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Abstract
Methods for depth assessment in planar-scanning diffuse optical imaging have been
recently proposed for the purpose of advancing optical mammography. The typical 2D planarscanner includes a collinear source-detector pair that scans the breast in the x-y plane and
provides a 2D projection image. A second optical detector that is off-axis with respect to the
light source has been introduced to determine the depth of a detected object from its spatial shift
between the on-axis and off-axis images. The spatial shift of the object was associated to its
depth through a theoretical depth-shift curve obtained with diffusion theory. The theoretical
depth-shift curve has been shown to be insensitive to variations in sample thickness, background
optical properties and inclusion size. In this study, we have experimentally measured depth-shift
curves to verify such insensitivity and to confirm the validity of the theoretical predictions under
practical experimental conditions that do not match the ideal conditions used to derive the
theoretical depth-shift curves. We have experimentally confirmed the insensitivity of the depthshift curve to sample thickness, inclusion size, and background optical properties for absorption
coefficients > 0.09 cm-1. For lower values of the background absorption coefficient, the
experimental depth-shift curves deviate from the reported theoretical curves resulting in depth
assessment differences of 3-7 mm. We assign this discrepancy to the effect of experimental
boundary conditions, which becomes more significant at low absorption values for which the
optically probed volume becomes larger. Considering the low absorption coefficient of breast
tissue in the near-infrared region (typically ~0.05 cm-1), the results of this thesis indicate that it is
appropriate to experimentally derive a depth-shift curve that is specific to the optical
mammography system to be used.
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Chapter I - Diffuse Optical Imaging - Introduction and Background
1.1 Introduction – The Role of Optical Methods in Breast Cancer Diagnosis

Breast cancer is the second leading cause of cancer deaths among women in the United
States [Jemal et al, 2010]. In 2009, over two hundred thousand new cases were diagnosed in the
U.S, leading to more than forty thousand deaths. Current projections of the American Cancer
Society estimate that 1 in 8 women in the U.S will develop invasive breast cancer. Since 1990
breast cancer death rates in the U.S have been declining partly due to early detection and
progress in treatment. The five-year survival rate for early diagnosis at a localized stage of the
disease is 98% versus only 23% for later stages detection [Ries et al, 2007]. The encouraging
numbers in survival rates due to early diagnosis together with the still high death rates are the
motivation behind the growing research efforts for the prevention, detection and treatment of
breast cancer.
The current gold standard tool for breast cancer screening is X-ray mammography.
Although this method has been the dominating detection technique since the 1970s [Van Steen
and Van Tiggelen, 2007] it has several limitations. For one, it introduces ionizing radiation into
the body and although only small amounts are required, repeated x-rays increase the risk of
developing cancer. For this reason x-ray mammograms cannot be used for continuous
monitoring of treatment. Secondly, mammography is generally not applicable to women under
the age of 40 due to high breast density. High false-negative (20%) and false-positive (50%)
rates [Hubbard et al, 2011] are another major drawback. False-negative results, usually due to
high breast density in younger women, can result in the delay of treatment, thus lowering the
chances for survival. On the other hand, false-positive mammograms require further testing,
7

leading to stress and physical discomfort due to the high compression of the breast as well as
yearly costs estimated at $100 million [Cyrlak, 1998]. Other screening modalities, such as
magnetic resonance imaging (MRI) and ultrasound serve as complimentary tools only, thus the
need for an improved screening method still exists.
Diffuse optical imaging (DOI) is an emerging technology which can provide additional
physiological information about breast tissue compared to the information acquired with X-ray.
Since DOI uses near infrared (NIR) light, it has a penetration depth of several centimeters into
the tissue and at the same time it is characterized as non-invasive. Its low cost implementation
and use together with its health risk-free benefit make it an ideal tool for continuous monitoring
of cancer treatment.
A specific application of DOI is known as optical mammography of the breast [Fantini
and Sassaroli, 2012][Yu et al, 2009] [Enfield et al, 2007] [Grosenick et al, 2003, 2004]. At the
basis of the method is the illumination and detection of NIR light that propagates through the
breast tissue and which contains spectral information about the optical properties of the breast.
Typically the desired information is the concentration of tissue chromophores which have been
shown to differ between healthy and cancerous tissue [Grosenick et al, 2005] [Ntziachristos et al,
2002] [Yu et al, 2010]. Two of the main breast tumor characteristics are angiogenesis and
hypoxia due to the increased demand of oxygen and nutrients at the tumor site. DOI is capable of
providing a spatial oxygenation map of the breast based on the optical properties of NIR light in
the tissue, thus enabling the identification of hypoxic and angiogenic areas which can be
associated with breast cancer.
Although DOI is characterized by a high intrinsic contrast due to the absorption of light
by hemoglobin, its spatial resolution is low (6-10 mm) [Pogue et al. 2006] because of the
8

diffusive nature of NIR light in the tissue. To improve the spatial resolution, 2D planar-scanning
of the breast can be performed. [Grosenick et al, 2003] [Grosenicket al, 2004] [Yu et al, 2010].
In this method the breast is only slightly compressed between two parallel glass plates and a
collinear source-detector pair in transmission mode scans the tissue in the x-y plane (parallel to
the glass plates). The resulting image is a 2D projection of the breast acquired with a controlled
sampling rate. Therefore, an improved spatial resolution in the x-y plane (typically 1-2 mm) can
be achieved, allowing for smaller morphological and structural information to be resolved.
On the other hand, since the acquired image is a 2D projection of the breast in the x-y
plane, it is lacking the depth information in the direction perpendicular to the scan plane. This
limitation can be addressed by using diffuse optical tomography (DOT), a different DOI based
method, where multiple stationary source-detector pairs are positioned around the breast in either
a circular or parallel plate arrangement. By applying inverse reconstruction procedures based on
analytical and/or numerical forward “solvers” (they usually solve the diffusion equation), a 3D
image of the breast optical properties can be reconstructed [Enfield et al, 2007], [Schmitz et al,
2005] [Choe et al, 2009] [Dehghani et al, 2009]. Although depth information can be achieved
through 3D image reconstruction, the problem of low spatial resolution due to the diffusivity of
the tissue to NIR light remains in DOT images.
It has been demonstrated [Grosenick et al, 2004] [Kainerstorfer et al, 2013] that depth
assessment can be achieved in the 2D scan by using an additional detector that is positioned offaxis from the light source by a certain distance in the x direction. Inhomogeneities captured in
the resulting on-axis and off-axis images experience a spatial shift in their location between the
two images. The off-axis shift is associated with the depth of the inhomogeneity in the sample
space through a theoretical depth-shift curve which is computed based on the solution to the
9

diffusion equation. Kainerstorfer et al [2013] have characterized the method for different
arrangements and orientations of vessel-like structures in phantoms and have measured
inhomogeneities depth within 4-7 mm accuracy with respect to the actual depth. The theoretical
depth-shift curve has also been used by Grosenick et al [2004] to assess the depths of carcinomas
in human breast.
Since the ultimate goal is to use this method to resolve the depth of cancerous areas in the
breast, and since there is some inter-patient variation in breast tissue optical properties, the
theoretical depth-shift curve has been characterized for different tissue optical properties,
inclusion size, breast thickness and the separation between the on-axis and off-axis detectors. It
was concluded by Kainerstorfer et al [2013] and Grosenick et al [2004] that the theoretical
depth-shift curve for a spherical inclusion in the homogenous slab geometry and for a point-like
inclusion in the homogenous infinite medium geometry is only weakly sensitive to variations in
the above parameters (for typical values for the breast), possibly making it a universal tool for
depth discrimination in the breast.
Preliminary results obtained in our group [Weliwitigoda, 2012] with similar experimental
conditions to those reported here showed some discrepancies between the theoretical depth-shift
curve and a depth-shift curve that was measured experimentally. These discrepancies required
further investigation and were the motivation of this work. Ideally one would want to
demonstrate the existence of a universal depth-shift curve which can be derived from diffusion
calculations and that can be applied in different geometries and also in practical situations. While
breast tissue is a multiplex network of blood and lymphatic vessels, this study utilized an
elementary homogenous liquid phantom with a single embedded inclusion in order to simplify
the characterization of the experimental depth-shift curve.
10

Hence, the goals of this study are:


Characterizing the behavior of the experimental depth-shift curve for variations in the
medium optical properties, sample thickness and inclusion size in the homogenous
infinite medium geometry.



Comparing the behavior of the theoretical depth-shift curves with the corresponding
experimental curves.



Defining and explaining the discrepancy between the experimental and theoretical
curves.



Comparing the depths of an inclusion measured by the experimental curve versus the
theoretical curve.

1.2 Background – Principals of Diffuse Optical Imaging
1.2.1 Light Interaction with Biological Tissue
Light interacts with matter by exchanging energy quanta known as photons. The two
main interactions between light and tissue are absorption and scattering. In absorption, a particle
matter transitions from a low energy level to a high energy level with the gap between the levels
matching the energy quantum of the incident photon h (where h is Plank constant and the
frequency of the radiation). At the macroscopic level, the amount of light that is being absorbed
by the medium is quantified by the absorption coefficient, μa (cm-1), which is defined as the
inverse of the mean path a photon traverses in a medium before it is absorbed. Absorption of
light by tissue is dependent on the tissue chromophores that absorb the light and on the light
wavelength. In the NIR wavelength region (i.e 650-1000 nm), the main tissue absorbers
11

(chromophores) are oxygenated hemoglobin (HbO2), deoxygenated hemoglobin (Hb), water and
lipids (Figure 1.1). The absorption of light by each chromophore depends on its concentration in
the tissue and on the extinction coefficient as the function of wavelength. Therefore, the total
absorption coefficient of a tissue is the summation of the contributions from all the
chromophores, and can be written as:
M

μ a (λ j )   ε i (λ j )Ci

(1.1)

i 1

where M is the number of chromophores, εi (M−1 cm−1) and Ci (M) are the extinction coefficient
and concentration of the ith chromophore, respectively, and λj is the wavelength (nm).

Figure 1.1 Absorption spectra of Hb, HbO2, water and lipids in the near infrared
range. The concentrations of Hb and HbO2 were set to 100 μM [Taroni, 2003]

In biological tissues, while absorption is minimal, scattering is the dominant effect of
light interaction in the NIR window. Scattering properties are mainly due to the size of the
12

structures relative to the incident light wavelength and due to the mismatch in the refractive
index between the scattering structures and the medium. Therefore scattering structures in
biological tissue are cells and sub-cellular organelles. Since their size is of the order of the
incident NIR light and their refractive index is similar to that of the extracellular matrix, they
scatter mainly in the forward direction and their scattering properties are weakly dependent on
wavelength. The parameter used for describing scattering characteristics at the macroscopic level
is the scattering coefficient μs (cm-1). The scattering coefficient is the inverse of the average
distance a photon travels between consecutive scattering events. In diffusion conditions, i.e.
when detected photons have experienced many scattering events (usually more than 10) a correct
description of light propagation in tissues is obtained by using the reduced scattering coefficient,
μs’ (cm-1) which is defined as the inverse of the average distance a photon travels before it
becomes completely randomized. The average distance a photon travels before a scattering event
occurs is called the mean free path (mfp) (Figure 1.2). The inverse of the reduced scattering
coefficient is defined as the direct or isotropic mfp (mfp’).
The reduced scattering coefficient is related to the scattering coefficient by: μ s’ = μs(1-g),
where g is a measure of the anisotropy of the single scattering event. For example, isotropic
scattering is characterized by g=0 (however we note that the inverse statement is not true); for
g=1 scattering is in the forward direction; for g=(-1) scattering is in the backward direction.
Different degrees of forward or backward scattering are observed when g is between 0-1 and 0-(1) respectively (Figure 1.3). In biological tissue, g is typically 0.75-0.9 [Cheong et al, 1990], thus
mainly in the forward direction.
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Figure 1.2 A schematic of how many
anisotropic scattering events are equivalent to
one isotropic scattering. Each scattering event
is dependent on the scattering coefficient μs
and on the scattering angle θ. The asymmetry
parameter, g, is given by g=<cos θ>. It is used
in the expression of the reduced scattering
coefficient μs’ = μs(1-g). [Jacques and Prahl
(1998)
http://omlc.ogi.edu/education/ece532/class3/
musp.html]

Figure 1.3: Forward, backward and isotropic
scattering described by using lobes which
account for the amount of light being scattered
at a given site (represented by the gray square).
For isotropic scattering the lobe is a sphere
where for forward and backward scattering the
front and back lobes are predominant,
respectively.
[3D
Advanced
Lessons.
http://www.scratchapixel.com]
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1.2.2 Diffuse Optical Imaging
Diffuse optical imaging (DOI) uses near infrared light (NIR) to investigate biological
tissues. The 650-1000 nm wavelength range is characterized by a large penetration depth into the
tissue, on the order of several centimeters, due to the lower absorption of light by the tissue
chromophores at this range. For lower wavelengths light is highly absorbed by hemoglobin and
for higher wavelengths by water, making the 650-1000 nm range a medical window for noninvasive diagnostics. At the basis of DOI are the measurements of HbO2 and Hb absorption
spectra and the reconstruction of their concentration in the tissue. Such information can be used
for quantitative oximetry, allowing for the assessment of blood oxygenation. Although DOI is
characterized by a high intrinsic contrast associated with hemoglobin, the spatial resolution is
considered low (6-10mm) [Pogue et al, 2006] due to the diffusive nature of NIR light in the
tissue. Figure 1.4 shows a cartoon of the migration of photons from source to detector in a highly
scattering medium. The photons are traveling through a volume of the medium (known as the
banana shape in reflection mode), with the highest probability at the central darker area. The
lighter shades represent regions of tissue reached by photons that travel along longer paths on
their way from source to detector, thereby negatively affecting the spatial resolution. The
problem of low spatial resolution can be partly addressed by using two-dimensional (2D) planar
scanning, where the spatial sampling can be controlled [Grosenick et al, 2004], [Yu et al, 2010],
[Weliwitigoda, 2012], [Kainerstorfer et al, 2013].
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Figure 1.4 Sensitivity map of photons migrating from source (S) to detector (D) and passing
through a diffusive medium (i.e breast tissue) in transmission mode. Darker shades in the
central area signify a higher probability for the detected photons to pass through those
regions.

There are two main configurations for source-detector coupling in DOI – reflection and
transmission. In transmission mode the source and detector are positioned on opposite sides of
the sample and the detected photons are those which traverse through the tissue and get collected
on the other side. In this configuration the light energy density inside the medium is usually
described by the solution for the diffusion equation in the slab geometry. In refection mode the
source and detector are positioned on the same side of the sample, at some distance from each
other (typically 1-3 cm) [Fantini et al, 1999], and the collected photons are the ones being
reflected backwards after penetrating the tissue. This configuration is utilized when the sample is
too thick for the photons to be transmitted and detected on the other side, such as in brain
measurements.
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1.2.3 Optical Mammography System
One of the applications for DOI is optical imaging of the breast for the detection,
diagnosis and treatment monitoring of breast cancer. There are three main types of optical
mammography methods – continuous wave domain (CW), frequency domain (FD) and time
domain (TD).
In continuous wave domain systems the source of light is a steady-state source, either a
laser (with discrete emission wavelengths) or a lamp with a broadband spectrum in the NIR
region, thus providing rich spectral information. CW systems are characterized by a high signalto-noise ratio (SNR), easy implementation and lower cost compared to the other two systems. A
drawback of CW systems is the difficulty to separate absorption from scattering properties of
tissues.
In frequency domain (FD) systems one transmits discrete wavelengths of modulated light
in the NIR region and it is possible to measure the DC (average intensity), AC (amplitude) and
phase information of the transmitted signal through the tissue. Modulation of the emitted light
enables one to quantify not only the attenuation of light intensity with source-detector separation
but also the average time delay between the emitted and collected photons; the knowledge of
these two parameters allows for the separation of absorption from scattering properties of tissue.
For this purpose, the light source needs to be modulated at radio frequencies, typically between
25 MHz and 1 GHz [Jacques and Pogue, 2008]. Typical wavelengths used in FD systems are 690
and 830 nm [Fantini, 1998] where one can take advantage of the difference in the absorption
spectra between HbO2 and Hb.
Time domain (TD) systems are the most complicated and expensive of all three. These
systems measure the temporal point spread function (TPSF) of the detected photons. With time
17

domain methods it is also possible to resolve scattering from absorption properties of tissues
[Grosenick, 2003]. The source of light, typically an ultra-short pulsed laser (~ picoseconds) with
a high repetition rate (~ 100 MHz), emits very short pulses of photons into the medium which
then take a finite amount of time to reach the detector. The temporal spread of detected photons
which is the impulse response of the system in the time domain can be modeled by using the
solution of the diffusion equation for a Dirac  pulse in order to retrieve both absorption and
reduced scattering coefficient. The TPSF can also be divided into time windows, each carrying
different information about the regions of tissue probed by the photons. For example, earlier time
windows account for photons that travel in more linear trajectories between source and detector,
therefore experiencing less scattering events. The information from the different time windows
can be used to perform spatial reconstruction of the sample optical properties. TD systems
require sensitive and efficient detection systems to be able to collect the photons that are emitted
with the high repetition frequencies, resulting in costly and harder to implement systems in
comparison with the CW and FD systems.

1.2.4 The Diffusion Equation
The migration of photons in biological tissue can be modeled by the radiative transfer
equation (RTE or the Boltzman equation) which describes the energy balance in a volume
element in a unit solid angle per unit time. Since biological tissue is a highly scattering medium,
certain assumptions can be made that simplify the RTE into the Diffusion Equation.
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The assumptions made are:
1. The number of scattering events is much larger than absorption events (μs’>>μa) i.e. light
becomes isotropic after few scattering events (usually around 10 for typical tissues
optical properties).
2. Time variations in the optical energy density and in the source occur in a time scale much
longer than the average time between one collision to another (the time it takes for one
mfp).
3. The source is isotropic.

As will be described in the following sections the work in this study was performed with a CW
domain system.

In the CW domain the diffusion equation is given by:





- D 2o (r )   ao (r )   (r )

(1.2)

where ϕo is the fluence [cm-2] or the attenuation of light per unit surface, D is the diffusion
coefficient given by 1/(3μs’+ μa), μa and μs’ are the absorption and reduced scattering
coefficients respectively [cm-1],  (r ) is the Dirac delta function and r is the observation point.
In Eq.(1.2) we have considered the case of homogeneous medium, i.e. the absorption and
reduced scattering coefficient are constant, but in a general situation they also may vary inside
the medium (heterogeneous medium).
The solution to the standard diffusion equation depends on the geometry of the medium and on
the appropriate boundary conditions. Typical geometries where analytical solutions to the
diffusion equation can be derived are the regularly bounded geometries like infinite (no
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boundary), semi-infinite and slab. The infinite geometry is the ideal case where no boundary
conditions need to be applied as the source and detector are both immersed inside the medium
and the medium is considered to be infinite in all directions. In the semi-infinite geometry one
side of the medium interfaces with the source and detector, hence boundary conditions need to be
applied for that side. In the slab geometry, the source and detector interface with the medium on
opposite sides requiring boundary conditions to be applied on both sides.
The work in this study was done in the infinite medium geometry as our aim was to first test the
experimental depth-shift curve under the ideal conditions.
Since the right hand-side of Equation (1.2) is a δ Dirac function, the solution to ϕo in the infinite
medium geometry is given by the Green’s function:

𝑔 𝑟 = ∅𝑜 𝑟 =

where

1 𝑒 𝜇 𝑒𝑓𝑓 𝑟
4𝜋𝐷 𝑟

(1.3)

eff  3a  s' .

For the simplified case of an infinite homogenous diffusive medium with an embedded
absorbing inhomogeneity, the diffusion equation is solved by using Perturbation Theory.
An inclusion having contrast Δμa is introduced into the medium such that the fluence is now
given by:

o    

(1.4)

The equation for Δϕ can be obtained after some calculations and after neglecting higher order
terms:

 D 2 ( )  a   a o

(1.5)

Equation (1.5) is similar to equation (1.2) except that the δ Dirac source term is replaced by a
new source term on the right hand side of Equation (1.5) and ϕo is replaced by Δϕ. For linear
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systems, the output of the system (in our case Δϕ) is given by the convolution of the new source
term with the system response (Green’s function). Therefore:

    o  a og (r )

(1.6)

Assuming the linear size of the inclusion, d, is d << r ' and r  r ' ( r ' is the position vector of
the inclusion, Figure 1.5) and that Δμa is constant inside the inclusion, the solution for Δϕ is:
 ( r )   aVo ( r )o ( r  r ' )

(1.7)

where V is the volume of the inclusion. Equation (1.7) describes the change of fluence at the
presence of a perturbation centered in r ' when the detector is in r . The use of the above solution
is explained in the following section.

Perturbation, d

Δμa

source

detector

Figure 1.5 Perturbation with linear size d and absorption coefficient Δμa is
positioned at
from the source. The detector is positioned at
’ from the
perturbation. Assuming d <<

, d <<|

and Δμa constant, the change of

fluence at the presence of a perturbation can be described by Equation (1.7).
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1.2.5 Depth Discrimination in 2D Planar Scanning
In 2D planar-scanning, the breast is slightly compressed between two parallel glass plates
and a collinear source-detector pair, located behind the top and bottom glasses, performs the scan
in the x-y plane (Figure 1.6). The image acquired is a 2D optical intensity projection of the
scanned area, where lower intensity values represent absorbing features. The increased spatial
resolution is achieved by a controlled spatial sampling rate in the x-y plane (typically, one
acquisition every 1-2 mm is an adequate choice). However it should be noted that because of the
particular way photon migration occurs (see the photon sensitivity map Figure 1.4) the structures
that benefit more from a higher spatial sampling are those located close to source or detector
whereas the effect on deeper structures is more moderate.

Figure 1.6 A typical setup of a 2D planar-scanner utilized in optical mammography. The
breast is slightly compressed between two glass plates. A collinear source-detector pair
scans the breast in the x-y plane, and the resulting image is a 2D projection of the breast.
In this configuration no information is acquired in the depth direction (z-axis).

Since the resulting images are 2D projections of the breast they lack any information in the
depth direction (z-axis). Adding depth information to a 2D planar-scanning of the breast was
22

first reported by Grosenick et al [2004] in time domain. To obtain the depth information, a
second detector was added such that one detector was on-axis (DON) with the source fiber (S) and
the second detector was positioned off-axis from the source (DOFF) and in a distance δD from
DON (Figure 1.7) (δD is referred to as inter-detector separation or D-D).

(a)

(b)

δx
F

A

E
D

B

C

δx/δD
Figure 1.7 (a)A simplified depiction of a single inhomogeneity (open circle) embedded in a medium and
scanned with a configuration of a source and two detectors in the x-y plane. Z is the inhomogeneity’s
depth and do is the distance between the source and detectors plane (S-D separation). DON is on- axis
with the source whereas DOFF is off-axis by some distance δD. The spatial location of the detected
inhomogeneity is therefore shifted by δx between the on-axis and off-axis images. The diagonal line in
(b) is the relation z/do= δx/ δD. The open-circles curve represents the relative shifts according to
diffusion theory. [modified from Grosenick et al, 2004]

In Fig. (1.7) the depth of the inhomogeneity is represented by z, and do is the distance between
the source and detectors plane (S-D separation), also defined as the sample thickness in the slab
geometry medium. When performing a line scan of such a medium in the x direction, the optical
intensity curve experiences a negative peak (minimum) due to the absoprtion of light by the
inhomogeneity (Figure 1.8-a). The same minimum is present in the intensity curve of the off-axis
23

detector, but it is shifted by a distance δx from the minimum detected by DON (Figure 1.8-b) and
which depends on the depth location of the inclusion.

Figure 1.8 (a)Two absorbing inhomogeneities are embedded in the sample in deeper (z2, black
circle)and shallower (z1, gray circle) depths with respect to the source. (b)The negative intensity peaks
that result from the absorption of light by the inhomogeneities are shifted by some distance δx
between the on-axis and off-axis images. The deeper the inclusion within the sample, the greater is
the value of δx. *modified from Kainerstorfer et al, 2013]

By using the similarity between the triangles ABC and DEF of Fig. 1.7 we can easily derive the
relationship z/do = δx/ δD , which is the diagonal line in Figure 1.7-b and which relates the shift
δx between the two minima to the depth of the inhomogeneity. However, the diagonal line is not
the true representation of photon migration from source to detector; thus, the depth (z) of the
inclusion cannot be simply extracted from the above relation. For describing photon migration
from source to detector in a diffusive medium containing an absorbing perturbation, Grosenick et
24

al used a solution to the diffusion equation for an absorbing sphere (radius = 0.5 cm, μs’= 10
cm−1, μa = 0.16 cm−1) in a homogenous slab (do= 6.5 cm, μs’= 10 cm−1, μa = 0.04 cm−1). The
solution was found for different depths of the sphere within the medium, and those depths were
related to the corresponding off-axis shifts (δx) in order to create the depth-shift curve (open
circles in Figure 1.7). The value of δx varies as a function of the inclusion depth – the deeper the
inclusion the larger δx. The shape of the depth-shift curve is determined by the shape of the light
bundle which is the visitation area for photons migrating from source to detector in the medium
(Figure 1.4).
The theoretical depth-shift curve can be used to extract the unknown depth of an inclusion
embedded in a medium: assuming that do and δD are known and δx is measured from the
difference in the location of the minima between the two images, the depth z can be extracted
from the depth-shift curve. According to Grosenick et al [2004] and Kainerstorfer et al [2013],
the depth-shift curve is insensitive to the inclusion radius, δD, do and the background optical
properties (for typical breast values of 4-7 cm in breast thickness and 0.03-0.15 cm-1 in
background absorption coefficient [Tromberg et al, 1997], [Shah et al, 2001], [Durduran et al,
2002] ).These observations were reported for a spherical inclusion in a homogenous slab
geometry [Grosenick et al, 2004] and point-like inclusion in infinite medium geometry
[Kainerstorfer et al, 2013].
The depth discrimination method described above is relatively simple to implement,
however a few points should be noted as to the accuracy of the method. The theoretical curve is
based on the solution to the diffusion equation which assumes an isotropic source and isotropic
scattering. Since the reduced scattering coefficient of the medium is on the order of 1 mm-1, the
isotropic mean free path (mfp’) of the photons is ~1 mm. On the contrary, biological tissues have
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anisotropy of 0.7-0.9, thus the scattering coefficient is ~10 mm-1 and the photons mfp is only
~0.1 mm (ten times shorter than in the theoretical model). In real tissue, for an inclusion closer to
the source there are in fact many more scattering events before a photon hits the inclusion
compared to the theoretical model. Also, in reality the source is not isotropic, thus close to the
source the photons still carry the memory of their initial directionality. As a result, we might
expect some errors when the theoretical curve is used for retrieving the depth of an inclusion
which is located close to the source. Deeper into the tissue the photons become completely
randomized, thus minimizing the discrepancy between the theoretical model and the reality.
The theoretical curve becomes approximate also close to the boundaries since the diffusion
equation cannot exactly incorporate the phenomenon of reflection at the boundaries.
In light of the above mentioned limitations of the theoretical curve, and since our
preliminary work [Weliwitigoda, 2012] demonstrated a discrepancy between the theoretical
depth-shift curve and an experimental depth-shift curve that was measured for the same variables
as in the theoretical model, we were interested in obtaining an experimental confirmation for the
behavior of the theoretical depth-shift curve under realistic conditions that may not meet the
ideal situation of the model. As a first step we decided to investigate the sensitivity of the curve
to breast tissue variables by using the simplest geometry of a homogenous infinite medium with
a single absorbing cylindrical inclusion, where no boundary conditions are considered. The
rational for choosing this geometry was also based on a preliminary comparison between
theoretical curves for slab versus infinite geometries which showed a negligible discrepancy of
1.5 mm in depth. Assuming that the theoretical curve cannot be reproduced under realistic
conditions, another aim was determining whether such a discrepancy requires the derivation of
various experimental curves for different optical mammography instruments.
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The following chapter describes the methods used to construct the experimental depth-shift
curve.

Chapter II - Methods
2.1 Instrumentation for Measuring the Experimental Depth-Shift Curve
The schematic of the experimental setup is provided in Figure 2.1. The main components
of the setup included a commercial Oximeter (OxiplexTS, ISS Inc., Champaign, IL) that emitted
and detected NIR light, a computer to program and control the oximeter (BOxy software, ISS
Inc), a liquid phantom with embedded source and detector fibers in an infinite geometry
configuration, a microstepper scanner (isel-automation, Germany) to move the source-detectors
arrangement, a computer to program and control the microstepper (Techno-isel, New Hyde Park,
NY) and a computer with Matlab software (MathWorks, Inc) for data processing. A detailed
description of the system is provided in the following sections.
The oximeter included 8 laser diode sources of 690 nm wavelength, another 8 sources of 830 nm
wavelength and two photomultiplier tubes (PMT A and PMT B). Modulation of the emitted light
at 110 MHz was achieved by activating an external switch. To down convert the modulation
frequency an optical heterodyne technique was applied by modulating the PMTs gain to 110.005
MHz and low passing the signal to the cross-correlation frequency of 5 KHz. The signal was
then digitized by an A/D converter and underwent a Fast Fourier Transform to calculate the DC,
AC and phase components of the signal. Although only one laser diode was used in the described
experiments, the oximeter had also a multiplexing capability for the simultaneous activation and
detection of laser sources with the same wavelength.

27

Liquid phantom glass tank filled with
milk-water dilution

Figure 2.1 A schematic representation of the experimental system that was used to measure the
experimental depth-shift curves. The main parts of the set up are a liquid phantom made of a glass
tank filled with milk-water dilution; source fiber and two off-axis detectors submerged in the medium
on one end and connected to an ISS oximeter on the other end; a single black rod as the absorbing
inhomogeneity; a microstepper scanner to scan the source-detectors array. The rod was kept
stationary and the source-detectors pairs were scanned along x from top to bottom, afterwards
advancing in 1 mm in the -z direction and repeating the scan along x etc. Acquisition was carried out
in the +x direction only.

For the experiments whose purpose was measuring the experimental depth-shift curve one 690
nm laser source and both PMTs were used. An 800 μm diameter optical source fiber was
connected to the oximeter on one end and to a holder on the other hand. The holder included a
slit which enabled adjusting the distance of the source fiber with relation to the detectors by
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sliding it forward/backward (Figure 2.2). The holder was positioned on a post which was
connected to the microstepper motor.

Figure 2.2 (a)The source (red frame)
mounted on a holder and facing the two
off-axis detectors (blue frame) that are
mounted on a second holder. A black
Delrin rod is fixed horizontally on the
tank’s walls in the space between the
source-detectors configuration. During an
actual scan the milk-water dilution covers
the entire configuration. Figures (b-d)
show a close-up angle of the holders with
the source and detectors.

(a)
Rod

(b)

(c)
Det A

(d)

Slit
Source

Slit
Source
Post

Det B
Holder

Holder

Two 5 mm diameter detector fibers were connected to PMTs A and B in the oximeter on one end
and to a holder on the other end. The holder included a slit in which the detector fibers were
placed and which enabled sliding the fibers to adjust the separation distance between them. The
source fiber holder and the detectors holder were positioned on two separate posts that were
connected to the microstepper. The source fiber tip was aligned to be in a straight line to the
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middle point between the two detectors, and perpendicular to the detectors plane, such that both
detectors were off-axis with respect to the source with equal distances δD/2 (Figure 2.3).

Figure 2.3 The source’s tip (S) was position perpendicular to the detectors
plane, facing the midpoint between the two detectors and with a distance
do.

The source and detectors were submerged in a liquid phantom which was set up as the following:
a glass tank with dimensions 20 x 25 x 40 cm3 was filled with 18 liters of a milk-water dilution
that had a volumetric ratio of 3:5 (2% reduced fat milk and tap water). The optical properties of
the liquid were measured as will be described later and were determined to be μs’≈8 cm-1 and μa
≈0.005 cm-1 at a wavelength of 690 nm. This specific dilution was chosen as it had a scattering
coefficient similar to that of breast tissue. The clear glass sides and bottom of the tank were
covered with black PVC panels that were placed on the inside of the tank. The purpose of using
the panels was to absorb any photons that might propagate to the borders and prevent them from
backscattering into the detectors. For the same reason, the posts holding the source and detectors
were covered with black tape. The dimensions of the tank were large enough to simulate infinite
geometry [Weliwitigoda, 2012]. A single black Delrin rod, 20 cm in length was used as the
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absorbing inhomogeneity and was fixed on both ends with the help of grooves in the side black
panels. For most of the experiments a 3.5 mm diameter rod was used with an exception of the
experiment where the inclusion size was varied in order to test its effect on the depth-shift curve.

2.2 Data Acquisition
The movement of the source-detectors (S-D) arrangement was controlled by the
microstepper motors. A trigger signal, output by the microstepper was sent to the oximeter and
synchronized the sampling of data with the motors movement. The black rod was positioned
horizontally, in the middle of the tank, such that its length was parallel to the tank’s floor. It was
kept stationary while the S-D arrangement was scanned along the +x direction for about 70 mm
and afterwards advancing 1 mm in the -z direction (Figure 2.4). The scan along +x was repeated
etc. In the z direction, the scan started with the source fiber tip positioned 1 mm away from the
rod’s surface and ended with the surface of the rod located 1-3 mm away from the detectors
plane. Each scan line in the +x direction started with the fiber tip positioned about 35 mm above
the surface of the rod and ended 35 mm below the surface of the rod. Previous experiments
[Weliwitigoda, 2012] demonstrated that acquiring data in both +x and –x directions causes a
shift between pixels in even versus odd numbered rows, therefore, data were acquired in the +x
direction only.
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(b)
(a)

(c)

(d)

Figure 2.4 (a) A 3D view of the starting position of the scan. The fiber tip is positioned
35 mm above and 1 mm away from the surface of the rod. (b-c) Top views of the S-D
configuration at the beginning of the scan (b) and at the end of the scan (c). (d) Side
view of the S-D configuration from the start position where the rod is close to the
source until the end position close to the detectors.

The oximeter was triggered by the microstepper to start acquiring at the beginning of each line
and it was programmed to stop after 36 points (corresponding to 70 mm). It was set to wait for
the next trigger which was given when the source-detectors configuration was back to its
position at 35 mm above the rod. A sampling rate of 0.5 mm-1 was achieved by setting the motor
speed to 10mm/sec and the sampling frequency of the ISS oxymeter to 5 Hz. Therefore, each
scan line of 70 mm included 36 points with a 2 x 1 mm2 pixel size. The reference system was
fixed with its origin at the tip of the source fiber and the axis oriented as in Fig.2.4 .

Note: The described instrumentation and data acquisition method were existing methods that had
already been used in similar depth discrimination experiments [Weliwitigoda, 2012]. Calibration
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issues and noise characterization were discussed in detail and it was determined that the image
space being scanned within the liquid phantom should be considered an infinite medium
geometry based on the findings that the boundaries of the image are not affected by their
proximity to the PVC covered tank’s walls.

2.3 Raw Data Processing
Data analysis was performed by using Matlab. In order to measure the depth-shift curve,
the following main steps were executed: (1) spatial processing, (2) intensity minima
identification, (3) generating the plot of depth-shift curve.

2.3.1 Spatial Processing
The raw data included intensity values along each scan line with an intensity minimum at
the location of the rod. In the spatial processing step the raw data from detectors A and B were
spatially mapped into 2D matrices of 36 rows and a certain number of columns, depending on
how many depths were acquired (or how many lines were scanned). For example, for a do of 65
mm, typically 58 lines were scanned, thus the number of columns would be 58 (Figure 2.5).
Following the reshaping of raw data into a 2D matrix, the data points along each line were
interpolated from 2 mm to a 0.5 mm pixel size, increasing the sampling rate from 0.5 mm-1 to 2.0
mm-1. The number of rows in the 2D matrix therefore increased from 36 to 144. This resulted in
smoother data lines, enabling a more accurate identification of the negative peaks and a depthshift curve with a higher resolution.
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Figure 2.5 A schematic showing a side view of the S-D configuration and the rod at its
start and end points for a specific S-D separation (do) of 65 mm. The first point was
measured from the tip of the source to the center of the rod while the last point was
determined when the rod’s surface was typically located 2 mm away from the
detectors plane.

2.3.2 Intensity Minima Identification
The minimum intensity value in each scan line was identified by using the “min” function
in Matlab. Since the setup included a single absorbing rod in a highly scattering medium, the
intensity curve had a distinct negative peak at the location of the rod and there was no need to
apply additional algorithms (i. second derivative) in order to identify the minimum point (Figure
2.6). In most cases a single pixel could be identified as having the minimum value. In the cases
where two neighboring pixels had similar minimum intensity values, these pixel numbers were
averaged and the mean pixel number was considered as having the minimum intensity.
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Figure 2.6 Normalized optical intensity
curves (raw data) showing the negative
peaks that result from the absorption of
light by the black rod. The pixels which
carry the minimum intensity values are
identified and the spatial distance
between them is defined as δX.

The pixels that were identified as carrying the minima values were formed into two arrays
(namely A and B), one for each detector. Since arrays A and B contained discrete pixel values
whose size was limited by the spatial resolution, some δx values were associated with a range of
z values. This issue is demonstrated in Figure 2.7 where the pixels that were identified as
carrying the minimum intensity at each depth (for detector A only) are plotted versus the actual
depths of the inclusion in the S-D space (blue line). Connecting the discrete pixel numbers into a
continuous line resulted in a steps-like graph such that some shift values did not have a
corresponding unique depth but rather a range of possible values. This issue carried on to the
final depth-shift curve, increasing the error between actual and measured depths that were
obtained by using this curve.
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Array

Figure 2.7 A plot of a representative array A of the pixel numbers that were identified as having
minimum intensity values at each depth of the inclusion in the S-D space. The blue curve was plotted by
connecting the discrete pixel values. Due to the limited spatial resolution, some of the shift values are
associated with a range of depths, increasing the error of the calculated depth. Smoothing the discrete
values into a continuous curve (red line) improved the depth resolution and decreased the error.

To address this issue we smoothed each of the arrays A and B into continuous curves and thus
averaged the pixel values between each neighboring pair of discrete pixels. The smoothed curve
is presented in red in Figure 2.7. The resulting depth-shift curve had a finer depth resolution,
enabling a more precise depth measurement of the inclusion.
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2.3.3 Generating the Depth-Shift Curve
In the final step of the raw data processing the depth curve was generated by using the offaxis shift information that was obtained in the previous step (section 2.3.2). Two new arrays
were defined:
1. δx/ δD – the shifts between off-axis minima multiplied by the pixel size (0.5 mm) and
normalized by the inter-detector separation (D-D)
2. z/do – the distance between the source fiber tip and the detectors’ plane (S-D or do) was
measured by a ruler. The z values are the distances between the source tip and the center
of the rod.

To generate the final depth-shift curve, the vector z/do was plotted versus vector δx/ δD (Figure
2.8).

Figure 2.8 A plot of the experimental depth-shift curve for the
experimental conditions of S-D 65 mm, D-D 19.3 mm, μa 0.005 cm-1,
Drod 3.5 mm.
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2.4 Determining Depth-Shift Curves Based on Diffusion Theory
Since we were interested in investigating the behavior of the experimental depth-shift curve
for the same variables as in the theoretical model, we used corresponding theoretical depth-shift
curves as references. The theoretical curves were computed in Matlab by using the numerical
solution to the diffusion equation, specifically the first-order perturbation theory (Born
Approximation). The calculations assumed an effective point source that was placed at a distance
1/ μs’ from the source’s tip. The curves were computed by using the same variables (μa, μs’, S-D
separation, D-D separation, Drod, inclusion geometry and medium geometry) that were used
experimentally with the exception of using point-like source and detectors. The depth of the
inclusion, z, was defined from the source fiber tip to the center of the inclusion. It should be
noted that the physical setup of using posts and holders to position the source-detectors
configuration inside the medium was not accounted for in the theoretical computations. The
comparison between the experimental and theoretical depth-shift curves is presented in the
Results section.

Chapter III – Experimental Protocols
3.1 Absolute Measurements of Background Optical Properties
The optical properties of the medium were one of the variables we were interested in with
regards to their effect on the depth-shift curve. In order to change this variable experimentally we
added diluted India ink to the milk-water medium to increase the absorption coefficient to typical
values found in the breast (0.03-0.15 cm-1). Before conducting the actual experiment of
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measuring the depth-shift curve at different absorptions we performed measurements of the
optical properties of the medium in order to obtain the absolute values of the absorption and
reduced scattering coefficients for different concentrations of ink. This section goes into the
details of how we performed these measurements.

3.1.1 Formulation of diluted India ink
A concentrated Higgins India ink was diluted with de-ionized (DI) water according to a
recipe provided by [Martelli and Zaccanti, 2007]. The recipe enabled rapid calculations of the
quantities of intralipid, water and ink that are necessary to achieve a liquid phantom with the
desired optical properties. In our experiments we used milk instead of the intralipid as its optical
characteristics are similar to the intralipid and it could be more readily obtained.
The pure ink was first diluted to a concentration of ρdilution = 0.007369 according to Equation 3.1:

ρ dilution 

Wink
Wink  WH20

(3.1)

where Wink is the mass of Higgins India ink from the original bottle (7.4237 gr) and WH2O is the
mass of water that was used to dilute the ink. The diluted ink was prepared with reference to a
small sample of an existing diluted ink provided to us by the same group who created the ink
recipe [Martelli and Zaccanti, 2007]. We started by diluting 7.4237 gr of pure India ink in 1000
gr of di-ionized ultrapure water. Since the recipe was based on the diluted ink from the existing
sample, it was important to make sure that the newly prepared ink is comparable to the existing
one. To compare the two, samples from both the existing and new ink were each diluted 1:100 in
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ultrapure water and placed in a 1 cm plastic cuvette. The absorbance spectra of each sample, as
well as the absorbance spectrum of a cuvette containing solely water, were measured in a
spectrophotometer (Lambda35, Perkin Elmer) in the 400-850 nm range.

(a)
new ink

existing ink

water

(b)

Figure 3.1 (a) Absorbance spectra of the new ink (blue) and the existing ink (pink). The two
samples were diluted in DI water and measured in a spectrophotometer. The reference
spectrum of the DI water is in green. The absorbance of the new ink is higher by ~16%
compared to the existing ink’s absorbance (b).
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Figure 3.1-a presents the measured absorbance spectra. The absorbance values (A) were
determined according to
A= -log(I/Io)

(3.2)

where Io and I are the input and output intensities respectively, and “log” is the base 10
logarithm.
The graph shows a discrepancy between the absorbance of the new and existing ink. To calculate
the difference between the two inks, the ratio between the curves was taken and it is presented in
figure 3.1-b. The ratio is represented by the blue points, the average ratio is represented by the
red line and the dashed green line marks the 690 nm where the ratio is 1.161. The difference
between the two samples is such that the new ink is ~ 16% more absorbing than the existing ink.
The corrected μa values (with 16% correction factor) are in the right column of Table 3.1.
In order to calculate the mass of diluted ink (Wink) that is required to achieve a certain μa,
Equation (3.2) was used [Martelli and Zaccanti, 2007]:

Wink 

(μ a  μ a _ H2O ) * (WH20& milk )
μ t_ink * (1  Λ) * ρ dilution  (μ a  μ a _ H2O )

(3.3)

where μa (cm-1) is the desired absorption coefficient of the phantom, μa_H2O (cm-1) is the
absorption coefficient of water, WH2O&milk (gr) is the mass of milk-water dilution, μt_ink (cm-1) is
the extinction coefficient (given by μa + μs) of the Higgins India ink and Λ is the single scattering
albedo of the ink as were measured by Martelli [2007]. The recipe was written to perform
calculations for wavelengths 632.8, 750 and 830 nm. Since the wavelength we were using for all
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of the experiments was 690 nm, the Wink was calculated for 632.8 and 750 nm and then linearly
interpolated for 690 nm.
Table 3.1 provides the mass of diluted ink needed to be added to 1000 gr of the milk-water
dilution in order to achieve certain absorption coefficients of the medium. The column of 690 nm
wavelength contains the interpolated Wink values between 632.8 nm and 750 nm.

Table 3.1 The calculated mass values of diluted ink (existing sample) that are needed to be
added to 1000 gr of the milk-water dilution in order to obtain the μa values in the left
column. The column on the right contains the corrected μa values for using the new ink.

λ (nm)
-1

632.8

μa (cm )

w ink (g)

0.03
0.05
0.08
0.10
0.13
0.15

0.97
1.68
2.76
3.60
4.49
5.39

690
wink (g)
interpolated

0.53
1.33
2.52
3.45
4.44
5.44

750

Corrected

wink (g)

μa (cm-1)

0.10
0.97
2.28
3.30
4.39
5.49

0.035
0.058
0.093
0.120
0.149
0.178

3.1.2 Measurement of Optical Properties of the Liquid Phantom
3.2.1.1 Experimental Setup
The scanner and ISS oximeter used in this experiment were the same as the ones used for
determining the depth-shift curve in all the other experiments described in this study.
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The tips of two 800 μm diameter optic fibers, serving as source and detector, were placed in a
tank containing ~4000 mL milk-water dilution in an infinite geometry setup (Figure 3.2). The
other ends of the fibers were connected to the ISS machine as described in Section 2.1. Only one
detector was used in this experiment and it was kept stationary at an initial separation of do=20
mm from the source. The source fiber (delivering light at 690 nm) was scanned in a line 30 mm
long (up to a source-detector separation of do=50 mm). The scanning speed was 10mm/sec and
30 points were collected in each scan. The scan was repeated 4 times for each value of μa.

Figure 3.2 A schematic of the setup used to measure absolute values of μa and μs’ of the
liquid phantom. A single detector fiber was fixed in position inside the medium-containing
tank. A source fiber (690 nm) was positioned in an initial distance of do=20 mm from the
detector and scanned up to a distance of do=50 mm, collecting 30 data points per scan
line.
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The experiment started with the milk-water dilution solely and ink was added in increments
according to Table 3.1 above (the 690 nm column) to increase the absorption coefficient. The
expected μa values are on the right column. The output file included the AC and phase
information of each scan and these were used to calculate the optical properties as described in
Section 3.1.2.2 below.

3.2.1.2 Data Analysis
The absolute calculations of μa and μs’ of the liquid phantom were done based on the AC
and phase information measured by the ISS at each source-detector separation distance [Fantini
et al, 1999]. If r is the source-detector separation (in mm) and the slopes of ln(r*AC) and phase
as the functions of r are SAC and SΦ respectively, then the absolute values of μa and μs’ of the
infinite medium are given by:

a 

 S  S AC
(

)
2 S AC S 

(3.4)

s' 

S 2 AC  S 2 
 a
3 a

(3.5)

where ω is the angular modulation frequency of the source intensity and v is the speed of light in
the medium.
The calculations of the slopes SAC and SΦ were performed in Matlab by using the recorded
photon counts values and the source-detector distances as inputs. The slopes were then used in
Equations (3.4) and (3.5) to determine the values of μa and μs’.
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Examples of the linear dependence of ln(rAC) and phase on the source-detector distance, r (also
referred to as d0), for the cases of μa =0.005 cm-1 and μa =0.093 cm-1 are provided in Figure 3.3 a
and b respectively. In both cases the data points were well fitted into a line for accurate slope
calculations.

Linear Dependence of ln(r*AC) and Phase on the
Source-Detector Separation (r) for μa = 0.005 cm-1
(a)

do
r
(mm)

(b)

do

r
(mm)

Linear Dependence of ln(r*AC) and Phase on the
Source-Detector Separation (r) for μa = 0.093
cm-1

dor

dor (mm)

(mm)
Figure 3.3 Examples
of the linear dependence of ln(r*AC) (left panels) and phase (right
panels) on the source-detector distance, r (=d0), for liquid phantom with μa =0.005 cm-1
(a) and μa =0.093 cm-1 (b).
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Figure 3.4 provides a graphical comparison between the measured and expected values of μa and
μs’. Each of the measured values was averaged over four scans and the error is the standard
deviation (STD) between the same scans. The expected μa for the milk-water dilution was 0.005
cm-1, similar to μa of water at 690 nm wavelength [Hale and Querry, 1973]. The μs’ of the
dilution was expected to be ~7 cm-1 [Yu et al, 2011] and was assumed to stay consistent over the
entire experiment (regardless of the ink concentration).

~ 0.15
~ 0.1

~ 0.05

R=0.999
~ 0.005

Figure 3.4 Average absorption coefficient values of the liquid phantom as a function of ink
concentration (pink) versus expected values (blue). Error bars are the standard deviation of
4 measurements. Measured values were linearly fitted, demonstrating a linear trend
according to the theory and other experimental reports.

It was found that the μs’ value stayed consistent across the entire experiment, with an average
value of 7.86 ± 0.06 cm-1. This value is in excellent agreement with the reported μs’ values for
similar liquid phantoms.
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The calculated μa values were in excellent agreement with the expected values reported in the
recipe (<1% for μa 0.15 cm-1) with the exception of larger errors of ~ 45% and ~20% observed
for 0.035 and 0.05 cm-1 respectively. Nevertheless, fitting the data points provided a better linear
fit for the measured values (R=0.999) than for the expected ones (R=0.994), again in excellent
agreement with the theory and with other reports in the literature [Fantini et al 1994a], [Fantini et
al, 1994b], [Patterson et al, 1991].
In conclusion, the purpose of measuring the absolute optical properties of the liquid phantom
was twofold – (1) validating the existing recipe values in our own lab setup, so that future
experiments would have a reliable recipe for formulating liquid phantoms; (2) formulating a
well-controlled liquid phantom for the depth-shift curve experiments.

3.2 Variability of the Depth-Shift Curve
In order to study the sensitivity of the experimental depth-shift curve to different
parameters we performed several experiments where each time, one parameter was changed
while the others were fixed. For example, to check the sensitivity of the curve to the sample
thickness we performed several scans according to the procedure in Section 2.2 where each scan
had a different source-detectors plane separation to achieve various values of do. Table 3.2
provides a summary of the experiments with their different variables. Changing the S-D distance
was done by manually sliding the source in the slit in its holder and fixing it in the new distance
from the detectors holder. Inclusion size variability was achieved by using different rod sizes.
The absorption coefficient of the liquid phantom was changed by adding ink according to the
recipe and the protocol presented in Section 3.1. The ink concentration was calculated for a
medium volume of 18000 mL. Before each scan where the S-D distance and rod size had to be
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adjusted, the liquid in the tank had to be emptied to a level where the rod and source-detectors
configuration were visible and approachable. After the S-D distance or the inclusion size were
changed the system was realigned the motors were moved to their starting position, keeping the
source tip 1 mm from the rod’s surface and ~3.5 cm above it (Figure 2.4-a). For the experiment
of changing the absorption coefficient the setup had to be aligned only once, at the beginning of
the experiment, since adding the ink to the medium did not interfere with the rest of the setup.

Table 3.2 A summary table of the variables in each experiment. S-D and D-D refer to sourcedetectors plane separation and inter-detector separation respectively. Drod is the rod’s
diameter and μa is the absorption coefficient of the liquid phantom. The values of the
variable that was changed in each experiment appear in the red-border cells.

S-D separation
(do) [mm]
40, 45, 50, 55,
60, 65

D-D separation
(δD) [mm]

Drod [mm]

μa [cm-1]

19.3

3.5

0.005

Optical properties

40

19.3

3.5

Inclusion Size

65

19.3

3.5, 6.5, 12.9

Experiment
Sample thickness

0.005, 0.035, 0.058,
0.093, 0.120, 0.149
0.005
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Chapter IV - Results
4.1 Sensitivity to Sample Thickness

Figure 4.1 shows the depth-shifts curves obtained for different S-D values: experimental (a),
theoretical (b) and the overlay of experimental and theoretical curves (c). The theoretical curves
were determined with parameters similar to the experimental setup – infinite geometry, medium
optical properties μa =0.005 cm-1 and μs’ =8 cm-1, rod with 3.5 mm diameter as the inclusion, DD distance of 20 mm and S-D distances of 40, 50 and 60 mm. As reported by Grosenick et al
[2004] and Kainerstorfer et al [2013] for point-like and spherical inclusions, the theoretical
depth-shift curve for the cylindrical inclusion is weakly sensitive to variations in sample
thickness. The experimental curves (Figure 4.1-a) are the average curves over multiple
measurements. For S-D distance of 40 and 65 mm the curve was averaged over 4 independent
measurements. The rest of the curves were averaged over 2 independent measurements. Here we
define independent measurements as being conducted after the setup was realigned (contrary to
repeating a scan with simply restarting the motors and without having to readjust the setup). The
error bars in Figure 4.1-c are based on the standard deviation of the 4 independent measurements
for S-D distance of 40 mm. As can be seen in Figure 4.1-b, the experimental curve is insensitive
to variations in sample thickness, consistent with the theoretical model. The overlaying of the
theoretical and experimental results reveals a discrepancy between the curves that is translated
into maximal errors of 3 and 6 mm in depth for S-D 40 mm and 65 mm respectively.
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(a)

Theoretical
(b)
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(c)

theoretical

3 - 6 mm

experimental

Figure 4.1 (a) Measured depth-shift curves for different sample thickness, their
corresponding theoretical curves (b) and the overlay of both (c). The experimental curve
demonstrates insensitivity to sample thickness consistent with the behavior of the
theoretical curve. The overlay shows a discrepancy in the range of 3-6 mm.

The discrepancy is minimal when the perturbation is closer to the source and increases to its
maximum when the perturbation is around the midpoint (i.e. the point having coordinates
(dx/dD, z/d0)=(0.5, 0.5)) between the source and the detectors plane. These discrepancies will be
addressed in the Discussion section.
As part of our work we were also interested in using the experimental depth-shift curve to obtain
the depth of an inclusion from past experiments [Kainerstorfer et al, 2013]. The same system
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and setup described here were used for scanning the liquid phantom containing 6 different black
rods that were positioned in different depths between the source and detectors. Since this scan
was performed several months before we measured the experimental depth-shift curve, it was
interesting to both test the reproducibility of the system and compare measured depths obtained
by the experimental curve versus the theoretical model. Since the scan was performed for S-D
distance of 65 mm with μa =0.005 cm-1, μs’ =8 cm-1 and 3.5 mm diameter black rods, we used our
averaged curve named “mean65” from Figure 4.1 above and the corresponding theoretical curve.
The measured depths were compared to actual depth values and they are presented in Figure 4.2.

Figure 4.2 Measured depth of 6 rod inclusions (solid black circles) according to the experimental
depth-shift curve (open red circles) and the theoretical depth-shift curve (solid blue circles). The
error bars were plotted for uncertainty of 1 pixel (0.5 mm)
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Actual depths appear in solid black circle, measured depths according to the theoretical model
are in solid blue circles and depths measured according to the experimental curve are in open red
circles. The error bars were plotted for an uncertainty of 1 pixel (0.5 mm) in δx measurements
for both curves. The comparison above shows that depths that were measured with the
experimental curve are in excellent agreement with the actual depth values, with a maximal error
of 1 mm. This supports the robustness of our setup and the reproducibility of the measurements.
Depth measurements according to the theoretical model had a larger error ranging from ~3 mm
close to the source and ~6 mm towards the midpoint and on, supporting the observed behavior of
the discrepancy between experimental and theoretical curves (smaller error close to the source
and larger error towards the midpoint). This behavior will be referred to in the Discussion
section.

4.2 Sensitivity to Background Optical Properties
Figure 4.3 presents the theoretical and experimental depth-shift curves for different μa
values. The theoretical model (Figure 4.3-b) demonstrates that for absorption coefficients of
0.058 cm-1 and higher the curve is weakly sensitive to variations in μa with a maximal
discrepancy of ~0.5 mm for S-D of 40 mm. For lower absorptions the discrepancy was found to
be ~1.5 mm. Regardless of these variations, the theoretical curves are characterized by passing
through the midpoint, half way between the source and the detectors, thus the discrepancy
between them is bigger when the perturbation is closer to the source/detectors and minimal in the
middle.
The experimental curves presented here (Figure 4.3-a) are the averages between the curves
obtained in two separate experiments conducted one week apart. The same behavior and trend
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was demonstrated in both experiments. The experimental curves show a trend in their variation,
which is clearly dependent on the absorption coefficient. Unlike the previous experiment
(Section 4.1), where we adjusted the S-D distance before each scan, thereby increasing the
chance for an error in measurement, here the setup was fixed and the only difference between the
scans was the addition of ink to the liquid phantom. Therefore, we cannot relate the trend in the
curves’ behavior to a measurement error or to misalignment between the scans. The discrepancy
between the theoretical and the experimental curves is visible mainly at the lowest absorption of
the medium. In fact we note that when we consider the three highest absorptions of the
background medium the curves are within the same error. As an example, we overlaid only the
depth-shift curve obtained for μa of 0.149 cm-1 with its corresponding theoretical curve (Figure
4.3-d). The curves show a very good agreement with a slightly higher discrepancy closer to the
source (~1 mm). The overlay of the depth-shift curve obtained for μa of 0.005 cm-1 curves
(Figure 4.2-e) shows that the theoretical curve falls outside of the experimental curve’s error
bars; however the maximal discrepancy between them is < 3 mm.
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Figure 4.3 Average experimental depthshift curves measured for variation in
background optical properties without and
with error bars (a) and (c) respectively.
Corresponding theoretical depth-shift
curves for μa values of 0.005, 0.058, 0.093
and 0.149 cm-1 (b). Overlay of
experimental and theoretical curves for μa
of 0.149 cm-1 (d) and 0.005 cm-1 (e). The
overlay for the higher absorption curves
shows a very good agreement of the
experimental curve with the theoretical
model. The overlay of lowest absorption
curves shows a discrepancy which,
however is < 3 mm.
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4.3 Sensitivity to Inclusion Size
Figure 4.4 includes the theoretical (a), experimental (b) and the overlay (c) of depth-shift
curves for three different inclusions having diameter of 3.5, 6.5 and 12.9 mm. Both the
theoretical model and the experimental results show that the depth-shift curve is not sensitive to
the inclusion size, thus the experimenatl curve confirms the behavior of the theoretical model.
The overlay of the theoretical and experimental curves show a discrepancy which is minimal (~
1.5 mm) when the perturbation is close to the source and maximal (~ 7 mm) around the midpoint
. The error bars are the standard deviation of four independent measurements for Drod 3.5 mm.
These results follow the trend we saw in the previous experiments in the sense that the error is
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minimal closer to the source, demonstrating the consistency of the error across the different
experiments. Similar to the experiment of optical properties variation, the alignement in this
experiment was fixed once and was not readjusted between the scans. The only difference
between the scans was changing the rods and moving the source tip to keep a distance of 1 mm
away and 35 mm above the rod’s surface.

(a)
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(b)

(c)

~7 mm
theoretical

experimental

Figure 4.4 Depth-shift curves for different rod diameters of 3.5, 6.5 and 12.9 mm –
theoretical model (a), experimental results (b) and their overlay (c). Both
experimental and theoretical curves show insensitivity to inclusion size. The
overlay figure shows a maximal discrepancy of ~7 mm.
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Chapter V – Discussion and Conclusions
5.1 Discussion
Using 2D planar scanning to perform diffuse optical imaging of the breast offers the
advantage of increased spatial resolution in the x-y plane of the image space. Depth information
can be added to the image by using a second off-axis detector and relating the spatial shift of an
inhomogeneity between the images of two detectors to its depth in the sample. The off-axis shifts
are related to the depth by a theoretical depth-shift curve, based on diffusion theory. Theoretical
results in two typical geometries used in diffusion theory, the slab and the infinite geometry have
shown that the differences in the depth-shift curves are within 4%, which yield a maximum
discrepancy in the estimated depth of ~1.5 mm for typical source-detector separations. The
importance of these results is that in principle, and for practical situations, we could use one
“universal” depth-shift curve obtained from the theory under certain conditions which are typical
for optical mammography (e.g. typical source-detector separation, optical properties, etc.).
However we don’t know how these ideal conditions assumed by the theory (from which the
depth-shift curves are derived) can be met in an actual experiment. For example it is well known
that diffusion theory becomes less accurate when the photons of interest (in the case of the
present study those photons that are absorbed by the inclusions) underwent only few scattering
events from the emission point. Moreover the theory cannot incorporate exact boundary
conditions especially those involving three media like in a real experiment (where the media are:
the tissue, the polycarbonate plates and air). Therefore, the focus of our work was to measure the
depth-shift curves through a series of experiments in the simplest geometry, i.e. the infinite
medium geometry (where the boundary conditions are not considered), each time varying a
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certain parameter while fixing the others, and comparing these curves to the corresponding
theoretical ones.
The parameters that were varied during the different experiments were: the sample
thickness, the background optical properties and the inclusion size. For the experiments
conducted by varying the sample thickness and the inclusion size we found that the experimental
and the theoretical curves shared the same behavior, i.e. they are rather insensitive to changes in
these variables. However, an absolute comparison between the theoretical and experimental
curves revealed a discrepancy of up to 7 mm in the estimated depths. In the experiments where
the optical properties of the medium were varied we found that the experimental depth-shift
curve was partially consistent with the theoretical model. For higher absorption coefficient
values (> 0.09 cm-1) there was a very good agreement with the theoretical model both in terms of
the behavior of the curves and the absolute comparison. Larger discrepancies were found
between curves with lower absorption values and this finding is consistent with the discrepancies
observed in the results of other two experiments (sample thickness and inclusion size variation)
which were also conducted with low absorption value of the medium (0.005 cm-1).
As was described earlier, the shape of the depth-shift curve is determined by the shape of
the light bundle, which is the region visited by the photons on their propagation from the light
source to the optical detector in the medium (depicted in Figure 1.4). Therefore, only factors that
affect the shape of the light bundle could affect the shape of the depth-shift curve and cause for
discrepancies between the theoretical and experimental curves. For example, while the
theoretical model assumes an isotropic point source, in the experimental setup the source was not
isotropic and resulted in a spatially distributed light source in front of the illumination fiber that
can affect the shape of the light bundle. In addition, the bulky apparatus (posts and fiber holders)
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that was immersed inside the medium could affect the shape of the light bundle if it was acting as
a reflector or diffuser as opposed to a complete absorber of light. Although the apparatus was
covered with black tape to avoid such a case, we cannot be sure that it acted as a pure absorber
and therefore it could have contributed to the discrepancy from the model, especially for curves
that were measured with low absorption values where the photons have a higher chance of being
incident on the apparatus. More generally, the details of the experimental boundary conditions
(walls of container, free surface of liquid medium, mechanical mounts to hold fibers, etc.) may
also account for effects on the shape of the light bundle that are not included in the theoretical
calculations.
The above possible sources of discrepancy were expected to cause larger errors when the
inclusion is located closer to the boundaries, i.e source, and in fact this was observed in curves
that were measured with background absorption coefficient > 0.09 cm-1. However, most of our
results (measured for μa=0.005 cm-1) demonstrate that the maximal discrepancy with respect to
the theoretical model is when the inclusion is located towards the midpoint between source and
detectors plane. We speculate that this is due to the effect of boundary conditions which is more
dominant for lower absorption values of the medium where the optically probed volume
becomes larger. Further investigation is required to understand the sources of error and the
reason why maximal discrepancies were typically found towards the midpoint.
The observation that the experimental depth-shift curve demonstrated a different behavior
for background absorption coefficient values that were higher and lower than 0.09 cm-1 suggests
that the depth-shift curve would also be dependent on the light wavelength. For example, if we
consider typical chromophore concentrations of the breast as reported by Svensson [2005]
(Figure 5.1) we can expect a smaller sensitivity of the curve to variations in μa by using a light
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source emitting at wavelengths > ~880nm or < ~630nm where the total μa of the breast is larger
than 0.09 cm-1.

Figure 5.1 Typical absorption spectra of breast tissue. Vertical dotted lines
represent the positions of diode lasers. [Svensson et al, 2005]

The ultimate goal of the proposed depth assessment method would be to assess the
location of tumors within the breast, considering localization is regarded as key in surgical
planning for breast conservation. A precise localization of breast tumor is vital for guiding the
surgeon to the lesion site, and ascertaining its correct and adequate removal with satisfactory
excision margins. A well established localization method is the hook wire localization, which is
performed following multiple x-ray mammograms, or guided by ultrasound, to help pinpoint the
location of the tumor. Together with the fact that it is invasive, this method has several other
drawbacks, i.e the wire could stray during its navigation, thus making it hard to locate the lesion;
oftentimes the wire entry site is distant from the tumor which could have a cosmetic effect [Kass
et al, 2007]. Assuming that the proposed depth assessment method of this study could be
implemented on the optical mammography system thereby allowing for depth measurements of
breast tumors, it could be used as a non-invasive real time localization tool for biopsy
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procedures. Moreover, the assessment of spatial position of blood vessels could be helpful in
relating blood vasculature to the location of tumors, given the relevance of blood supply and
blood drainage to and from the tumor, thereby providing valuable information for surgical
planning of tumor excision. Lastly, depth information acquired by the optical mammography
scanner could be used as apriori information for improving 3D spatial reconstruction of diffuse
optical tomography data.

5.2 Conclusions
The aim of this project was to test if the ideal conditions used by the theoretical model to
derive the depth-shift curves are met in an experimental situation in the simplest geometry of the
medium. Specifically, we wanted to compare the experimental and the theoretical depth-shift
curves to variations in sample thickness, background optical properties, and inclusion size in the
infinite geometry medium for a cylindrical inclusion. After measuring the curve for the different
variables we found that the experimental depth-shift curve is insensitive to variations in sample
thickness and inclusion size, consistent with the theoretical model. Nevertheless, absolute
discrepancies of several millimeters between the theoretically and experimentally assessed
depths were found. We argued that these discrepancies are possibly due to a combination of
realistic conditions that were different from the ideal conditions of the model, for example the
spatial distribution of the light source, the effect of the experimental apparatus and boundary
conditions introduced by the liquid phantom. In the experiments where the background optical
properties were varied the experimental results showed a very good agreement with the theory
for absorption coefficient values > 0.09 cm-1, both in the behavior of the curves and in the
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absolute comparisons. This finding reinforces our conviction that at lower absorption values
(which were used in all the other experiments) boundary conditions had a noticeable effect on
the measured depth-shift curve. Further investigation is required to explain absolute
discrepancies between the theoretical model and experimental results for lower absorption values
of the medium, specifically the larger errors when the perturbation is located at the midpoint
between source and detectors.

5.3 Future Steps
Several questions remain as to the behavior of the experimental depth-shift curve and its
variation from the theory. One issue that needs to be addressed is the bulky apparatus that was
used to position the source and detector fibers inside the medium. Protruding the source fiber
further away from its holder could help minimize boundary effects when the inclusion is close to
the source. A more ideal solution would be to have only the fibers themselves submerged inside
the medium such that any device holding them is not included in the phantom. In addition, since
the ultimate goal of this study is to implement depth assessment capabilities in our optical
mammography scanner, experimental depth curves should be derived for this instrument and for
typical breast tissue parameters.
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