

(time/colour) provides a new way for image visualization enhancement. In fact, it has a 

great potential for highlighting intrinsic differences present in the different human tissue 

constituents, under key wavelengths and optimal time windows. Both of the methods 

show selectivity of tissue types based on differences in photon transport and 

spectroscopic properties.

3D and 2D inverse image reconstruction methods are expected to benefit from the 

use of spectroscopic fingerprints and the time-slicing imaging approach. In inverse 

reconstruction, one uses the scattered light intensity measured around a turbid media with 

and without the object to reconstruct a spatial map of the interior of the media8 22 In 

practical situations, such as a breast tumor, it is not possible to obtain intensity 

measurements without the tumor, and approximate schemes will have to be used. 

Intensity measurements (of molecular components in tissue) at non-resonant wavelengths 

may substitute for measurements without the object, and while those at a resonant 

wavelengths may substitute for measurements with the object. The method would then 

reconstruct a spatial map of the change in absorption due to the object.
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Besides the potential benefits these optical techniques could bring to optical 

mammography and optical tomography fields, it could also be of great help in the 

analysis and evaluation of histopathology due to disease, where key colors of light 

instead of staining with a dye could be used to enhance visualization of the disease tissue. 

(The utilization of dyes to highly tissue structures could add other degree of visualization 

for imaging breast tissue sample.) Some of the benefits of using this approach are that 

specific diseases could be differentiated through key colors of light.

In summary, the spectrum of light and the time-domain provides a wealth of 

opportunities for identification and classification of numerous subtle biological and 

biochemical changes present in the human body. Since wavelength/time-dependent 

differences exist between normal and diseased tissues, optical time-sliced spectroscopic 

imaging may provide simultaneous detection and diagnosis of diseases in the human 

body.
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8.7 Figures

Fig. 8.1 Transmission spectrum of a normal human breast tissue sample. 3-mm thick. 
Shadow region shows the wavelengths under study in the NIR spectroscopic studies 
using a Chromium-doped Forsterite laser system. (After F. A. Marks. SPIE 1641. 227. 
1992).
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Figure 8.2 Two-dimensional spectroscopic transillumination images of a 5 mm thick 
human breast tissue sample comprising adipose and fibrous regions obtained using light 
o f wavelength (a) 1225 nm, (b) 1235 nm. (c) 1255 nm, and (d) 1300 nm. Corresponding 
spatial intensity profiles integrated over the same horizontal area for each image are 
displayed in the right side o f the respective images. The inset at the top is a photograph 
o f the exit surface of the tissue specimen.
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Figure 8.3 Wavelength dependence of intensity ratio of the light going through the 
adipose (A) and fibrous regions (F), R(?i) = Ia / If- Solid circles represent experimental 
data and the line is used as a guide for the eye. Inset shows the optical transmission 
spectrum o f a 3-mm thick breast tissue sample over the 1200-1300 nm range (after Ref. 
8.18)
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Figure 8.4 Spatial intensity profile—integrated over the same horizontal area as 
displayed in Fig.8.2—of (a) the resonant image. Imaged 1235 nm), and the nonresonant 
image. Imaged 1300 nm); (b) the ratio image. lmage( 1235nm)///nagt’( 1300nm); and (c) 
the difference image, 7mage(1235nm) - Image( 1300nm).
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Figure 8.5 Time-sliced transillumination image of the first human breast tissue sample 
for gate delays of (a) 0-ps and (b)-200 ps. (c) Intensity spatial profiles of the (O)-ps (thick 
line) and the 200-ps (thin line), (d) Three-dimensional reconstruction of the pulse 
transmitted through the tissue. See text for details. The inset at the top is a photograph of 
the exit surface of the tissue specimen.
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Figure 8.6 Two-dimensional NIR spectroscopic transillumination images of cancer and 
normal human breast tissue specimens. 5 mm thick, obtained using light of wavelength 
(a) 1210 nm, (b) 1225 nm, (c) 1275 nm, (d) 1300 nm. Corresponding spatial intensity 
profiles integrated over the same horizontal area for all the images are displayed in the 
frames to the right of the respective images. The cartoon at the top is just to indicate the 
size and the positions of the sample regions.
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Figure 8.6 (e) Intensity transmitted through the normal and cancerous regions vs. 
wavelength. Spatial intensity profiles of the light going through the cancerous and 
normal region has been plotted using black and white squares, respectively. Figure 8.7
(f) presents the wavelength dependence on intensity ratio. Solid circles represent 
experimental data and the line is used as a guide for the eye.
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Figure 8.7 Time-sliced transillumination image o f the second sample in the text for gate 
delays of (a) 25-ps. (b) 125-ps, (c) 275-ps. and (d) 375-ps. Intensity spatial profiles of the 
light transmitted through the sample have been plotted next to each image. The cartoon 
at the top is just to indicate the size and the positions of the sample regions.
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Figure 8.7 (e) presents the intensity transmitted through both samples vs. time-gate 
position. See text for details. Figure 8.7 (f) presents the wavelength dependence of 
intensity ratio in Fig. 8.7 (e). See text for explanation.
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Chapter 9 

Summary

In the first part of this thesis we have theoretically and experimentally 

investigated the propagation of light through various types of highly scattering 

anisotropic media. This was achieved via steady state and ultrafast detection schemes, 

with the aim to develop a better understanding of photon migration and Iight-tissue 

interaction.

The second part of the research is aimed to improve the image quality and 

involved near-infrared transillumination imaging, by implementing detection schemes 

based on spatial, polarization, and time gated light sorting techniques, while paying 

special attention to the spectroscopic information obtained through the selection of an 

optimum wavelength. This was accomplished using state of the art two-dimensional CW 

and time-resolved light detection imaging systems.

The main findings in this thesis are in Chapters 3 through 8 and are summarized 

as follows:

In Chapter 3, ultrashort pulses of light propagating in highly scattering media 

were measured. We found that the intensity temporal profiles o f scattered pulses 

measured at fixed spatial positions inside the medium depend on the angle of arrival of 

photons at a point. We observed that light retains a strong angular dependence for 

distances as far as 20 I,. This is a clear indication that well-defined photon paths are 

preserved in the launching direction and that photon direction (momentum) is maintained
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even in the early diffusive regime. The angular information of photons travelling through 

a fixed spatial position may provide an additional parameter, which could help scientist to 

predict photon transport with higher accuracy.

In order to describe the degree of anisotropy in photon distribution due to the 

source directionality, two new equations were introduced. These equations describe the 

angular anisotropy at a point and the angular-spatial anisotropy between two points. 

Here, it was found that there is a higher degree of anisotropy in the early time of 

propagation that is where photons experience less scattering events.

In Chapter 4, we demonstrated that the NED model provides a better description 

of the temporal and spatial evolution of scattered light than the DA does. We ascertained 

this by comparing the accuracy of the DA and the NED equations in predicting light 

propagation in a highly forward-scattering medium against measured scattered light 

temporal profiles acquired for the pre-diffusive and diffusive regime. Appreciable 

differences between the NED and DA were observed for photon number density for 

distances as large as 15 For distance beyond 20 I, (in the well diffuse regime) the NED 

and DA predict comparable results. The NED approach may be considered as a possible 

alternative to the DA in future optical imaging algorithms.

In Chapter 5, we found that the structures of the samples play an important role in 

light propagation. In particular, we found that the orientation of fibers in the sample 

structure with respect to the polarization direction of the incident beam influences on the
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parallel and perpendicular components of the transmitted scattered light. The found 

difference on the transmitted intensity temporal profiles along and across the fibers of a 

tissue sample suggests the existence of different diffusion coefficients for a medium with 

definite internal fibrous or tubular structure (such as tissues). The observed existence of 

preferred orientation of tissue fibers for higher transmission of light is a useful 

information for optimizing the performance of a transillumination imaging system.

In Chapter 6, two-dimensional NIR transillumination images of an object hidden 

inside different biological media were obtained by implementing a Fourier gate in tandem 

with a polarization gate to improve the image quality. The image quality of 

shadowgrams obtained using a 1250-nm and 1064-nm light was compared. A salient 

observation of this work is that the near-infrared light around 1250 nm enables deeper 

penetration and provides higher image contrast than that obtained using 1064 nm or 

shorter-wavelength light. A combination of lower scattering and higher absorption (due 

to water content in the sample) accounts for the better image quality obtained using 1250- 

nm light.

The polarization gate and the Fourier gate were both found to be effective in 

sorting out some of the image-bearing photons. The polarization gate is simple and easy 

to implement. Its efficacy for transillumination imaging is limited to sample thicknesses 

for which the polarization of the transmitted light is not completely randomized by 

scattering events within the tissue. In our experimental arrangement, this limit was 

approximately 10 mm for human breast tissues, and 16 mm for bovine brisket tissues.
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The Fourier gate, in principle, may be effective in discriminating against multiple- 

scattered photons for samples of any thickness. However, its effectiveness is more 

evident for thicker samples. It cannot discriminate against on-line scattered photons. As 

the thickness of the turbid sample increases, the relative magnitude of image-bearing 

photons decreases and that of the on-line scattered photon increases, making the signal- 

to-noise ratio poorer. When combined with a time gate both the polarization gate and the 

Fourier gate may provide much stronger discrimination against multiple-scattered light.

In Chapter 7 we make use of the transit time of fly to select the early arriving 

photons to improve the image quality. Two-dimensional time-sliced NIR 

transillumination images of bones and foreign objects hidden inside thick biological 

media were recorded at different time windows. Better quality images were acquired by 

sorting the early arriving photons through the use of an 80ps time-gate. The feasibility of 

using time-sliced imaging for the detection of bones in thick tissues and bone fractures 

has been shown, and highly encourages us to pursue this optical modality in development 

of viable alternatives for regular monitoring of bone as in case of osteoporosis, arthritis, 

rheumatic disorders and other abnormalities. The ability of imaging a rod 6.5mm 

embedded in the 72 mm thick excised human breast sample gives a clear indication of the 

potential time-sliced imaging has in the medical field, as an screening tool for the 

detection of tumours.

The results obtained from these time-resolved transillumination measurements 

underline the potential of ultrafast optical methods for application in biomedical imaging. 

It is expected that further improvements in the electronic time-gated imaging system
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would also enhance the time-slicing imaging approach to more precise and taster 

measurements.

Finally in Chapter 8. we combine the time-sliced and the laser-spectroscopy and 

transillumination optical imaging approach to characterize breast tissue constituents in 

the near infrared spectral band.

In the NIR laser-spectroscopy approach, we were able to obtained images that had 

marked contrast between adipose and fibrous tissues, and between cancer and normal 

tissues, by tuning the Crtforsterite laser output into an absorption band of fatty human 

breast tissue.

In the two-dimensional time-sliced transillumination approach, we found that 

different time windows can highly different tissue constituents, based on the sample 

absorption and scattering properties. In particular we found that early light images can 

highlight some type of cancer tissues, and that late light images show better the highly 

scattering tissues such as fat.

Results of the two-dimensional NIR laser-spectroscopic and time-sliced 

transillumination imaging experiments clearly demonstrate the diagnostic potential of 

ultrafast optical imaging. The incorporation of the time-sliced imaging technique to NIR 

spectroscopic optical imaging results add a new dimension to the images obtained at each 

of the different wavelengths of light. This novel hybrid approach (time/color) provides a 

new way for image visualization enhancement, which has a great potential for 

highlighting intrinsic differences present in the different human tissue constituents, under 

key wavelengths and optimal time windows.
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In summary, the spectrum of light and the time-domain provides a wealth of 

opportunities for identification and classification of numerous subtle biological and 

biochemical changes present in the human body. With presence of wavelength/time- 

dependent differences between normal and diseased tissues. Optical time-sliced 

spectroscopic imaging may provide for simultaneous detection and diagnosis of diseases 

in the human body.

Certainly, the wide spectrum of light offers a vast amount of possibilities for the 

detection and monitoring of diseases, which are being and would be discovered to the 

pace of the emerging technology.
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Chapter 10 

Future Research Directions

The research work conducted in this thesis needs to be continued. A clear and 

better understanding o f light propagation in highly scattering media, and light-tissue 

interaction are key requirements to the successful development and introduction of 

optical imaging in the medical field.

More experiments of light propagating through highly scattering media need to be 

performed in order to understand how time-sliced shadowgrams of an object hidden 

inside a highly scattering medium gets distorted as a function of the optical parameters of 

the medium, position of the object, as well as time. A theory that could predict the 

distortion of the shadow image would be extremely helpful to aid mathematical 

algorithms for 3D and 2D inverse image reconstruction.

Experiments using different light source geometries are highly encouraging since 

during the investigation performed on shadowgrams we were able to observe that 

expanded plane waves and convergent light sources could improve the quality of the 

image depending on the position of the object inside the medium.

The results obtained on NIR time-sliced shadowgram imaging on thick human 

breast samples highly suggest experiments in vivo as the next course of action. A
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multiple wavelength approach is recommended in the time-sliced imaging technique, 

where key wavelengths of light could highlight the different tissue constituents.

Fingerprint wavelengths of light that could highlight different tissue constituents 

and more importantly particular types of cancer are yet to be found for 2D and 3D 

imaging.

Inverse-image reconstruction methods for 3D is the next step and is expected to 

benefit particularly from the use of spectroscopic fingerprints and time-sliced imaging.
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Appendix A

In this appendix, some of the computer programs used in this thesis will be 

presented. The programs were provided by Dr. Feng Liu and Dr. A. Ya Polishchuck.

A.1 Program to Average the Intensity Temporal Profiles Obtained at a Fixed 

Spatial Point Over Angles of Arrival. (Equation 4.5 in chapter 4)

# AVERAGE INTENSITY (INTENSITY TEMPORAL PROFILES INTEGRATED OVER ANGLES', 
#ifndef line
#static char sccsid[] = (#)scsubr.r 1.6.1.2 95/12/05";
jtendif
#

implicit double precision (a-h,o-z) 
character*12 namel,name2,name3
real*8 pi, z (30,2500),yout(2500) , zout(2500),fac(30) , tt 
integer n y (30,2500), ncount(30) , iflag 
pi=3.141592654 
nmin=2500
print *, " number of file , max 30 files, and mode of operation” 
read *, np,iflag 
do i=l,np {
write(6,*)"the ”,i,"file"
print*, "read in file name, and corresponding angle in degree"
print*, "From small angle to large angle"
read*, namel,fac(i)
open(3,file=namel)
do ii=l,2500 {
read(3,*, end=222)n y (i,ii),z (i, ii)
}

222 ncount(i)=ii-l
print*,ncount(i) 
close(3)
if(nmin .gt. ncount(i)){nmin=ncount(i)
}
>
do i=l,nmin {
z (np+1, i) =z (np, i) #assign 1(180) to be same as largest angle 
>
fac(np+1)=180. 
do ii=l,np+l { 
tt=sin(fac(ii)*pi/180.) 
print*,fac(ii),tt

)
print*, "read in averaged file name”
read*, name2
open(3,file=name2)
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dc i=l,nmin i 
zout(i!=0 . 
if (iflag .eq. Ii i 
do ii=l,np {
zout (i) =zout (i) + (z(iii-l,i)'*sin(fac(ii-ri)*pi/i80.}»z' ii, i) *szr. (fac 

(ii) ■'pi/180.) ) * (fac!ii+l)-fac(ii) ) /36G. *pi
ycut (i) =ycut 'i)+(z(ii+l,i; *sini f ac(ii-1) *pi/90.)->-z(ii,i; *sir, ( f ac ; 

ii)’pi/90.))*(fac(ii+1)-fac(ii))/720.*pi

)
else if (iflag .eq. 2) {
do ii=l,np {
zout (i} =zout (i)+(z(ii+l,i) ->-z (ii, i) ) *sin( (fac !ii)*fac(ii*l) ) / 36C.* 

pi) * (fac(ii+l)-fac(ii))/36C.*pi
yout(i)=yout(i)+(z(ii+l,i)+z(ii,i))*sin((fac(ii)+fac(ii+l))/180. ' 

pi) * (fac(ii + 1)-fac(ii))/720.'pi 
)
>
ratio=yout(i )/zout(i)
write(3, 111)ny(1,i) , zout(i } , yout(i),ratio 
}
close(3)

111 format(14,lx,3el5.5) 
stop 
end

A.2 Programs to Fit the Angular-Integrated Intensity Temporal Profile to the Non- 

Euclidean and Conventional Difusion Models, in Chapter 4.

!<arch>
fitayp.r 853179788 7534 70 100400 2022
#ifndef lint
#static char sccsid[] = (#)fitayp.r 1.4 97/01/13";
#endif
# program fitayp.r
# for point source diffusion eq. fit
# must be linked with taurosv.f
# and payp.r,ayppro.f
# ALL UNIT IN PS, MM
#
*

subroutine fcn(npar, g,f,x,iflag) 
implicit double precision ( a-h, o-z) 
character * 12 anam, outfile,comfle 
character * 72 j j1,j j 2
real*8 y(2500), z(2500), sd(3),w(2500), x(6), c(2500) 
go to (10,60,60,60,120) iflag 

10 print *, "enter infile"
read *, anam 
open(1,file=anam) 
print *, "enter outfile"
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read *, ourfile 
open(8,file=outflie;■

# print ","enter comfle for diff. out put"
# read *,comfle
# open(4,file=comfle) 

print *, "index" 
read*, dex
print", "sd locations x, y, z (mm)" 
read", s d (1),sd(2) , s d (3)
print","read in start time to do fitting (ps)” 
read*,ttsta 
ymax=0. 
yto=Q.

# read(l,’)jjl,jj2
# read(l,*)ttjjl, tttj2 

do 1=1,2500 (
read (1,*,end=222)w (i ),y (i) #, c(i)
if (y (i).gt.ymax)ymax=y(i) 
if (y(i).It.0)y(i)=.0 

' }
222 n=i-l

nn=n-l 
close(1) 
do m=l,nn {
yto=yto+(y(m)+y(m+1))*(w(m+1)-w(m))1 2 .
\

# write(6,*)"area=", yto
60 f=0.0

zmax=0. 
zto=0. 
do i=l,n {

call fayp(x(1),x(2) , dex, sd,w(i),z(i), wwjunk) #wwjunk diffusion 
i f (z (i).gt.zmax) (zmax=z(i)

i f (z(i).It.0) z(i)=.0
}

do i=l,n {
z (i )= z (i)/zmax*ymax*x(3) #equal total intensity
if (w(i) .ge.ttsta) {

# f=f+(z(i)-y(i))*(z(i)-y(i))/sqrt(y(i)*y(i)) 
f=f+(z(i)-y(i))*(z (i)-y(i))
}

f=f/ymax/ymax 
if (iflag.ne.3) return 

120 # print *,x (1),x (2),wd
write(8,*)"%lt=",x(l) 
write(8,*)"%la=",x(2)
write(8,*)"%thickness=", s d (1) , s d (2),s d (3),"norm factor=”,x (3) 
write(8,*)"%fcn=",f,"theory max=",zmax 
write(8,*)"%exp. max=", ymax, "time-fit-exp" 
do m=l,nn {
zto=zto+(z(m)+z(m+1))*(w(m+1)-w(m))1 2 .
}
rat=yto/zto
write(8,*)"%total count exp.=",yto
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write( 3 "*cotai count rhec=”, etc,"ratic=exp/thee ", rat 
write ( 6, * ; "r.data= [ " 
do i=l,n {

# com=-z (i i -y f i) *exp-ficr ir.g
writeC 8,111)w(i), z(i),y!i)

# write(4,*)w (i) , com 
)
111 format(Ix,lel5.5, Ix, le!5.5, Ix,le!5.5; 

write(8,*)"] ; " 
tprint *, "chi" =”,xx 
end

payp.r 853179846 7534 7G 1C0400 541
#ifndef lint
istatic char sccsia[] = "@(#)payp.r 1.3 95/07/03”;
#endif

# must linked with ayppro.f subroutine, 
subroutine fayp (alt, ala, dex,sd,t,ff,ffd) 
implicit double precision ( a-n, o-z! 
real*8 sd(3),x (3)

#data preparation 
tau=t*0.3/dex/alt 
x (1)=sd(1)/alt 
x (2)=sd(2)/alt 
x (3)=sd(3)/alt 
ff=f(tau,x)
f f=f f ’exp (-t*0. 3/dex/ala)/alt’*3*0 . 3/dex #unit ,'mm**2ps 
ffd=fd(tau, x)/alt* *3*0 . 3/dex*exp(-t*G.3/dex/ala] Sdiffusion

# ff=ff/alt**3*0.3/dex #unit /mm**2ps
# ffd=fd(tau,x)/alt** 3*0 . 3/dex tdiffusion

end

ayppro.f 799714809 7534 70 100640 1609
c
c tau= tc/lt
c x=x/lt

double precision function btt (tau) 
implicit double precision (a-h,o-z) 
expmtau = dexp (-tau) 
expmtau3=expmtau**3.dO 
btt=2.dO/3.d0*tau
btt=btt-(1.dO-expmtau) + I.d0/9.d0 * (1.d0-expmtau3)
btt=btt/2.d0
return
end

double precision function bll (tau) 
implicit double precision (a-h,o-z) 
expmtau = dexp (-tau) 
expmtau3=expmtau* * 3.dO 
bll = 1.dO-expmtau
bll = bll -1.dO/3.dO*(1.d0-expmtau3)-(1.dO-expmtau)**2.dO
bll=bll/2.d0
return
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end

double precision function a(tau)
implicit double precision (a-h,c-z)
expmtau = dexp (-tau)
a=l-expmtau
return
end

double precision function f(tau,x) 
implicit double precision !a-h,o-r) 
dimension x(3) 
pi=3.1415926a0 
coeff=l.d0/8.dO/pi**1.5 
bt = btt (tau) 
bl = bll (tau)-'-bt 
detb=bl * bt*bt 
coeffl=coeff/dsqrt(detb) 
el=(x(l)-a(tau))**2.d0/4.d0/bl 
e2=x(2)’*2.d0/4.d0/bt 
e3=x(3)**2.d0/4.dO/bt 
es=el+e2+e3 
expt= dexp(-es) 
f=coeffl*expt 

c log scale
c f= -es + dlog(coeffl)

return 
end

double precision function fd(tau,x)
implicit double precision (a-h,o-z)
dimension x(3)
pi=3.1415926d0
coeff=l.d0/8.dO/pi"*1.5
b=l.dO/3.dO'tau
coeffl=coeff/dsqrt(b*b*b)
r2=x(1)**2.dO+x(2)**2.d0+x(3)**2.d0
expt=dexp(-r2/4.dO/b)
fd=coeffl*expt
return
end

fayd 818096531 7534 70 100640 99
3
2 . 0 0 1 , 0 . 0 0 0 2 , 2 . 0 1 , 2 . 0 0  
2.e+2,5.e+I,4 .e+2,1.e+2
1...05.1.1..9 
xltlOa 
jxalO.m 
1.334
2 0 . ,  0 . , 0 .
40.
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tifndef lint
#static char sccsidi' = "@(*)aypmain.r 1.1 95/06/15"; 
fcendif
# program IpntSn.r

implicit double precision ;a-h,o-z;
real'S cj ; 5000), cxx (1000! , sd { 3) , cd (5000 i  , cc : 4 ) , cdd •;4 ) 
character*10 name3
print’," transport mean free path tmfp (mm) ? " 
read*, tmfp
print*,"absorption lenth (mm)" 
read*,ale
print*, ” detection loaction, x, y, z (mm)" 
read*, s d (1), sd(2), sd(3) 
print*, "index of material" 
read*, dex
print*, " output file name ” 
read*,name3 

open(3,file=name3)
print*, "read in starting time (ps)~ ballistic time " 
read*, tstart
print*, "read in step time (ps) and nuber cf terms" 
read*, step,nterm

cjmax=0. 
cdmax=0. 
cto=0.
do iii=l,nterm { 
tx=step’float(iii)

if(tx .gt.tstart) { 
call fayp(tmfp,ale,dex,sd, tx, cj(iii),c d (iii)) 
txx(iii)=tx 
#cto=cto+cj(iii)

if(cj(iii).gt.cjmax) (cjmax=cj(iii) 
tmax=txx(iii i

}
if(cd(iii).gt.cdmax) (cdmax=cd(iii) 
tdmax=txx(iii)

}
}
}
# find FWHM

iold=-20
ii=0

do j=l,nterm {
jj=j+l
bbb=cj(j)-cjmax/2. 
bbbl=cj(j j)-cjmax/2. 
if (bbb*bbbl <= 0.) { 
if (iold == j-1 ) {
continue } 
else ( 
ii=ii+l
cc(ii) = (txx(j)+txx(j j ))/2 
iold=j

)

}
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# end FWHM
# find FWHM 
ii=0

iold=-20 
do j=l,nterm {
jj=j+l
bbb=cd(j)-cdmax/2. 
bbbl=cd(jj i-cdmax/2. 
if (bbb'bbbl <= 0.1 {
if (iold == j-1 ) •
continue } 
else { 
ii=ii+l
odd(ii) = (txx(j)+cxx(j j))/2 
iold=j

}
}
1
& end FWHM
write(3,*)"%distance=", s d (1) , s d (2),s d (3) 
write (3, *) ”%index=",dex, "%amax=", cjmax

write (3,*) "%niax time&fwhms", tmax, cc (1! , cc (2) 
write(3,*)"%ls=",tmfp,”la=",ale,"scaling=",sea

write (3, 112) "%dmax=”, cdmax, "time&fwhms", tcimax, cdd! 1) , cdd (2) 
112 format(alO, lel0.5, al2,3fl0.4) 
write(3,*) "data=[" 
nn=int(tstart/step) 
do iii=nn+l,nterm {
(♦compute total intensity 
time=txx(iii) #ps
cjun=cj(iii)/cjmax 
cdjun=cd(iii)/cdmax

write(3,111)time, c j (iii),cjun,cd(iii),cdjun

111 format(5el6.6) 
write(3,*) "];" 

stop 
end
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