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Chapter 1

Introduction

Biological tissue is visually opaque due to the fact that, besides from absorption there is high

scattering of light. White paint, foam and milk, with their characteristic white color (due to

multiple scattering), have similar behavior. As photons enter inside a scattering medium they

su�er many scattering events and follow random trajectories. Light is transported in a process

similar to electrons in heat di�usion. Light scattering in tissues is signi�cantly dominant over

absorption in the wavelengths between 600 and 1100 nm as it can be seen at Fig. 1.0.1 where

the absorption spectrum of the various components of tissue is presented.

It is useful to examine what happens when a near infrared laser pulse enters inside a slab of

tissue (Fig. 1.0.2). An extremely small portion of the incident light will travel in a straight line

and will not experience any scattering. These photons are called ballistic. Snake photons are

those that will scatter few times before they exit the slab and they follow zig-zag trajectories

along the direction of propagation. Snake photons arrive later than the ballistic ones. The

greatest portion of the incident photons will experience many scattering events and will appear

later. These photons that are called di�usive, can give a lot of information of the medium that

they travel. Di�use photons have given rise to a new �eld inside the biomedical community due

to their potential to probe body function and structure non-invasively.

A laser pulse is only one of the methods of illuminating the human body. In fact the use

of light for medical purposes exists before the development of lasers. The use of light for body

monitoring goes back to the Victorian doctors who were trying to view inside the human body

by using a candlelight. Their attempts were unsuccessful since scattering was so strong that it

blurred the image. The above method is known as diaphanography and has developed through

the years as the light sources became more intense and the detectors became more sensitive.

With the discovering of lasers, investigators used them as light sources and tried to bene�t from

their special characteristics i.e. spectral brightness, directionality, coherence, monochromaticity

and optional short time duration.

One of the most targeted body organs in the biomedical community has been the female
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6 CHAPTER 1. INTRODUCTION

Figure 1.0.1: Absorption Spectrum

breast. Breast cancer is the second leading cause of cancer deaths in women today (after lung

cancer) and is the most common cancer among women exluding nonmelanoma skin cancers.

According to the World Health Organization more thatn 1:2 million people will diagnosed with

breast cancer this year worldwide. There is a number f imaging techniques of thebreast (mam-

mography) with each one having its own limitations. The best by far is the X-ray mammography

which is currently used as the screening examination of choice. The test however although it

has high sensitivity has a rather low speci�city leading to an increased number of unnecessary

biopsies. Ultrasound examination of the breast has been tested as apossible screening tool but

it failed and now it is considered a complimentary to the X-ray mammography examination.

Magnetic Resonance Imaging (MRI) is a quite powerful technique with submillimeter resolution

but its hogh speci�city is accompanied by low sensitivity. Magnetic resonance imaging cannot

detect some important elements like oxygen. Other techniques using radiolabeled substances

have been used to produce scinimammographies but they are still under evaluation.

Light can detect the chemistry of tissue and has been proposed as an alternative imaging

technique. The main drawback of the optical method is that light scattering limits our ability

to form a clear image inside the breast. Great e�orts have been made so far to alleviate the

above problem. The main approach is based on studying the light propagation inside a highly

scattering substance like tissue.

During recent years great e�orts have been made to study light scattering in turbid media

mainly due to the extensive use of lasers in medicine as a therapeutic and diagnostic tool[1, 2,

3, 4, 5].Light propagation depends on the optical properties of the medium, and mainly from

the scattering and the absorption coe�cients. These two properties will play an important role

in this work, since their value is used for the characterization of tissue. Light propagation is

usually modeled by using two theories: the wave theory (Maxwell's equations) and the transport
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Figure 1.0.2: Transmitted pulse pulse from a high scattering medium

theory. On wave theory, the Maxwell equations need to be solved for the substance of interest

and the optical properties are de�ned via the dielectric constant " (r). The real part of " (r) is

related with scattering, while the imaginary part represents the absorption. In most practical

systems, solving the Maxwell equations is extremely complicated. On the other hand, theoretical

research in tissue optics has been based on the Radiative Transfer Equation (RTE) [6, 7]or

approximations to it where analytical solutions are easily extracted[1]. In transport theory,

light is treated as energy propagating according to the rules de�ned by the Radiative Transfer

Equation.

The most common approach is based on the di�usion approximation [7] in which the light

inside a scattering medium is assumed to be di�usive [8]. The di�usion approximation provides

simple analytical expressions for light transport and can be applied to a great variety of scatter-

ing systems permitting their optical characterization. Optical characterization of a medium is

the extraction of its optical properties such as scattering, absorption and the anisotropy factor

[9].

By analyzing these optical properties, important information of the material may be ob-

tained. One of the main purposes of tissue optics is to correlate the optical properties with

the physiology of tissue providing a way to discriminate normal from abnormal tissue. Photon-

migration techniques based on di�usion theory have been used to monitor optical properties

that re�ect the physiological state of tissue [10, 11, 12].

Optical characterization is a procedure that has to be divided into two parts. These are

known as the forward and the inverse problem. In order to explain the two problems it is

useful to examine the example of a scattering medium that is illuminated by a light source of

known spatial and time distribution of Intensity. The forward problem is, given the optical

properties of the medium to predict the Intensity at any place and any time inside the medium.

The inverse problem is to deduce the optical properties of the medium given the measurements
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of Intensity and with the aid of the incident source distribution. For the characterization of

a medium both the forward and the inverse problem are necessary. In the forward problem

assumptions are made that have to do with the propagation of light inside a scattering medium.

Several models are developed and are experimentally tested. After the validation of a theory,

the inverse problem uses the expressions of the forward problem in order to extract the optical

properties through �tting procedures.

Optical characterization is also an important process when we perform optical imaging. Gen-

erally, the detection of cancer can be viewed as a three-step procedure: detection, localization

and characterization of the tumor. In order to pin-point tumor tissue by means of an in-vivo

optical measurement, its properties must �rstly characterized ex-vivo. This is the �rst objective

of this work i.e. to characterize a large number of breast tumor biopsies.

Moreover, the medical utility of optical imaging depends on whether the measured optical

contrast provides enough information to di�erentiate normal from abnormal tissue. In optical

imaging the detection of an inhomogeneity inside the breast is performed due to its di�erent

optical properties from the normal background. Up to now, in-vivo images of tumors are

based on contrast provided by the absorption coe�cient [4, 5]. This work tries to examine

the potential of imaging due to changes of the scattering coe�cient and thus both cancerous

and normal tissue samples were characterized according to their scattering coe�cient. This

will be the second objective of this work: relating the scattering coe�cient of tissue with its

physiological state.

Biopsies are small in size (< 5mm) and the difusion equation that is commonly used cannot

be applied on such systems of small thickness. The characterization of optically thin scattering

samples, i.e. scattering samples with sizes comparable to the transport mean free path (ltr)

has not received much attention. When dealing with small system sizes the common approach

is to employ Monte Carlo simulations [13, 14, 15, 16] or solutions to the RTE [17, 18, 19,

20, 21]. However, when a large number of di�erent samples need to be characterized the use

of computationally expensive methods such as Monte Carlo or RTE solvers is, at the present

moment, impractical. In these cases a simple analytical expression valid for a large range of

sizes would be preferable [22].

Furthermore, an important issue for imaging is the spatial resolution that each technique can

provide. Di�use Optical tomography is based on the difusion approximation. Thus, the spatial

resolution of images resulting from di�usion equation analysis is anavoidably limited to several

transport mean free paths. Expanding the range of validity of the di�usion approximation

to limiting cases such as small samples, short times, or in the presence of high absorption

[23, 24, 25] will increase our ability to characterize scattering media. In particular, simple

analytical solutions to the di�usion equation that deliver accurate results in limiting cases

[26]will provide a means to image in scattering media with sizes comparable to ltr, increasing
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the range of application of di�use optical tomography [2, 3, 4, 5] , optical mammography [27,

28]and �uorescence- mediated molecular tomography [29, 30, 31, 32].A new theory needs to be

developed that can treat systems of small thickness in a fast way, this is the third and �nal aim

of this work.

Chapter 2 presents the fundamentals of the widely accepted di�usion theory. Solutions to

simple geometries are also presented and the limitations of the existing theories are discussed. In

Chapter 3 modi�cations to the standard di�usion equation in order to hold for small geometries,

are presented together with an analytical expression for the case of a di�usive slab. In Chapter

4, the experimental con�guration and the subjects of the present study are presented. Chapter

5 describes the approach being used for solving the inverse problem. Moreover the limits of the

modi�ed theory are explored together with a comparison of the existing theories. In Chapter 6,

characterization of a large number of tissues is performed according to their reduced scattering

coe�cient. Finally Chapter 7 concludes the �ndings of this work.
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Chapter 2

The Di�usion Equation

In this chapter the principles that govern the light transport within the di�usion equation are

presented. The basic steps folowed in order to reach the di�usion equation from the Radiative

Transfer Equation are presented. To do so, the Di�usion Approximation and its limitations are

also introduced.

2.1 Radiative Transfer Equation

The photon propagation in highly scattering media is modeled with the use of the Boltzman

transport equation for the light which is also known as Radiative Transfer Equation (RTE)[7,

6, 33]

n

c

@I (r; bs)
@t

= �bs � rI (r; bs)� �tI (r; bs) + �t
4�

Z
4�
p (bs; bs0) d
0 + � (r; bs) (2.1.1)

where I (r; t) is the speci�c intensity that represents the average power �ux at position r, prop-

agating along the unit vector bs with units Wcm�2sr�1(sr = steradian = unit solid angle)and �t

is the total macroscopic cross section with units of cm�1. The phase function p(bs; bs0) represents
the probability of scattering into a direction bs0 from a direction bs. Finally � (r; s) is the spatial
and angular distribution of the source.

The RTE is conservation equation for the speci�c Intensity inside a small volume element

and in the direction bs. The �rst term on the right hand side describes the loss over the boundary

of dV , the second term the losses due to absorption and scattering , the third term any gain due

to scattering from other directions into bs and the last term the gains due to any source inside

dV .

If we now integrate over all 4� of solid angle in the RTE we will obtain:

1

c

@

@t

Z
4�
I (r; bs) d
 = �r �

Z
4�
I (r; bs) bsd
� �a

Z
4�
I (r; bs) d
 +

Z
4�
� (r; bs) d
; (2.1.2)
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12 CHAPTER 2. THE DIFFUSION EQUATION

In equation (2.1.2) we can recognise some interesting radiometric quantities. The averageintensityU

and total f lux density J are de�ned in terms of the speci�c Intensity as:

U (r) =
Z
4�
I (r; bs) d
 (2.1.3)

J (r) =
Z
4�
I (r; bs) bsd
: (2.1.4)

Both the average intensity U and total f lux density J have units [W=cm2].

Inserting the quantities U (r) and J (r) into eq. (2.1.2), we obtain the equation of �ux

conservation:

1

c

@U (r)

@t
+r � J (r) + �aU (r) = E (r) (2.1.5)

In eq. (2.1.5) we de�ne:

E (r) =
Z
4�
� (r; bs) d
 (2.1.6)

measured in [Wcm�3] ; as the power generated per unit volume.

2.1.1 Transport Properties

In this subsection the quantities presented in the RTE are discussed furthermore. We will

start with the macroscopic cross-section �t which is also called transport coe�cient or total

attenuation coe�cient. The macroscopic cross-section has units of [cm�1] and is de�ned as:

�t = � (�a + �s) (2.1.7)

In the above equation � is the density of scatterers while �aand �s are the absorption and

scattering cross-section respectively, measured in [cm2].The transport coe�cient can be also be

written as:

�t = �s + �a : (2.1.8)

In the above equation �s is the scattering coe�cient. The scattering coe�cient is the mul-

tiplicative inverse of the random-walk step length (which is also known as the scattering mean

free path or just mean free path):

�s =
1

ltr
(2.1.9)

where lsc is equal to the characteristic distance between two scattering events.
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Analogue to the scattering mean free path, the absorption length is de�ned in terms of the

absorption coe�cient �aas:

la =
1

�a
: (2.1.10)

The absorption length is the average distance that a photon undergoes before it is absorbed.

In the eq. (2.1.1) the phase function p (bs; bs0)was also presented. The phase function ( also

known as probability density function) represents the probability that a photon will scatter into

a direction bs0 from a direction bs. The phase function holds the following relationship:

1

4�

Z
4�
p (bs; bs) d
 =

�s
�t

= W0 ; (2.1.11)

where W0 is called albedo. In biological tissues it is a common approach to assume that the

phase function depends only on the angle between bs and bs0, i. e. p (bs; bs0) = p (bs � bs0) = p (cos �),

and is often approximated in the following form:

p (cos �) =
W0 (1� g2)

(1 + g2 � 2g cos �)3=2
(2.1.12)

The above equation is the well-known Henyey-Greenstein formula, and constitutes the most

commonly used approximation for the phase function in biological media. In the eq. (2.1.12), g

is the average cosine of the scattering angle and it is de�ned in terms of the phase function as:

g =< cos � >=

R
4� p (bs � bs0) bs � bs0d
0R

4� p (bs � bs0) d
0 : (2.1.13)

According to its de�nition, g is a quantity which express the anisotropy of the scattered light

on interaction with the particle, and as such, is called the anisotropy factor. Typical values in

tissue range from 0.8 to 0.9.

2.2 Di�usion Approximation

Mathematically, the use of the RTE for tissue measurements imposes several practical limitations

due to its integro-di�erential nature. Analytic solutions of the transport equation are di�cult

to obtain and numerical calculations require large amounts of computational power. Solutions

typically exist only for simple geometries like spheres, cubes, planes and cylinders.

Therefore approximations have been developed to convert the transport equation to more

manageble but functional forms. A standard approximation method expands the speci�c inten-

sity I at point r �owing in direction bs, in a series of spherical harmonics. If this expansion is

limited to the �rst two terms, this consists the P1 approximation.
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I (r; bs; t) ' 1

4�
Ut (r; t) +

3

4�
Jt (r; t) � bs (2.2.1)

where Ut is the time dependent average intensity, and Jt represents the �ux.

This approximation reduces the eq. (2.1.1) into more simple equations where analytical

expressions can be derived.The di�usion approximation assumes that the average intensity inside

the scattering medium can be considered di�usive. This is actually the case in a medium, when

the phase function is not too anisotropic and we are away from sources and boundaries.

If we substitute eq. (2.2.1) into eq. (2.1.1), multiply by bs and integrate over 4� we obtain:

rU (r) = �3 (�0s + �a)J (r)� 3
n

c

@J (r)

@t
+
Z
� (r; bs) bsd
 (2.2.2)

We will assume that source is isotropic, i.e. the intensity generated does not depend on bs. Then
the last term in eq. (2.2.2) can be neglected:

rUt (r; t) = �3�0s
"
n0
c�0s

 
@

@t
+
c�a
n0

!
+ 1

#
Jt (r; t) (2.2.3)

In eqs. (2.2.2),(2.2.3), �0s is the reduced scattering coe�cient, de�ned as:

�0s = �s � (1� g) : (2.2.4)

In terms of �0s, we shall de�ne the transport mean free path ltr:

ltr =
1

�0s
=

lsc
1� g

: (2.2.5)

which includes the anisotropy factor g .

The reduced scattering coe�cient takes into account the anisotropy of the scattering. This

can be understood if we consider that the transport mean free path (1=�0s) is the average distance

that a photon travels before its propagation direction is completely randomized by a series of

scattering events. In other words, 1=�0s de�nes a distance where the scattering can be regarded

as isotropic.

The reduced scattering coe�cient and the absorption coe�cient are the optical parameters

that are primarily used for tissue characterization. The magnitude of �0s in a tissue is determined

in part by the concentration of micron-sized optical heterogeneities, such as the cell organelles

while the absorption coe�cient �a depends on the concentration and absorption cross-section

of various chromophores, such as the hemoglobin that resides in blood vessels.
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2.2.1 Fick's Law

As presented in the previous section, if Eq. 2.2.1 is introduced in the time-dependent expression

for the Radiative Transfer Equation, one �nally reaches the expression for an isotropic source in

a medium with absorption coe�cient �a, reduced scattering coe�cient �0s and index of refraction

n0 (Eq. (2.2.3)). In Eq. (2.2.3) we �nd two characteristic times:

ttr =
n0
�0s

=
n0
c
ltr (2.2.6)

being ttr the average time required to travel the transport mean free path distance, and

ta =
n0
c�a

(2.2.7)

being ta the characteristic time of �ux J to change due to absorption. A common approach

is to assume that variations in the di�use total �ux take place over a time scale much larger

than the lapse between scattering events on particles on the medium, and also that the time

of change of the total �ux due to absorption is much larger than the time between scattering

events (ttr � ta). Introducing these approximations in Eq. (2.2.3) we obtain:

J (r) = � 1

3�0s
rU (r) : (2.2.8)

which is Fick's law for di�usion of the average intensity.

Fick's law can be also seen as:

J (r) = � 1

3 (�0s + a�a)
rU (r) ; (2.2.9)

where from this derivation a is 1 or 0 depending if we consider ta or not (the main di�erence

between Ishimaru's and Furutsu's theories [34]). From Eq. (2.2.9) one directly obtains a time-

independent expression for the di�usion coe�cient:

D =
1

3 (�0s + a�a)
(2.2.10)

The dependence of the di�usion coe�cient with absorption is a controversial issue and will

not be dealt with here [23, 24, 25, 35, 36, 37]. Within this work we shall use the formula

presented in Ref. [23], which we have veri�ed with Monte Carlo simulations, yielding very

accurate results even in the presence of extremely high absorption. In all instances presented

in this work we have found that a � 0:2, with variations smaller than 1%.
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2.3 Di�usion Equation

There are several modi�cations of the di�usion equation depending the approximations taken

through its derivation. In fact, the approximations taken on eq. (2.2.3) determine the di�erent

expressions that di�usion equation may have, and the di�erent expressions of the di�usion

coe�cient D. The limits of validity of the di�erent di�usion equations have been studied in

di�erent papers and there exist a controversy for the best expression. In this section we will

start from eq. (2.2.3)and we will apply several approximations to it.

No approximation

In this case, we directly apply eq. (2.2.3) into the general expression for �ux conservation , eq.

(2.1.5):

3D1

�
n

c

�2 @2U (r)

@t2
+
n

c

@U (r)

@t
�D1r2U (r) + 3 (�0s + �a)�aD1U (r) = q (r) ; (2.3.1)

where q (r) = 3 (�0s + �a)D1E (r) + 3D1 (n=c) @E=@t and the di�usion coe�cient D1is de�ned

as:

D1 =
1

3 (�0s + 2�a)
(2.3.2)

Eq. (2.3.1) is known as telegraph equation.

2.3.1 Slow �ux variation

In this case, the time derivative @=@t on eq. (2.2.3)is negleted by assuming that �ux variations

in the di�use total �ux take place over a large time scale. To do so, the following condition

must hold:

n

c�0s

@

@t
� 1 ) @

@t
� 1

n=c�0s
: (2.3.3)

If we apply U (r; t) = U (r) exp [�i!t] in eq. (2.2.3) the time derivative @=@t will give: �i!.
Since the modulation frequency ! has an experimental value in the order of ! � 108Hz and

the quantity 1= (n=c�0s)has values in the order of 1011Hz ,then the slow �ux variation is a valid

approximation. The di�usion equation derived is:

n

c

@U (r)

@t
+D2r2U (r) + �aU (r) = E (r) (2.3.4)

with the following di�usion coe�cient:



2.4. SOLUTIONS TO THE DIFFUSION EQUATION 17

D2 =
1

3 (�0s + �a)
: (2.3.5)

This equation was presented by Patterson in ref. [9], and is one of the most commonly used

expressions

2.3.2 Slow �ux variation and low absorption rate

In this case, we further assume that the variations of the total �ux due to absorption occur in

a time scale much larger than the time between scattering events:

�ac=n

�0sc=n
� 1 (2.3.6)

which holds for typical tissue values of �aand �0s . The di�usion equation in this case is written

as:

n

c

@U (r)

@t
+D3r2U (r) + �aU (r) = E (r) : (2.3.7)

with a di�usion coe�cient:

D3 =
1

�0s
; (2.3.8)

and was presented by Furutsu [38].

2.3.3 Comparing the di�erent expressions

Although the telegraph equation has arisen from no approximation to the eq. (2.2.3) and is

expected to be applicable in a greater number of cases, deriving expressions for the boundary

conditions is not straightforward, and it is not commonly used. Comparing then the remaining

expressions (2.3.4),(2.3.7) their only di�erence is on the di�usion coe�cient. The dependence of

the di�usion coe�cient from the absorption coe�cient was discussed on section 2.2.1 when the

Fick's law was presented. The main drawback of both eq.(2.3.4) and (2.3.7) is that it predicts

that di�usion begins instantly and thus cannot be applied on short times and small lengths.

This issue will de discussed in detail on section 3.1 where a time-dependentD will be introduced.

2.4 Solutions to the di�usion equation

The Di�usion equation that we will adopt for the rest of this work referring to the standard

di�usion equation is:
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1

c

@U (r)

@t
�Dr2U (r) + �aU (r) = E (r) : (2.4.1)

In general there are three di�erent types of methods that have been considered for imag-

ing, depending on the type of laser used as a light source: continuous wave (CW), intensity-

modulated and pulsed time. It is useful to examine the solutions of the di�usion equation in

the case of an in�nite medium for the di�erent types of source terms.

2.4.1 Intensity modulated source (Di�use Photon Density Waves)

When the source of photons in a scattering medium is intensity modulated then the photon

�uence inside the medium will oscillate at the same frequency. These scalar-damped traveling

disturbances of light energy propagation that are created are called Di�use Photon Density

Waves (DPDW)[39]. Microscopically, individual photons undergo a random walk within the

medium, but collectively, a spherical wave of photon density is produced and propagates outward

from the source. The DPDWs are characterized by a well de�ned wavelength, group velocity

and decay length and have shown their potential in detecting hidden objects inside a turbid

medium[40]. The theory of DPDW is presented below together with their special characteristics.

As it was mentioned before, DPDWs are driven by an oscillating source inside the turbid

medium. Let us assume that the source term is intensity modulated at a frequency !:

E (r; t) = S0 (r) + S0 (r) exp [�i!t] (2.4.2)

If we use 2.4.2 as the source part in eq. (2.4.1) we shall expect the solution to be written as

U (r; t) = UDC (r) + UAC (r) exp [�i!t] (2.4.3)

We will solve the problem by concerning only the time dependent part. Disturbances from

continuous-wave sources can be derived from the time dependent solutions by setting ! equal

to zero. The di�usion equation of the frequency dependent component obeys the well known

Helmholtz equation:

r2UAC (r) + �20 (r)UAC (r) = �S0 (r)
D (r)

(2.4.4)

where �ois a complex wavenumber:

�0 (r) =

vuut��a (r)
D (r)

+ i
!n

cD (r)
: (2.4.5)

In, 2.4.5 �0 can be also written as �0 = �Re + i�Im, where
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�Re =
1p
2

vuuut !2n2

D2c2
+

�2a
D2

!1

2

� �a
D
; (2.4.6)

�Im =
1p
2

vuuut !2n2

D2c2
+

�2a
D2

!1

2

+
�a
D

(2.4.7)

The complex wavenumber indicates that the wave is exponentialy attenuated and has a well

de�ned wavelength, amplitude and phase at all points. The wavelength �0, the phase velocity

Vp and the decay length L!of the DPDW are de�ned as:

�0 =
2

�Re
; (2.4.8)

Vp =
!

�Im
; (2.4.9)

L! =
1

�Im
: (2.4.10)

As can be seen from the eq. (2.4.7), �Imis frequency dependent. For values of ! < 108,

�Im � 1=Ld which means that Ld � L!. In most experimental cases the modulation frequency

has values in the order of 108 yielding a wavelength in the order of 10cm while the attenuation

length is in the order of 1cm. This means that the DPDWs are greatly attenuated as they

propagate.

In the case of a point source and for an in�nite homogeneous medium the solution of

eq(2.4.4)is:

UAC (r) =
S0

4�Dr
exp (i�0r) (2.4.11)

and therefore the frequency dependent part of the average intensity UAC (r; t), is written as:

UAC (r; t) =
S0

4�Dr
exp (i�0r) exp (�i!t) (2.4.12)

where S0 is the source amplitude, D is the di�usion coe�cient of the turbid medium and ! is

the modulation frequency.

2.4.2 Time domain

Let assume that the source is a laser pulse. For the case of an in�nite medium and by applying

the delta function as source term on the eq. (2.4.1):
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S (r; t) = Æ (0; 0) (2.4.13)

the solution is:

U (r; t) =
c

4�Dct�3=2
exp

 
� r2

4Dct
� �act

!
: (2.4.14)

The pulse case can also be treated by its Fourier transform to its modulation frequencies.

The transport of a pulse inside the turbid medium can be then viewed in terms of a superposition

of di�use photon-density waves, each of which propagates independently.

2.5 Boundary Conditions

The boundary conditions must also be considered for the case of non-invasive tissue measure-

ments. In this thesis time resolved transmittance measurements are performed on di�use slabs.

The medium is irradiated by an ultrashort laser pulse and the transmitted intesity is collected

by the detecting system. Therefore the expression for the boundary conditions for the slab

geometry is needed in order to solve the Green's functions of the forward problem.

For the derivation of the boundary conditions two cases have to be examined. The �rst is

when the turbid slab is in contact with an index-matching medium. The other case is like the

slab-air case where an interface seperates two regions with di�erent indices of refraction. Within

the di�usion approximation the exact boundary condition for an index matched boundary is

that the component of the �ux normal to the interface, pointing from the non-scattering medium

into the turbid medium, must be zero:

Jin (r) = 0 : (2.5.1)

In the case that the turbid medium is bounded by transparent medium (like the tissue-

air case) and their refractive indices are substantially di�erent then we must consider all the

possible Fresnel re�ections at the interfaces from the �ux inside the turbid medium. The zero-

�ux condition must also be considered and therefore it is assumed that all the �ux traversing the

interface is toward the non-di�usive medium. Thorough derivation of these boundary conditions

can be found elsewhere in Refs. ([41, 42] ). Generally, the boundary condition is expressed as

an equation that relates the U (r; t) with the J (r; t) in way like:

U (r; t) = CJ (r; t) � bn ; (2.5.2)

where bn is the surface normal pointing outward (see Fig.1) and C is a coe�cient which takes

into account the refractive index mismatch [41],[42]. For the cases presented in this work C
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varies from C � 2 (water/polystyrene interface) to C � 5 (water/air interface).

Generally it is di�cult to obtain analytic solutions of the di�usion equation using the zero-

�ux requirement . A good approach is to de�ne an extrapolated boundary at a distance zex

outside the real boundary and there apply the condition U (zex) = 0. This extrapolation distance

comes from a linear extrapolation of the �uence at the boundary to the zero-�ux crossing point.

A typical value for this virtual boundary is zex = �2= (3�0s).

U(z)

Figure 2.5.1: Schematic of the extrapolated zero boundary condition

In our approach, however, we will use the exact boundary conditions2.5.2.

2.6 Angular Spectrum Representation

The average intensity intensity U (r) can be expressed as a superposition of plane waves by

aplying the two dimensional Fourier transform. This alternative way of expressing the average

intensity is called angular spectrum representation. If a complex �eld distribution across any

plane is Fourier analyzed, the various spatial Fourier components can be identi�ed as plane

waves traveling in di�erent directions. The �eld amplitude at any other point can be calculated

by adding the contribution of these plane waves taking into account the phase change they have

undergone in propagating to the point of interest.

Let us assume a multiple scattering medium which is source free. Any average intensity U (r)

inside the medium is a complex �eld distribution across a xy plane and has a two dimensional

Fourier transform to K-space given by:
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U (R; z) =
Z +1

�1

eU (K; z) exp [iK �R] dK : (2.6.1)

while the inverse transform is given by

eU (K; z) =
1

4�2

Z +1

�1

U (R; z) exp [�iK �R] dR : (2.6.2)

Suppose now that a wave is incident on the xy plane traveling in the z direction. Let the complex

�eld across that plane at z = 0 be represented by U (R; 0). The objective is to calculate the

consequent �eld at plane z (U (R; z)). If in eq. (2.4.4) the U (r) is substituted with the eq.

(2.6.2), one obtains:

@2 eU (K; z)

@z2
+
�
�20 � jKj2

� eU (K; z) = 0 (2.6.3)

The solution to eq. (2.6.3) is:

eU (K; z) = A (K) exp [iq (K) z] ; (2.6.4)

where:

q (K) =
q
�20 � jKj2 : (2.6.5)

Therefore the e�ect of propagation over a distance z is simply a change in the relative phases

and amplitudes of the various components of the angular spectrum. The spatial frequency �lter:

F (K; z) = exp [iq (K; z)] ; (2.6.6)

constitutes the propagation transfer function. It should be mentioned that since q always has a

complex part, F (K; z) decays exponentially with z.

The scattered wave U (r) it is expressed by its angular spectrum representation of plane

waves, by a superposition of such waves of amplitude A (K) and wave vector k = (K; q), with

jkj = �0 as:

U (R; z) =
Z +1

�1

A (K) exp [iK �R+ iq (K) z] dK : (2.6.7)

Therefore the e�ect of propagation over a distance z is simply a change in the relative phases

and amplitudes of the various components of the angular spectrum.
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2.7 Limits of the Di�usion Approximation

Many research papers are devoted to explore the range of validity of the di�usion approximation

[17, 18, 34, 43, 44, 45, 46, 47, 48, 49, 23, 24, 25]. When dealing with length scales in the order of

ltr the measured intensities strongly deviate from the ones predicted by the standard di�usion

equation. This has commonly been attributed to a failure of the di�usion approximation and

it is believed that the di�usion approximation furnishes accurate results only for large length

and time scales, where light has su�ered multiple scattering events and can thus be treated as

di�usive [45].
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Chapter 3

Improving the Di�usion Approximation

According to the conclusions of the previous chapter, di�usion theory is correctly applied for

system lengths in the order of 10 transport mean free paths. Di�usion theory assumes that the

light inside the medium is di�usive which means that the light propagates almost isotropically.

This means that for slabs of thickness in the order of few mean free paths, the predictions

of di�usion theory will break down. In this chapter the di�usion equation will be improved

expanding its validity without losing much of its simplicity. The approach that it will presented

concerns improvements on the approximations used through the derivation of the di�usion

equation.

Four main contributions are introduced in order to correctly model the problem of a laser

pulse incident to a di�usive slab of few mean free paths. These consist on:

A) a frequency-dependent di�usion coe�cient

B) a frequency-dependent zero-�ux boundary condition

C) an exponentially decaying source

D) the contribution of non-scattered light

These contributions are described in detail and are �nally implemented in the expression for a

slab.

The theoretical approach used throughout this chapter is always to Fourier-transform to

the frequency-domain and then Fourier-transform to K-space to solve exactly for the boundary

conditions. All time-dependent solutions are subsequently retrieved in real space and time by

Fourier inversion.

We shall consider the case depicted in Fig. 3.0.1, where we have a slab of thickness L, with

optical properties de�ned by an absorption coe�cient �a, a reduced scattering coe�cient �0s
and an index of refraction n0. In the following we will be interested on the transmitted and

25
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re�ected intensity from the slab, due to a source impinging from a non-scattering medium with

index of refraction nin located to the left of the scattering medium.

Figure 3.0.1: Scattering geometry for a slab of width L.

3.1 Dynamic Di�usion Coe�cient

This section will deal with the eq. (2.2.3) and the approximations taken on section 2.3. In

section 2.3 we assumed that the variations in the di�use total �ux take place over a time scale

much larger than the lapse between scattering events on particles of the medium and also that

the time of change of the total �ux due to absorption is much larger than the time between

scattering events. With these assumptions the term (@=@t+�ac=n)was neglected and eq. (2.2.3)

reduced to the well known Fick's law which is an expression for the steady state. Even when

the source is time-dependent, Fick's law is a good approximation for biological tissues if the

source frequencies are less than � 1GHz.

From Eq. (2.2.9) a constant di�usion equation was introduced which means that photon

di�usion takes place instantly. The di�usion coe�cient is a parameter that characterizes the

rate of spread, which can be time dependent. The standard di�usion equation [eq. (2.4.1)]

with a constant di�usion coe�cient is the simplest way to describe phenomena of light energy

propagation. Actually, the di�usion process is more complicated than that described by the

di�usion equation, mainly because in the case of a laser source, applied from outside the slab,
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the photons are injected with velocity along a direction and need some time for the light to be

considered as di�usive. The di�usion coe�cient in this process should be thus considered as

time-dependent.

In order to derive a frequency(or time)-dependent di�usion coe�cient we shall brie�y repro-

duce the derivation of Fick's Law. If instead of approximating Eq. (2.2.3) we consider the case

in which the average intensity U is modulated at a frequency !, in which case the temporal

dependence of Ut and Jt is de�ned as: Ut (r; t) = U (r) exp [�!t] and Jt (r; t) = J (r) exp [�!t].
By inserting the frequency dependent expressions for the Ut and Jt in Eq. (2.2.3) we have:

rU (r; !) = �3
�
�0s + a�a � i

!n0
c

�
J (r; !) (3.1.1)

Comparing this expression with the Fick's law (Eq. (2.2.8))a frequency-dependent di�usion

coe�cient is de�ned as:

fD (!) =
1

1� i!ttr
D (3.1.2)

where ttr is the average time required for light to travel a transport mean free path, de�ned in

the presence of absorption as ttr = n0=[c(�
0

s+a�a)]. An expression equivalent to Eq. (3.1.2) was

presented in Refs. [50] and [51]. The shape of fD is shown in Fig. 3.1.1 for the �a = 0:02 cm�1,

�0s = 10cm�1 case, together with its time-domain Dt shape. From Eq. (3.1.2) and Fig. 3.1.1,

we see that the di�usion coe�cient is practically frequency independent up to ! � 10GHz. A

thorough study of the resulting di�usion equation when using Eq. (3.1.2) versus that obtained

by the standard di�usion equation Eq. (2.2.10) can be found in Ref. [51], where it is shown

that at high modulation frequencies Eq. (3.1.2) furnishes better results than Eq (2.2.10). By

using Eq. (3.1.2), Fick's law can be rewritten in time- domain as a convolution:

J (r; t) = �D (t� t0) � rU (r; t0) (3.1.3)

Since hDi = D for long times the time-dependent di�usion coe�cient Dt can be approxi-

mated to Dt (t� t0) � DÆ (t� t0) (inset of Fig. 3.1.1), which introduced in Eq. (3.1.3) gives us

the classical expression of Fick's law. It is well known [43] that one of the main drawbacks of

the di�usion approximation is that it assumes that di�usion takes place instantly. As we will

show in the following sections, this breakdown of the di�usion approximation for short times

can be alleviated by considering a dynamic di�usion coe�cient. Similar conclusions were drawn

in Refs. [18, 24], where it is presented a more elaborate derivation of a time-dependent di�usion

coe�cient.
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Figure 3.1.1: Normalized di�usion coe�cient versus frequency for the �a = 0:02 cm�1, �0s =
10 cm�1case. Inset: Normalized di�usion coe�cient versus time in nanoseconds. Absolute
values jD (!)j =D, jDtj = hDti, represented in both cases.

3.2 Zero-�ux Boundary Condition

Once we have de�ned a frequency-dependent di�usion coe�cient [see Eq. (3.1.2)], we shall use

this expression in the boundary condition for di�usive/non-di�usive interfaces. By using Eq.

(3.1.2), the frequency-dependent boundary condition for di�usive/non-di�usive interfaces is:

U! (r; !) = �CcD (!)
@U! (r; !)

@bn : (3.2.1)

The di�erence between Eq. (3.5.1) and the standard Robin boundary condition [eq. (2.5.2)]

is easily understood in terms of the extrapolated distance lext = CD. Within the standard

formulation lext is a constant, however, Eq. (3.5.1) implies that the extrapolated distance is a

dynamic quantity that decreases for high frequencies proportionally to what is shown in Fig.

3.1.1. Thus, by applying a frequency dependent di�usion cor�cients the boundary condition

became frequency dependent.

3.3 Exponentially decaying source

As it was seen in sections 2.41 and 2.4.2 the most common way of de�ning the source within a

scattering medium is to consider a point source located at z � ltr inside the medium. This delta
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function implies isotropic emission of light. This approach to the source term may seem like

an overly simplistic approximation and has been shown to provide very good results for large

source/detector distances in phantom and in-vivo experiments [2, 9, 29, 32]. However for any

real situation when a sample is illuminated by a laser pulse of �nite width a clearly anisotropic

intensity distribution is generated. For short source/detector distances more elaborate methods

have been presented to model the delivery of light into the highly scattering system. One of

such models considers that the incident source is a collection of point sources with exponentially

decaying intensities as we go deeper into the medium [50]. The expression for the incident source

is obtained directly from the Radiative Transfer Equation (see Ref. [7], Ch. 9), considering that

in weakly scattering media the equation to solve is:

n0
c

@I (r; bs; t)
@t

+ bs � rI (r; bs; t) + (�a + �0s) I (r; bs; t) = I0 (r; bs; t) : (3.3.1)

where I0 is the incident intensity at the boundary and r = (R; z). For a plane interface at

z = 0, the speci�c intensity due to a �ux at R = 0, z = 0 in the frequency domain is derived

from Eq. (3.3.1) as:

I (z; buz; !) = I0 (R = 0; z = 0) exp
��
� (�a + �0s) + i

!n0
c

�
z
�
: (3.3.2)

Since the power generated per unit volume E within the di�usive medium is de�ned as the solid

angle integral of Eq. (3.3.3), we obtain for the source term:

E (r) = E0 exp
��
� (�a + �0s) + i

!n0
c

�
z
�
Æ (R) : (3.3.3)

In the plane-wave case Eq. (3.3.3) reduces to E (z) = E0 exp [(� (�a + �0s) + i!n0=c) z], which

is the case presented in Ref. [50]. Given the power generated per unit volume E, the di�use

intensity generated within the scattering medium is given by:

U (inc) (r) =
1

4�

Z
V
E (r0) g (r; r0) dr0 (3.3.4)

where g is the in�nite homogeneous Green function. Eq. (3.3.4) can be solved in a closed form

in K-space by using the expression for the Green function [52, 53, 54, 55, 56, 57] :

g (K; z) =
i

2�q (K)
exp [iq (K) z] (3.3.5)

where q =
q
�20 �K2, being �0 the complex wavenumber [51, 40] for a frequency-dependent

di�usion coe�cient [50, 51] (de�ned in section 2.4.1). For the case of a slab of width L the

incident di�use intensity is given by Eq (3.3.4) when applying to it the eqs. (3.3.3) and (3.3.5):
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eU (inc) =
Eo

4�

Z L

0
exp [��z] i

2�q (K)
exp [iq (K) z] dz (3.3.6)

which can be exactly solved as:

eU (inc) =
Eo

4�

i

2�q (K)

(
exp [iq (K) z]� exp [��z]

�+ iq (K) z
+

exp [��z]� exp [��z] exp [iq (K) z (L� z)]

�� iq (K) z

)
(3.3.7)

where

� = �a + �0s �
!n0
c

: (3.3.8)

Eq. (3.3.7) will be used in deriving an analytical solution for a slab. It has to be mentioned that

this expression still does not include the boundary conditions, it only considers light contribution

from inside the slab [0; L]. The time-dependent version in real space of Eq. (3.3.7) can be readily

obtained through Fourier inversion:

U (inc) (r; t) =
Z
�1

�1

exp [�i!t] d!
Z
�1

�1

dK eU (inc) (K; z; !) exp [iK �R] : (3.3.9)

As stated earlier, the approach is to Fourier-transform to the frequency-domain and then

Fourier-transform to K-space to solve exactly for the boundary conditions of Eq. (3.5.1). All

time-dependent solutions are retrieved in real space and time by using the inverse transformation

of eq. (3.3.9).

3.4 Ballistic Contribution

In order to account for light that has not su�ered multiple scattering and is thus not di�usive we

consider the simplistic approximation that there is a partition of energy between the di�usive

and non-di�usive signal as:

Utotal (R; t) = (1� A)Udif (R; t) + AI0 (3.4.1)

eUtotal (K; t) =
�
1� eA� eUdif (K; t) + eA eI0 (3.4.2)

where A and eA indicate how much of the incident energy is ballistic in the time and frequency

domains, respectively, while I0and eI0 are cinstants in units of J=cm2and W=cm2, respectively

and magnitud 1. This expression is derived from Eqs. (3.3.2)-(3.3.4), by assuming that (1� A)

of the incident intensity I0 is converted into di�usive light. For the case where cross-polarized

measurements are taken, A = 0.

This work considers the most general case of depolarized incident light. At this point it
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should be stated that the value of A obtained during the �ttings presented in Chapter 5 did

not a�ect strongly the value of the retrieved reduced scattering coe�cient, but played a crucial

role for thicknesses L < 3ttr basically contributing to improving the shape of the �t in the time-

domain. A more elaborate and accurate model than Eqs. (3.4.1), (3.4.2) has been presented

in Ref. [18]. However, since this model has been derived in the time-domain, deriving the

expression for a slab with the correct boundary conditions [see Eq. (3.5.1)], and by including

an exponentially decaying source [Eq. (3.3.7)] would result in a time-consuming operation. The

method of images could be used in this case, but as will be shown in Chapter 5 is not appropriate

for thin samples.

3.5 Expression for a Slab

For the derivation of the exact and general solution for a slab the procedure followed is presented

in Ref. [58]. Only the most relevant steps of this approach, will be shown here.

Eq. (3.3.7) in section 3.3 gives the di�use intensity generated within the scattering medium

due to an exponentially decaying source and is referred as the incident di�use intensity. This

intensity was found in K-space for a given modulation frequency !. In order to derive an

expression for the slab the boundary conditions should be included.

By using the zero �ux condition presented in section 3.2:

U! (r; !) = �CcD (!)
@U! (r; !)

@bn : (3.5.1)

and the expression for the Fick's Law in its angular spectrum representation:

eJn (K; z) = �D@ eU (K; z)

@z

then the expressions for the re�ection R and transmittance T coe�cients are derived in the case

of a di�usive/non-di�usive interface [58]:

Rin;out (K) =
iCin;out

fD (!) q (K) + 1

iCin;out
fD (!) q (K)� 1

(3.5.2)

Tin;out (K) =
2iCin;out

fD (!) q (K)

iCin;out
fD (!) q (K)� 1

(3.5.3)

where the subindex in; out denotes when the boundary condition coe�cient C is considered

from the left (re�ection) or the right (transmittance) (see Fig. 3.0.1). Equivalent expressions

for a di�usive/di�usive interface are derived in Ref. [59].

With the aid of the above coe�cients we can treat the slab as a �fabry-parot� for the di�use

waves as they experience multiple re�ections at the slab's interfaces. By following the steps
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presented in Ref. [58], and using the fact that the �ux that exits the slab is given by Eq.

(2.5.2), we reach the expression for transmittance (z = L):

eTslab (K; !) =
1

Cout

eU (inc) (K; z = L) +Rin (K) exp [iq (K)L] eU (inc) (K; z = 0)

1� Rin (K)Rout (K) exp [2iq (K)L]
Tout (K) (3.5.4)

and re�ection (z = 0):

eRslab (K; !) =
1

Cin

eU (inc) (K; z = 0) +Rout (K) exp [iq (K)L] eU (inc) (K; z = L)

1� Rin (K)Rout (K) exp [2iq (K)L]
Tin (K) (3.5.5)

where eU (inc)is de�ned in Eq. (3.3.7). Eqs. (3.5.4) and (3.5.5) represent the analytical expression

for the spatial and temporal distribution of light re�ected and transmitted from a slab of width

L. The denominator 1 � RinRoutexp[2iqL] takes intoaccount the multiple re�ections between

the interfaces of the slab.

In the case when we are interested in the total transmitted/re�ected intensity, we may use

the following property of Fourier-transforms:

eT total
slab (!) =

Z +1

�1

eTslab (R; !)dR = eTslab (K = 0; !) : (3.5.6)

In this case, the total re�ection and transmittance for a slab can be easily found in the

time-domain by using Eqs. (3.5.4) and (3.5.5) as:

T total
slab (t) =

Z
�1

�1

eTskab (K = 0; !) exp [�i!t] d! (3.5.7)

Rtotal
slab (t) =

Z
�1

�1

eRslab (K = 0; !) exp [�i!t] d! : (3.5.8)

All the results presented in the following section were �tted for the total transmittance using

Eqs. (3.5.7).



Chapter 4

Experimental Methods

This chapter describes the techniques used in this work for performing time resolved measure-

ments on tubid media. Measurements were performed on Intralipid phantoms, on breast biopsies

and on Monte Carlo simulations of high scattering media. In each case the sample had the slab

geometry. Experimental data from the above experiments are used in order to �t analytic ex-

pressions derived from the theoretical models. The Monte Carlo data and the phantom samples

are used for validation theory since their optical properties are well known. On the other hand,

biopsy measurements were performed for tissue characterization.

While time resolved measurements are commonly performed to characterize scattering me-

dia, it is not the only approach. Both continuous wave and frequency modulated sources can

be fed inside the medium. So far, it is not clear which experimental approach is better. The

criterion of such a choice is mostly dependent of the information that a technique can provide

together with its simplicity. For a source-detector pair, the pulsed-time approach clearly carries

more information, as a result of the many frequency components.

4.1 Experimental

In general, time resolved measurements concern the irradiation of a medium with a laser pulse

and the detection of either the transmitted or the re�ected signal. In this work, only trans-

mittance measurements were performed because transmittance contains higher info on tissue

average properties, since the main component travels longer distances than in re�ection mode.

Moreover re�ection measurements have a more complicated experimental con�guration with the

use of �bers as signal collectors.

33
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4.1.1 Experimental setup

The setup used in the experiments is typical for time resoved transmittance measurements and

is shown in Fig. (4.1.1). Before describing the di�erent con�gurations for the tagerts irradiated

it is useful to examine the laser source, the detecting system and the rest experimental setup.

Laser source

The laser source was an ultra fast pulsed mode-locked Ti:Sapphire laser emitting 200fs pulses at

830nm. The laser was pumped by a diode pumped, frequency doubled Nd:YAG laser operating

with a power of 5Watt. The repetition rate of the Ti:Sapphire was 82MHz with an average

power of � 1Watt. The laser beam is guided with the use of optics into the sample so that the

incident beam enters the slab perpendicularly. The diameter of the beam at the sample was

controlled with an iris to be � 3mm being the samples irradiated with a power of � 100mW .

Streak Camera

The system used to detect the transmitted intensity consisted of a Hamamatsu C5680 Streak

Camera and a high sensitivity CCD camera. In order to collect the total transmitted light, a

lens was placed between the sample and the slit of the streak camera. The distances between

the sample, the lens and the slit are adjusted so that the lens can deliver an 1:1 image of the

back boundary of the sample to the slit.

Tissue Sample

CW Ar Laser

Á

+Ti:Sapphire Laser

Power
Meter

Optical
AttenuatorBeam Splitter

Mirror

Optical
Triggering

Streak
Camera

Trigger Delay
Unit

Photodiode

CCD

PC

Figure 4.1.1: Experimental setup for time resolved transmission measurements
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Although it is called a �camera�, a streak camera is quite di�erent from the video cameras

and still cameras that we load with �lm to take pictures of the people and objects around us.

The Streak Camera is a device to measure ultra-fast light phenomena and delivers intensity

vs. time vs. position(or wavelength) information. It's name dates back to the early days of

the high speed rotating cameras. These cameras would �streak� re�ected light onto �lm. No

other imstruments which directly detect ultra-fast phenomena have better temporal resolution

than the streak camera. Used in combination with proper optics, it is possible to measure time

variation of the incident light with respect to position (time and space resolved measurements).

Streak Camera has a maximum temporal resolution of 2ps and can handle anything from single

event phenomena to high-repetition phenomena in the GHz range.

Fig. (4.1.2) shows the operating principle of the streak camera. The light being measured

passes through a slit and is formed by the optics into a slit image on the photocathode of

the streak tube. Let's assume at this point, four optical pulses which vary very slightly in

terms of both time and space, and which have di�erent optical intensities, are input through

the slit and arrive at the photocathode. The incident light on the photocathode is converted

into a number of electrons proportional to the intensity of the light, so that these four optical

pulses are converted sequentialy into electrons. They then pass through a pair of accelerating

electrodes, where they accelerated and bombarded against a phosphor screen.

Figure 4.1.2: Operating principle of the Streak Tube

As the electrons produced from the four optical pulses pass between a pair of sweep elec-

trodes, high voltage is applied to the sweep electrodes at a timing synchronized to the incident

light (see Fig. 4.1.3). This initiates a high-speed sweep (the electrons are swept from top to

bottom). During the high-speed sweep, the electrons, which arrive at slightly di�erent times, are

de�ected in slightly di�erent angles in the vertical direction, and enter the MCP (micro-channel

plate).

As the electrons pass the MCP, they are multiplied several thousands of times, after which

they impact against the phosphor screen, where they are converted again into light. On the

phosphor screen, the phosphor image corresponding to the optical pulse which was the earliest

to arrive is placed in the uppermost position, with the other images being arranged in sequential
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Figure 4.1.3: Operation timing at the time of the sweep

order from top to bottom: in other words, the vertical direction on the phosphor screen serves

as the time axis. Also, the brightness of the various phosphor images is propotional to the

intensity of the respective incident optical pulses. The position in the horizontal direction of

the phosphor image corresponds to the horizontal location of the incident light.

In this way the streak camera can be used to convert changes in the temporal and spatial

intensity of the light being measured into an image showing the brightness distribution on the

phosphor screen. We can thus �nd the optical intensity from the phosphor image, and the time

and incident position from the location of the phosphor image.

The mode-locked Ti:Sapphire laser which was used, was combined with Synchroscan unit

(Hamamatsu M5675), which is manufactured to be synchronized with the mode locking 82MHz

frequency of this laser. This unit could operate in four di�erent sweep speeds covering temporal

ranges from 200 ps to 2 ns and the temporal resolution that can be accomplished was � 2 ns.

In order to measure ultra-high speed optical phenomena using a streak camera, a trigger

section and a readout section are required. The basic con�guration of this system is shown in

Fig.(4.1.4). The trigger section controls the timing of the streak sweep. This section has to

be adjusted so that a streak sweep is initiated when light being measured arrives at the streak

camera. For this purpose, a delay untit is used, which controls how long the trigger signal

which initiates the streak sweep is delayed. In the experiments presented here, the Hamamatsu

C1097-01 trigger was used enabling delay times from 30 ps to 31:96 ns. The trigger signal is

produced when a thin glass �steals� a small portion of the incident beam sending it to to the

p-i-n photodiode (also shown in Fig. (4.1.4)).

The readout section reads and analyzes sreak images produced on the phosphor screen, which

is on the output side of the streak camera. Because the streak image is faint and disappears

in an instant, a high-sensitivity Hamamtsu C4880 CCD camera is used that detects images

of the phosphor screen. The CCD camera is cooled by a thermoelectric device employing a
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Figure 4.1.4: Basic system con�guration of the Streak Camera

Peltier cooler, which enables temperatures down to �50 oC, thus reducing the dark current and

achieving better signal to noise (S/N) ratios. The dynamic range of the CCD is de�ned as the

ratio of the saturation charge volume to the readout noise, being 1 : 5000.

Analysis of streak images is done by transferring the images through a frame grabber board

to a computer. The system used was the HPD-TA (Temporal Analyzer) which is a high-

performance digital data acquisition and control system speci�cally designed to read out images

from the Hamamatsu streak camera's phosphor screen. For better image quality the background

accounting for the electronic noise (dark current), the temperature of the photocathode or the

leaks from the optics, was subtracted after acquisition of each image, keeping all the settings

the same. A Streak Camera image is presented in Fig.(4.1.5). The image shown in Fig.(4.1.5)

is the transmitted pulse through a 2mm scattering sample. Having in mind that the vertical

axis represents time and that the pseudocolors are analogous to the Intensity variations, the

temporal pro�le of the Streak Image has the shape of Fig. (4.1.5 b). Similar temporal pro�les

has been recorded throughout this work from di�erent types of samples in order to retrieve the

optical parameters.

4.2 Samples

As already mentioned in the introduction of this chapter both Inralipid and biopsy samples

were irradiated with the experimental setup of �gure (4.1.1).

4.2.1 Tissue phantoms

Tissue phantoms are used for validating models of light propagation. A tissue phantom should

mimic the optical properties of tissue in terms of scattering coe�cient, anisotropy factor, ab-

sorption coe�cient and refractive index. An ideal phantom should be easy to create and to
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Figure 4.1.5: a) Characteristic image recorded with the Streak Camera. It corresponds to the
transmitted pulse from a 2mm scattering sample b) Temporal pro�le of the Streak Image shown
in a)

control its shape. Intralipid is a scattering material that has been adopted by the biomedical

community. It is the basis of the phantoms been made during this work. As an alternative

scattering material, resins like polyester are oftenly used.

Phantoms used in this work are made of Intralipid and water. Intralipid is an emulsion of

water and soy bean fat used for intravenous feeding of hospitaized patients. It is a polydisperse

suspension of particles with an average diameter of � 0:4�m, but a relatively wide range of sizes

(i.e. from � 0:1 �m to � 1:1 �m). Many studies have been performed on the optical properties

of Intralipid [60, 61, 62].

The Intralipid phantoms can be used either in its liquid form, but also solid by adding a

hardener to the solution. In the measurements performed here, solid phantoms were used. The

phantom was placed inside a transparent polystyrene petri-dish and then on a XY translation

stage enabling measurements for di�erent source positions. The petri-dish was placed so that

the phantom slab was bounded in the back side by the PMMA of the dish while the front side

was in free contact with the air.
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4.2.2 Biopsy samples

Female breast biopsy samples from a total of 27 patients have been measured with ages ranging

from 35 to 80 years old. The tissue samples were obtained from tumor excision or biopsy

operations performed at the Department of Surgerical Oncology of the University Hospital of

Heraklio. The samples, which were �nally irradiated, were provided, being properly cut, by the

Department of Pathology of the University Hospital.

The samples were categorized as fat, normal glandular and tumor tissue and their thickness

was typical for biopsies i.e. varied from 0.5 to 3.0 mm. All samples were formally processed and

histologically analyzed at the end of our measurements. Usually, biopsy samples have arbitary

shape. In order to obtain the appropiate geometry, they were placed between two transparent

PMMA slabs being to conform a slab geometry Fig. 4.2.1. The distance of these two PMMA

slabs can be adjusted by micrometer screws so that the thickness of the sample is known at

a micrometer accuracy. Knowledge of the exact thickness of phantoms is important for tissue

characterization, since theory is sensitive to small variations of thickness.

Figure 4.2.1: Sample holder with micrometer screws for thickness adjustment

Similar to the case of phantom samples the biopsy holder was placed on a XY translation

stage enabling measurements on di�erent parts of the biopsy, so that scaning can be performed.

As it was mentioned, in this con�guration both boundaries of the tissue are in contact with the

PMMA. All tissue measurements performed at room temperature.
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4.2.3 Monte Carlo solutions

In addition to experimental measurements we also used Monte Carlo simulations to assess

the accuracy of our analytical expressions eqs. (3.5.7) (3.5.8). A detailed description of the

Monte Carlo method for light propagation in scattering media is described in Refs. [13, 14] and

references therein.

Monte Carlo simulations of photon propagation o�er a �exible yet rigorous approach toward

photon transport in turbid tissues with a signal-to-noise ratio and boundary conditions that

are impossible to achieve in the laboratory. Monte Carlo as a technique provides full numerical

solutions to the RTE in contrary to the analytic expressions that we obtain from the di�usion

equation. The results, therefore, are expressed as histograms of photons and not as analytic

expressions of a time dependent intensity.

The method relies on simulating the trajectories of a large number of photons launched in a

tissue-like medium. The rules of photon propagation are expressed as probability distributions

that describe the step size of photon movement between sites of photon-tissue interaction, and

the angles of de�ection in a photon's trajectory when a scattering event occurs. The simulation

is rigorous and can be applied to solve a variety of problems without any limitations. However,

the method is statistical in nature on calculating the propagation of a large number of photons

by the computer. As a result, this method requires a large amount of computation time.

To brie�y describe the approach used, packets of photons are injected orthogonally into the

tissue the one after the other. Each photon packet is initially assigned a weight, W, equal to

unity. The step size of the photon packet is calculated based on a sampling of the probability

distribution for photon's mean free path �t. Once the step size is speci�ed the packet is moved

in the tissue to an interaction site. As the photon takes a step some attenuation of the photon

weight by the interaction site is calculated. The amount of weight lost due to this interaction

is determined by the absorption coe�cient. Once the photon packet has been moved and its

weight decremented, it is ready to be scattered. The probability distribution for the cosine

of the scattered angle is described by the well known Henyey Greenstein formula for tissue

scattering. The same process is repeated continuously untill the packet hits a boundary. From

the Fresnel's formulas, a probability is computed for the re�ection or not of the photon packet

depending of its angle of incidence. If the photon is internally re�ected it continues to wonder

inside the medium. On the other hand, if it escapes the tissue at a certain point from either

side, it ads its weight to the total re�ection or transmittance at this certain point. A photon

can be absorbed inside the tissue if its weight has been decreased after multiple scattering to a

value less than a de�ned threshold.

The number of photons required depends largely on the the problem, the accuracy needed

and the spatially resolution desired. For example, in the case of computing the total re�ection

from a semi-in�nite medium, only about 5000 photons may su�ce, and the simulation takes
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less than a second on a PC. However in time-resolved data, like in the case depicted here, the

photons needed are many orders of magnitude more. To fully simulate the transmittance of a

laser pulse, more than 1010 photons should enter the medium resulting in a computing time in

the order of one months!.

In our case pulses of 2�107 photons each one are launched to the turbid slabs with thicknesses
varying from 0:1 to 1:0 cm. The refractive index of the medium was chosen to have a value close

to that of water i.e. 1:333. Both sides of the slab were modeled to be in contact with the air

(nair = 1). The quantity measured was the total average intensity transmitted by following the

approach described before, for a delta source impinging at r = (0; 0; 0). The anisotropy factor g

used in all simulations was g = 0:8 for a Henyey-Greenstein [63] phase function, corresponding

to realistic values in biological tissues. Other values of g were tested �nding no important

di�erences when retrieving the reduced scattering coe�cient.

4.3 Phantom preparation

Among the tissue phantoms, resins have the advantage of been solid and therefore easier to han-

dle contrary to the liquid being of Intralipid solutions. The main limitation of resins phantoms

resides in the complexity of the preparation procedure, that makes di�cult to change the optical

properties and geometry of the phantom, as normally required in a research stage. Cubeddu et

al. (Ref. [64]) proposed a di�erent approach that compines the ease of an Intralipid solution

with the advantages of a solid phantom by adding agar to the liquid solution.

A highly puri�ed agar powder (A-7049, Sigma, USA) is dissolved in distilled water in the

appropriate concentration (1%) and heated up to the melting temperature of 95 oC. We bring

the mixture to a boil using a microwave oven. The agar solution alone has negligible absorption

and very low turbidity. Thus, the desired scattering coe�cient of the phantom are reached

by adding appropriate amounts of Intralipid (IL) (Pharmacia, Italy), as a scattering medium.

With this recipe the absorption coe�cient of the phantom can also be adjusted by adding Ink

to the solution. In the phantoms used in this work, no Ink or any other additional absorbing

chromophore was included in the solution, so that the absorption coe�cient remained the same

in all samples having a value close to that of water at 800nm, �a = 0:02cm�1. The optimal

temperature Tmix for adding IL to the agar solution is close to Tmix = 60 oC. The solution is

stirred continuously while cooling down to 40 oC, in order to obtain good uniformity. At 40 oC

the solution is poured into the petri-dish and left there for 10 minutes. By following the above-

mentioned recipe, three di�erent values of the scattering coe�cient were evaluated: �0s = 5cm�1,

�0s = 10 cm�1 and �0s = 15 cm�1. It is important to note that in the best of cases, the error

in determining �0sis greater than �1 cm�1, i.e. greater than 10% for �0s = 10 cm�1and 20% for

�0s = 5 cm�1, which is due to the error given by the used equipment for the preparation of the
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samples. For each value of the scattering coe�cient, we create phantom slabs with thickness

ranging from 0:14cm to 1:0cm. The refractive index of the phantom solution was approximately

n0 = 1:333.



Chapter 5

System calibration

In this chapter, the limits of the new theory are explored and a comparison is made with the

existing models. In order to characterise thin samples absoption has little contribution and

thus the optical characterization can be based on retrieving only the scattering coe�cient. The

�rst paragraph of this chapter deals with this assumption. The limits of the new theory are

tested with the aid of samples of known optical properties. This method is based on whether

the solution of the inverse problem can reconstruct the well de�ned scattering coe�cient of the

samples. The theory validation can therefore be performed and the limits of validity can be

extracted by pushing thicknesses of the samples to limiting values. Then it is easy to conclude

what is the minimum biopsy size in order to be correctly characterized. For the calibration

of the theory measurements were performed both in real intralipid phantoms and in numerical

ones, derived from Monte Carlo simulations. In the case of Monte Carlo measurements two

more theories were tested in limiting geometries and their results were compared with the ones

of the modi�ed theory of Chapter 3.

5.1 Absorption contribution

All results presented in this work aim to the estimation of the reduced scattering coe�cient

�0s of thin samples1. The reason why the estimation of the absorption characteristics of thin

samples (�a) is not included can be understood if we take into consideration the di�erent

contributions that scattering and absorption have on the measured signal at short distances.

Assumed an in�nite homogeneous di�usive medium having a reduced scattering coe�cient �0s
and an absorption coe�cient �a, the detected average intensity at a distance L due to a point

source at the origin is [9](see Sec 2.4.2):

1If additional parameters such as the anisotropy factor g wish to be retrieved, [65]angular-resolved measure-
ments could also be carried out [66]. Since the main goal of this work was to validate eqs. (3.5.7) and (3.5.8)
and obtain the reduced scattering coe�cient, such a study was not performed.
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U (t) =
U0

t3=2
exp

"
� L2

4Dct
� �act

#
(5.1.1)

where U0 includes the source strength and other constants. The di�erent contributions can be

easily found as:

log [U (t)] = logU0 � 3

2
log t� L2

4Dct
� �act : (5.1.2)

From Eq. (5.1.2), it is obvious that the scattering contribution dominates at short times, while

the absorption contribution dominates at long times together with an optically-independent

contribution of log t. In the in�nite homogeneous case considered in Eq. (5.1.1) the time at

which the scattering contribution is equivalent to the absorption contribution (tabs) corresponds

to:

tabs = hti = L

2c

s
1

D�a
(5.1.3)

where in the in�nite homogeneous case tabs = hti. As a practical example, let us consider the

case in which �0s = 10 cm�1, �a = 0:02 cm�1, and n0 = 1:333, yielding D = 0:0333 cm. In this

case tabs � L (cm)� 10�9 s, and for L = 0:2 cm the intensity of U (t) is 1% of its original value

at t = tabs = 100 ps (obtained from eq. (5.1.2)). This means that at t = tabs = 100 ps we need

to have a noise contribution much lower than 1%, where the total value of U (t) has already

decayed to � 0:01 of its original value. With our experimental setup we found that the noise

contribution in this particular case was in the order of 10%or higher at t = 100ps. This did not

allowed any chance of retrieving the absorption coe�cient from experimental measurements.

The above-mentioned relationships do not imply that the estimation of the absorption coef-

�cient is not feasible for thin samples. What is implied in this derivation is that retrieving the

absorption coe�cient from measurements at a single laser wavelength has some inherent limita-

tions and very high signal to noise ratios are needed. If a scan over a range of wavelengths where

U (t) exhibits wavelength dependence is performed, then relative measurements will permit the

retrieval of both the reduced scattering and the absorption coe�cients .

The reason of not taking under consideration the absorption coe�cient can be understood

from a biological perspective, too. Since the absorption of tissue is strongly associated with

presence of blood, the absorption coe�cient of the excised sample cannot be related with its

actual in vivo value because of the extensive loss of blood. In order to combine the results the

ex vivo characterization with the in vivo properties only the scattering coe�cient can provide

reliable information. Regarding this issue there are several factors that change the �0s: the pH,

and the water content. The water content is associated to �shrinkage� of the samples. this may

induce changes in the volume in the order of less than 5%, which yields changes in the �0swithin

the experimental error (~10%).
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5.2 Data Analysis

As mentioned before, the main goal in this study is to retrieve the reduced scattering coe�cient

�0s from Monte Carlo and experimental data. In order to do so, time dependent curves of our

theoretical model that express transmitted intensitty were �tted to experimental curves. Any

�tting procedure is based on the minimization of a cost function. I used a multidimensional

unconstrained nonlinear minimization (Nelder-Mead) approach to �nd the minimum of the cost

function. This cost function was de�ned in the frequency domain as:

X! =
1

N!

vuuuutN!X
i=1

0@
��� eT (exp)

slab (K = 0; !i)
���� ���T (th)

slab (K = 0; !xi)
������ eT (exp)

slab (K; !i)
���

1A2

(5.2.1)

and in the time domain as:

Xt =
1

Nt

vuut NtX
i=1

�
T
(exp)
slab (ti)� T

(th)
slab (ti)

�2 1D
T
(exp)
slab (t)

E (5.2.2)

where (th) and (exp) stand for theoretical and experimental, respectively. N! and Nt are the

total number of experimental measurements in frequency and time domain, respectively. These

were found for those frequencies (!) and time (t) values such that:

!i : 8! � 2�! (5.2.3)

and

ti : 8t! T
(exp)
slab (t) > "thresh� (5.2.4)

where �! is the Full Width at Half Maximum (FWHM) of eTslab (K = 0; !), � is the noise

present in the measurement and "thresh is a threshold value that was set at 10.

Two points should be stated concerning eqs. (5.2.1) and (5.2.2). First, Eq. (5.2.1) assigns

equivalent weights to all frequency values, the high frequencies therefore contributing to the cost

function in the same manner as the low frequencies. Second, Eq. (5.2.2) assigns greater weights

to high values of the transmitted intensity in the time-domain, the short time contributions

contributing in a greater manner to the total cost function (see Sec. 5.1). Eq. (5.2.2) is

normalized to the mean transmitted intensity
D
T
(exp)
slab (t)

E
in order to have the same dimensionless

character as eq. (5.2.1). The cost function that was �nally used in the �tting process consisted

on a combination of both eqs. (5.2.1) and (5.2.2):

X =
1

2
(X! +Xt) (5.2.5)
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The reason for using a combination of two cost functions is that it yielded more robust solutions

than eq. (5.2.1) or eq. (5.2.2) alone. Normalized data were used for the �tting procedure, where

the reduced scattering coe�cient �0s, and the A factor, as de�ned in Eqs. (3.4.1), (3.4.2) were

used as �tting parameters. To ensure robustness a normalization factor was allowed to change

in the vicinity of 1, and the time delay between the experimental and theoretical curve was

left as a free parameter. With the above parameters the total number of �tting parameters is

four. However, the normalization factor and the time delay do not play a role in the value of

�0sand simply ensure that the �tting procedure reaches the absolute minimum and not a local

minimum.

In all cases studied the initial values were always �0s = 30 cm�1and A = 0. This proves the

robustness of the �tting process, since no a priori knowledge on the reduced scattering coe�cient

is needed. As mentioned in Section 5. 1, when including �a as a third �tting parameter we

found that its value could vary from 0:02 cm�1 to 0:1 cm�1 introducing changes in the retrieved

�0s of less than 10%, within the inherent error of the �tting procedure. Having in mind that the

reduced scattering coe�cient of the phantoms is not known to a more than 10% even if great

care is taken when preparing the samples, then the contribution of absorption lies within the

minimum experimental error. Moreover, the retrieved values for the phantoms in Section 5.4

lie in the order of 10% within th erange de�ned by the error bars. This underlines the already

mentioned fact that the contribution of absorption in normalized measurements falls under the

noise threshold. At this point it should be stated that whenever using other solutions such as

the Method of Images [9] to the slab geometry in the case of thin samples, none of the cost

functions presented here had an absolute minimum near the expected value. In these cases it

was always necessary to use as initial values the expected ones.

Finally, the impulse response H of the experimental system (the lens/Streak Camera/CCD

setup in the experimental case, and the time discretization in the Monte Carlo simulation) was

included through convolution of the measured impulse response with the analytical expressions

eqs. (3.5.7), (3.5.8):

T
(th)
slab (t) = H (t� t0) � T (th)

slab (t
0) (5.2.6)

which has a straightforward implementation in the frequency-domain:

T
(th)
slab (K = 0; !) = fH (!)T

(th)
slab (K = 0; !) (5.2.7)

These expressions where included in eqs. (5.2.1) and (5.2.2). In the Monte Carlo case a

Gaussian pulse with FWHM equivalent to the discretization time � 1ps was used as an impulse

response. In the experimental setup, the FWHM of the incident pulse was measured to be in

the order of � 8 ps. Finally, a reference pulse was recorded before each measurement.
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5.3 Monte Carlo Results

The cases considered in this experimental study were �0s = 5 cm�1, �0s = 10 cm�1 and �0s =

15cm�1 for g = 0:8. In all cases �a = 0:02cm�1 and the refractive index of the di�usive medium

was n0 = 1:333. Since the outer medium (air) has nout = 1 (see Fig. 1), the value yielded for

the boundary conditions was Cin;out ' 5:04 (see eq. (3.5.1) and Ref. [41]). Each of these cases

was studied for the following slab widths: L = 0:1; 0:2; 0:3; 0:4; 0:5; 0:7 and 1:0 cm yielding a

total of 21 cases.

The analytical expression of the improved theory was put to test against the expression

derived from the Method of Images (MI) [9] which, as already mentioned in the theory section,

considers a zero intensity at an extrapolated distance2 lext = CD . This approach is commonly

used to describe light propagation in scattering media of thickness greater than 10ltr.

We also present an extended version based on the method of images with an exponentially

decaying collection of point sources [50] aproaching in this way the correct modeling of the source

term used in Chapter 3 for the improvement of the di�usion approximation. This version of

the method of images, in the rest of this work will be referred as "exponential source" . In all

cases where the method of images (in either form) was employed, 200 source images were used

in order to ensure convergence for thin scattering slabs.

The values of scattering coe�cient extracted by the above mentioned �tting procedure sum-

marized in Figures (5.3.1), (5.3.2), (5.3.3) where a comparison between the three theories (Im-

proved Di�usion Equation, Method of Images and Exponential Source with the Method of

Images) is presented. The �gures (5.3.1), (5.3.2), (5.3.3) represent the cases for the reduced

scattering coe�cient: 5 cm�1, 10 cm�1 and 15 cm�1 respectively.

For the case of 15cm�1 the improved theory can extract the value of the scattering coe�cient

with a discrepency of less than 10% in almost all the thicknesses down to 2ltr. The �exponential

source� case cannot cannot extract values of teh reduced scattering coe�cient close to the

expected ones and deviates from errors in the order of 10%for the L=ltr = 13 and L=ltr = 10:5

to errors of more than 20% for thickness of L < 8 ltr. However it furnishes a better behavior,

in general, than the method of image. It has to be mentioned that the reduced scattering

coe�cient is consistently overestimated within the limits of validity of teh improved theory.

This e�ect is probably due to the limitations of teh di�usion approximation to account properly

for the refractive index mismatch at the boundary.

Similar results are found for the �0s = 10 cm�1case. An overestimation of teh correct scatter-

ing coe�cient can be observed down to L=ltr = 2 for the case of teh improved theory. However,

it can extract values of the scattering with errors in the order of �1 cm�1for sample thickness

down to two transport mean free paths. On the other hand the method of images diverges as

we decrease sample thickness, having a limit equal to 10ltr. The �exponential source� expression

2A study of the implementation of di�erent boundary conditions by using the MI can be found in ref. [67]
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Figure 5.4.2: Experimental retrieved values of �0sversus L in mm for �0s = 15 cm�1.
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Figure 5.4.3: FWHM retrieved from the experimental con�guration versus L=ltr for �0s = 5,
10 and 15 cm�1. FWHM of the system response H is plotted as a dotted line. In all cases
�a = 0:02 cm�1:
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5.5 Fitting curves

As mentioned in Section 5.2 the �tting procedure is based on the minimization of the sum of

a time dependent Xt and a frequency dependent X! cost function. Figure (5.5.1) shows the

�tted curves to the experimental data both in time and frequency domain. The experimental

data corresponds to a single measurement on a phantom of L = 2mm thickness for which the

expected values where �0s = 10 cm�1and �a = 0:02 cm�1. As shown in Fig 5.5.1a, the value

for the transmitted intensity yields a close �t to the experimental data, even for such a case

when the FHWM of the transmitted pulse is in the same order as the incident pulse (shown as

a dotted line in Fig. 5.5.1a). More importantly, the retrieved value for �0s is within the error

predicted by Monte Carlo ( Figs. (5.3.1), (5.3.2), (5.3.3)). In this particular case the �tted

value for A (energy partition between ballistic and di�usive contribution) was found to be 40%.

As mentioned before, the A factor plays an important role when �tting the shape of time curves

for thin samples. However, it must be emphasized that the retrieved value of �0s did not depend

on A, due to the higher contribution of X! to the total cost function where A and �0s can be

considered independent.
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Figure 5.5.1: Fitted values using the improved di�usion approximation (solid lnes) versus ex-
periment (circles) in: (a) time domain; (b) frequency domain. The incident pulse is presented
in (a) as a dotted line for comparison. Results presented for �0s = 10 cm�1, �a = 0:02 cm�1and
L = 0:2 cm.
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Chapter 6

Biopsy characterization

In contrary with the large number of experiments performed in vivo for the determination of

the optical properties of breast tissue (Refs. [10, 68, 69, 28, 51, 12]), few experimental data

of the in vitro properties have been reported [70, 11, 71, 22, 72]. Moreover even fewer are the

measurements upon breast tumors[11]. Chapter 6 is divided in two sections. Section 6.1 is

meant to familiarise the reader with some of the aspects of breast physiology and and tissue

pathology. Since the main goal of this work was to explore possible correlation of a diseased

tissue with its optical properties it would be useful to have an histological insight of the human

breast tissue. This will enable better exploration on whether pathological changes may alter

the optical properties of tissue. Section 6.2 deals with the biopsy results of the present work.

Time resolved measurements were performed to a large number of breast tissue biopsies. The

biological samples taken from patients operated at the Epartment of Surgical Oncology of the

Univerity Hospital of Heraklion were categorized as tumorous, glandular and fatty according to

the histological analysis provided by the Department of Pathology of the University Hospital of

Heraklion. The optical properties of glandular and tumorous tissue were derived according to

the improved theory previously presented and tested. The negligible scattering of the fat tissue

did not permit the extraction of its optical properties. A possible correlation with the age of

the patients was also explored.

6.1 Tissue physiology

As mentioned in section 4.2.2 every sample went back to the University Hospital being histo-

logically analyzed. During the measurements on each sample we did have information on the

type of tissue we were irradiating. This information was given to us from the pathologist when

cutting the samples o� the surgical specimen and was based on his experience from macroscopic

evaluation of the tissue. However for our analysis we used the results of the �nal pathologic

analysis of our material, which was returned to the Department of Pathology at the end of
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our measurements. Discrepancies between the �rst estimation of the histopathologist and the

precise results concerned mainly the normal glandular samples i.e. whether it �nally consisted

of epithelial or adipose tissue. In Section 6.1.1, the normal breast composition and anatomy

are presented, while Section 6.1.2 describes the di�erent kinds of pathologic transformations

of the normal tissue associated with this work i.e. ductal carcinoma, DCIS, �broadenoma. In

Section 6.1.3 the origin of light scattering inside the breast is discussed by presenting the most

signi�cant light scatterers.

6.1.1 Breast composition

The breast is a mass of glandular, fatty amd �brous tissues positioned over the pectoral muscles

of the chest wall and attached to the skin by �brous strands called Cooper's ligaments. A layer

of fatty tissue surrounds the breast glands and extends throughout the breast. The fatty tissue

gives the breast a soft consistency. The glandular tissue of the breast houses the lobules (milk

producing glands at the ends of the lobes) and the ducts (milk passages). Towards the nipple,

each duct widens to form a sac (ampulla). During lactation, the bulbs on the ends of the lobules

produce milk. Once milk is produced, it is transferred through the ducts to the nipples [73].

The breast anatomy is shown in Fig. 6.1.1.

Figure 6.1.1: Schematic representation of the female breast structure: A) ducts, B) lobules,
C) dilated section of duct to hold milk, D) nipple, F ) pectoralis major muscle. Enlargement:
A) normal duct cells, B) basement membrane, C) center of duct.

The female breast, being dependent on a variety of hormones for its normal activity, exhibits

considerable structural and functional variation through life. Apart from the overt changes

occuring at puberty, pregnancy, lactation and menopause, more subtle changes also occur within
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the normal cycle; as a result of hormonal variations preparing the body for the possibility of a

pregnancy.

6.1.2 Disorders of the breast

Forty percent of patients attending a breast clinic have a benign breast lump. The breast surgeon

has two important tasks: to decide if the lump is truly abnormal or falls within the spectrum

of normality and if the lump is abnormal to determine its nature (benign or malignant).

Most common conditions presenting as lumps are cysts, �broadenomas (13% of all palpable

lumps, 60% in women less than 25 years of age), fat necrosis (in obese women with large breasts

or following trauma), sclerosing adenosis are now considered to represent aberrartions of normal

development and involution (ANDI).

Benign breast tumors are epithelial (intraductal papilloma, adenoma) �broepithelial (benign

phyllodes tumor and mammary hamartoma), mesenchymal (lipoma, granular cell tumor, myo�-

broblastoma, hemangioma, leiomyoma and schwannoma) and tumours of the nipple (adenoma).

Ductal Carcinoma in situ (DCIS) and Invasive Carcinoma

The most frquent type of breast cancer (85% of all breast cancers) is the ductal carcinoma

arising from the epithelium of the breast ducts, but which have not yet invaded through the

basement membrane, ae known as carcinoma in situ (DCIS).

The are various types of non invasive ductal carcinoma (comedo, cribriform, micropapillary,

solid) and DCIS often occurs as a mixture of the di�erent types. Certain types of DCIS are

associated with characteristic microcalci�cations �ving con�ned by the basement membrane can

not give metastases since the vessels are situated below membrane.

Invasive ductal carcinomas surrounded by an extensive intraductal component (EIC) are

more likely to be multifocal and are often more di�cult to remove. Great care needs to be

taken to ensure that both the cancer and the extensive in situ component are excised.

Many more patients with DCIS are now being diagnosed after the implementation of breast

screening. The increase has been across all age groups with a 12% annual increase in the 30-39

year age group and a 15% annual increase in women over the age of 50. Whether the increase

and detection of these early lesions will reduce the subsequent encidence of invasive cancer is

not yet evident, although it is likely to do so.

Fibroadenoma

It is considered to be an aberration of normal breast development most commonly presenting

between 15 and 25 years of age but seen up to 35 years of age. Its incidence decreases on

menopause when they involute. Fibroadenomas arise from a single lobule and are a�ected by
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Figure 6.1.2: In�ltrating ductal carcinoma: A) ducts, B) lobules,
C) dilated section of duct to hold milk, D) nipple, F ) pectoralis major muscle. Enlarge-
ment: A) normal duct cells, B) ductal cancer cells breaking through the basement membrane,
C) basement membrane, D) center of duct

hormonal changes thus do not represent a true tumor. They are of unknown etiology which might

include hypersensitivity to oestrogen within a lobule. They are usually less than 2 cm and rarely

up to 3 cm. Those which grow more than 5 or 10 cm are considered as juvenile breast disease. On

clinical examination they are smooth, slightly lobulated and characteristically mobile (except

if close to nipple). Their histology consists of intralobular �brous stroma enclosing glandular

spaces with epithelial lining.

For their diagnosis up to 25 years clinical impression su�ces. While in patients older than

25 years a triple assessment con�rmation is needed. Conservative approach may result in a

small number of missed cancers, so removal is generally recimmended after the age of 25.

6.1.3 Signi�cant light scatterers in the human breast

As in all biological tissues, all cellular and extracellular components of the breast tissue con-

tribute to light scattering; however, the relative magnitude of each component has not been

measured.

The membrane-bound subcellular organelles such as the nuclei (6� 8 �m) in noncancerous

breast epithelial cells), mitochondria (less than 1�m), secretory vacuoles (1� 10�m) and other

similarrly sized intracytoplasmic granules can in�uence light scattering because of refractive

index di�erences at membrane interfaces. As has been suggested, di�erences in the refractive
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Figure 6.1.3: Ductal Carcinoma In Situ: A) ducts, B) lobules,
C) dilated section of duct to hold milk, D) nipple, F ) pectoralis major muscle. Enlarge-
ment: A) normal duct cells, B) ductal cancer cells, C) basement membrane, D) center of duct.

indices may be due also to di�erences in water content of the di�erent organelles. However,

another possible mechanism to explore is that refractive di�erences exist between water-rich

cytoplasm and the relatively hydrophobic lipoprotein layers of the cellular and organelles mem-

branes [74].

Collagen is the predominant scatterer of the extracellular stromal matrix of the breast. The

3-dimensionally arranged interfaces between the glandular and adipose tissues and bands of

�brous collagenous tissue may form optically anisotropic boundaries that could in�uence light

transport into the depths of the breast. However, collagens (and elastins) have complex molecu-

lar interactions with water, salts and proteoglycans of the extracellular matrix in vivo and these

interactions change with age and hormonal status. These interrelationships produce complex

water-based chemical neighborhoods that probably in�uence light scattering by collagen in vivo

[74].

6.2 Biopsy results

In Chapter 3 the theoretical assumptions that correctly predict light propagation in small ge-

ometries were put forward improving thus the standard di�usion equation. The limits of our

theory were explored in Chapter 5 where experimental measurements were performed on both

Monte Carlo simulations and phantom samples. It was found that the improved theory can
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correctly predict not only the reduced scattering coe�cient but also the temporal pro�le for

samples with thickness in the order 2 transport mean free paths. However as will be shown

in the following sections a relative large number of samples had thickness of less than 2 trans-

port mean free paths. The reason is that histopathologists could not provide relatively big

samples for the cases where the tumor was quite small. In these cases the removal of even a

small portion would have compromise a precise diagnosis. Moreover theory development was

performed together with biopsy measurements and therefore, precise limits of its validity could

not be extracted. Subsection 6.2.1 o�ers a statistical view of the sample thickness and sample

physiology. The task of retrieving those the samples that satissfy the thickness creterium is

also discussed. In subsection 6.2.2 the tumor samples were characterized and analyzed and the

retrieved values were compared with known values from the literature. Also a possible correla-

tion of tissue pathology and demographics is investigated. A similar analysis is also performed

in Section 6.2.3 for the case of glandular tissue. It should be mentioned that all measurements

were performed at room temperature (22 oC).

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
0

2

4

6

8

10

 

 

# 
of

 T
um

or
ou

s 
S

am
pl

es

Thickness [mm]

40 50 60 70 80
0

1

2

3

4

5

# 
of

 T
um

or
ou

s 
S

am
pl

es

Age [years]

Figure 6.2.1: Sample thickness and age distribution of the patients whose samples were irradi-
ated for the case of tumor tissue. The total number of tumor samples is 25.

6.2.1 Sample characteristics

As mentioned in Chapter 4, samples from a total of 27 patients have been measured. The ages

of the patients varied from 35 to 80 years old and the samples obtained can be categorized as

glandular, tumorous and fatty. Not in all cases 3 samples were obtained from each patient,
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namely a tumorous, a glandular and a fatty. This is the reason why the total number of

glandular samples is di�erent from the total number of tumorous ones. The same reason explains

di�erences in the age distributions between the glandular and the tumorous case. The age and

thickness distributions in the case of tumorous samples is shown in Fig. (6.2.1)
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Figure 6.2.2: Sample thickness and age distribution of the patients whose samples were irradi-
ated for the case of glandular tissue. The total number of samples is 21.

For the case of glandular tissue 21 samples were measured and the distributions on age and

thickness are presented in Fig (6.2.2). As mentioned before all tissue samples were �rst measured

and characterized and then some of them were discarded according to their thickness and their

scattering coe�cient (thickness criterion, see Chapter 5). Since the limit of the theory is two

transport mean free paths, this means that the thickness limit is 1:33mm for �0s = 15 cm�1and

2 mm for �0s = 10 cm�1 . More generally L=ltr � 2 or equivelantly (Fig. (2.1.9)) L�0s � 2.

For each type of tissue plots of the reduced scattering coe�cient versus the thickness were

performed together with the function �0s = 2=l. This is shown, for the case of fatty tissue, in

Fig. (6.2.3) . The shaded area represents the region where the theory does not hold. As it can

be seen, a small number of samples satissfy the scattering criterium. It should be mentioned

that in fatty samples laser pulses su�er negligible scattering as they propagate inside them. In

general, collagen-rich glandular tissue scatters light with a higher scatter power than adipose

tissue. Thus, smaller scatter powers are expected in fatty tissue. This combined with the

small thickness leads to transmitted temporal pro�les with FWHM compared to the ones of

the incident pulses (Fig. (6.2.3)). Values of the reduced scattering coe�cient from fatty tissues

were not analyzed here because only quite small number samples had enough thickness to yield
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Figure 6.2.3: Correlation of the reduced scattering coe�cient with thickness, for the case of fat
samples.
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statistical valuable results. However, it should be also mentioned that even with this small

number of samples the results obtained are in agreement with results reported in the literature

(Refs. [11, 22]).

6.2.2 Glandular tissue

Similar to the case of fat tissue, it was �rst checked which samples are within the limits of the

improved theory. The correlation between thickness and the �tted reduced scattering coe�cient

for the glandular tissue samples is shown in Fig. (6.2.4). The error bars represent the results of

repeated measurements. It can be seen that a lot of samples were discarded from the analysis

due to the above mentioned criterion.

The retrieved reduced scattering coe�cient values for glandular tissue are presented in Fig.

(6.2.8), as a histogram. The mean value obtained was h�0si = 9:7cm�1and the standard deviation

was found to be ��0s = 2:2cm�1. The above value of the reduced scattering coe�cient is clearly

bigger than that of fat tissue, demonstrating that glandular tissue is a stronger scatterer for the

light.
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Figure 6.2.4: Correlation of the reduced scattering coe�cient with the thickness for the case of
the glandular tissue.
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Figure 6.2.5: Distribution of the reduced scattering coe�cient for glandular tissue excised from
female breast.

Table 6.1 lists literature values of the reduced scattering coe�cient for the case of glandular

tissue measured in vitro. The results obtained in present work are also shown in the Table

(6.1) and are in agreement with other investigators. Moreover in vivo measurements of the bulk

properties of female breast tissue have shown similar results (Refs. [10, 68, 69, 28, 51, 12]).

From the references presented in the table, only in Zacharakis et al. and Troy et al. studies

Reference Wavelength (nm) Temperature(oC) �0s (cm
�1)

Peters et al.[11] 900 22 9:9� 2:0
Zacharakis et al.[22] 800 22 � 8:8� 0:9
Gayen and Alfano[71] 800 22 � 10
Bevilacqua et al.[72] 670 22 � 7:8� 0:8

Troy et al.[70] 836 37 8:1� 2:2
This work 830 22 9:7� 2:2

Table 6.1: Literature values of the reduced scattering coe�cient in the case of glandular tissue.

concerned a large number of samples so that statistically acceptable results can be derived. In

addition, di�erences in methods in�uence the results as well. It should be emphasized that a

comparison of optical properties measured by di�erent investigators is in general di�cult. The

breast tissue is a vague concept, given the frequency and magnitude of changes that occur over

a variety of time scales. The physiology of healthy breast tissue is in�uenced by multiple factors
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such as menstrual cycle, menopause, exogenous hormones, lactation and pregnancy.

Since the breast, as a subject of tissue optics studies, is so complex it is desirable to measure

the properties including the variation with time. Thus far a few investigators have probed such

changes with respect to hormone levels during the menstrual cycle [75], menopause [68, 76]and

age[12, 76, 68]. All the above measurements were performed in vivo. Fig.(6.2.6)depicts the

distribution of �0sversus age. The �gure shows that there is weak correlation. Prememopausal

subjects (i.e. age< 50) display a variety of values. Inter-subject variations include, but are not

limited to, menstrual cycle di�erences and gynecological age. The reduced scattering coe�cient

of glandular tissue seems to vary in a greater range in premenopausal samples. After age

50 (predominantly postmenopausal) there is a general localization of the reduced scattering

variations. The late result can be correlated with the atrophy of well-vascularized lobular tissue

and the increase of the fat-to-collagen ratio after menopause[77].
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Figure 6.2.6: Correlation of reduced scattering coe�cient with age for the case of glandular
tissue

6.2.3 Tumor tissue

A similar study to that carried out on the previous section was also performed for the tumorous

tissue. Measurements were performed on a total of 27 samples with thickness shown in Fig.

(6.2.1). In Fig. (6.2.7) the correlation of the retrieved reduced scattering coe�cients with the

thickness of the samples is presented. The shaded area represents the region where the theory
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Figure 6.2.7: Correlation of the reduced scattering coe�cient with the thickness, for the case of
tumor.

deviates. All samples under the shaded region were therefore discarded from further analysis.

The samples survived can be classi�ed as in�ltrating ductal carcinoma (n = 15), �bradenoma

(n = 1)and ductal carcinoma in situ (DCIS)(n = 1).The retrieved reduced scattering coe�cient

values for tumor tissue are presented in Fig. (6.2.8), as a histogram. The mean value obtained

was h�0si = 10:8 cm�1and the standard deviation from the histogram was found to be ��0s =

2:0 cm�1. Comparing these results with the ones of glandular tissue, there is no signi�cant

statistical di�erence between the scattering coe�cients of tumor and glandular tissue. However,

trends do exist since tumors have highest scattering properties. In literature scattering values

for breast lesions have been measured in vitro to be both lower and higher than normal tissue

as can be seen in table (6.2). The nature of these di�erences is not clear, however it can be

related with di�erencies in techniques and conditions of each study.

Reference Wavelength (nm) Temperature(oC) �0s (cm
�1)

Peters et al.[11] 900 22 8:9� 2:6
Gayen and Alfano[71] 800 22 � 10

Troy et al.[70] 836 37 10:5� 2:7
This work 830 22 10:8� 2:0

Table 6.2: Literature values of the reduced scattering coe�cient in the case of tumorous tissue
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Figure 6.2.8: Distribution of values of the reduced scattering coe�cient for tumor tissue excised
from female breast.

The correlation of the reduced scattering coe�cient with age for the case of tumorous tissue

is presented below where results show no correlation between both. Finally, it is not clear from
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Figure 6.2.9: The correlation of the reduced scatterning coe�cient with the age for the case of
tumorous tissue
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the above studies how the optical properties of various types of biological tissue di�er from each

other in vivo.



Chapter 7

Conclusions

A novel analytical expression for light propagation in scattering media based on an improve-

ment of the di�usion approximation has been presented. This approach takes into account a

frequency-dependent di�usion coe�cient and dynamic boundary conditions that predict that

photons do not di�use instantly. By using this model with an exponentially decaying source,

an analytical solution for a slab of arbitrary width by means of the re�ection and transmit-

tance coe�cients for di�usive waves taking into account the boundary conditions rigorously was

derived.

The most common expression for the treatment of the source part of the di�usion equation

is a delta function. This delta function implies isotropic emission of light even in con�gurations

where the sample is illuminated by a clearly anisotropic source such as a laser pulse incident

on a di�usive slab. It has been shown in many cases that the point source approximation

yields accurate results when measurements take place far away from sources and boundaries [9].

However, as shown in this work in the range of sample thickness comparable to the mean free

path, the need to account for the correct source term is critical for obtaining accurate results.

The actual source created by a laser pulse incident onto a scattering medium is the solution to

the Radiative Transfer Equation in the absence of multiple scattering yielding a source which

is not a delta function but rather a line whose strength decreases exponentially with depth.

The di�usion equation can be further improved by introducing a dynamic di�usion coe�-

cient. When dealing with short times, it is important to consider that photons do not di�use

instantly, as stated by the standard di�usion equation. Here, a frequency dependent di�usion

coe�cient has been proposed and validated within the experimental accuracy showing that this

dependence must be included for accurate results to be obtained.

Moreover, when dealing with small samples the need to accurately account for the pres-

ence of boundaries implies that correct expressions for the re�ection and transmittance coef-

�cients are of major importance. With the aid of the re�ection and transmission coe�cients

for di�usive/non-di�usive interfaces [58] the boundary conditions are correctly treated enabling

69
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�0s(cm
�1)

Tumor Tissue 10:8� 2:0
Glandular Tissue 9:7� 2:2

Figure 7.0.1: Average reduced scattering coe�cient and standard deviation of tumorous and
glandular tissue, measured in vitro.

the straightforwardly solution for the slab geometry. All the above assumptions for the source,

di�usion coe�cient and boundary conditions allow the derivation of an analytical expression

for the temporal and spatially dependent transmittance and re�ection from a slab. With this

expression light propagation is accurately described even at short length and time scales, while

retaining the computational e�ciency and simplicity of the di�usion approximation.

This theory has been tested against Monte Carlo simulations showing that the reduced

scattering coe�cient of thin samples can be obtained with good accuracy for widths down to

2ltr. In all widths down to 2ltrthe error is in the order 1 cm�1independent on the value of �0s,

which leads to have a systematic error in �0s. Two other theories have been compared against

the improved theory, namely the Method of Images and a version of the Method of Images with

an exponentially decaying source term, but showed discrepancies in small length scales. Since

the validity and the accuracy of the improved theory was assessed with the Monte Carlo method

and found to be the one that had the better performance, experiments were performed in real

phantoms in order to examine the limits of the best theory under real experimental conditions.

The improved theory reproduced the results predicted by the Monte Carlo simulations except in

the case of �0s = 5 cm�1where the FWHM of the transmitted intensities was almost equivalent

to the FWHM oh the insident pulse.

Once the theory has been validated and its limits of validity found, small scattering samples

like biopsies can be treated properly. In the present work biopsies from a great range of thickness

and ages have been measured ex-vivo with time resolved spectroscopy. The types of biopsy

samples were glandular, tumorous and fatty. Within the theory described here, characterization

of small biopsy samples yields accurate results, as long as the samples have L=ltr > 2. Samples

not holding this criterion, from every type of tissue, were discarded from further analysis. From

the above mentioned types of tissue fat scatter less the light at 830 nm.

Regarding the glandular tissue the correlation with the age showed that the reduced scat-

tering coe�cient varies with age between pre- and post- menopausal samples. The reduced

scattering coe�cient for the case of glandular tissue obtained values are presented in Table

(7.0.1) together with the values for the case of tumor. The results in Table (7.0.1)show a partly

overlap when characterizing in-vitro breast components. Moreover since both the in vivo healthy

breast properties at � 830 nm have similar values [10, 68, 69, 28, 51, 12], this means that the

reduced scattering will not yield enough contrast in order to discern tumor tissue from the back-
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ground when performing di�use optical tomography. However, in order to extract an absolute

conclusion, characterization of the reduced scattering should be performed at greater range of

wavelengths. Moreover the absorption coe�cient of the surrounding tissue might play a critical

role when performing tomographic or spectroscopy studies in cases of neo-vascularization that

is when the tumor itself stimulates the growth of new vessels. The data also show an increased

scattering coe�cient of tumor tissue relative to fatty and glandular tissues. Finally the tumor

tissue showed no correlation with the age of patients.
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