Diagnostic Imaging and Assessment Using Angle Resolved Low Coherence
Interferometry
by
Michael G. Giacomelli
Department of Biomedical Engineering
Duke University

Date:_______________________
Approved:
___________________________
Adam Wax, Supervisor
___________________________
Joseph Izatt
___________________________
David Brady
___________________________
Tuan Vo- Dinh
___________________________
Sina Farsiu

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor of Philosophy in the Department of
Biomedical Engineering in the Graduate School
of Duke University
2012
i
v

ABSTRACT

Diagnostic Imaging and Detection using Angle Resolved Low Coherence
Interferometry
by
Michael Giacomelli
Department of Biomedical Engineering
Duke University

Date:_______________________
Approved:
___________________________
Adam Wax, Supervisor
___________________________
Joseph Izatt
___________________________
David Brady
___________________________
Tuan Vo- Dinh
___________________________
Sina Farsiu

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Biomedical Engineering in the Graduate School
of Duke University
2012

Copyright by
Michael G. Giacomelli
2012

Abstract
The redistribution of incident light into scattered fields ultimately limits the
ability to image into biological media. However, these scattered fields also contain
information about the structure and distribution of protein complexes, organelles, cells
and whole tissues that can be used to assess the health of tissue or to enhance imaging
contrast by excluding confounding signals.

The interpretation of scattered fields

depends on a detailed understanding of the scattering process as well as sophisticated
measurement systems. In this work, the development of new instruments based on low
coherence interferometry (LCI) is presented in order to perform precise, depth-resolved
measurements of scattered fields.

Combined with LCI, the application of new light

scattering models based on both analytic and numerical methods is presented in order to
interpret scattered field measurements in terms of scatterer geometry and tissue health.
The first portion of this work discusses the application of a new light scattering
model to the measurement recorded with an existing technique, Angle Resolved Low
Coherence Interferometry (a/LCI).

In the a/LCI technique, biological samples are

interrogated with collimated light and the energy per scattering angle at each depth in
the volume is recorded interferometrically. A light scattering model is then used to
invert the scattering measurements and measure the geometry of cell nuclei. A new
light scattering model is presented that can recover information about the size, refractive
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index, and for the first time, shape of cell nuclei. This model is validated and then
applied to the study of cell biology in a series of experiments measuring cell swelling,
cell deformation, and finally detecting the onset of apoptosis.
The second portion of this work introduces an improved version of a/LCI based
on two dimension angle-resolved measurement and Fourier domain low coherence
interferometry. A new system based on fiber scanning is presented for high speed and
polarization-resolved measurements of scattered fields.

The combined system is

validated with phantoms and is shown to be able to uniquely determine the size and
shape of scattering particles using a single measurement. Finally, determination of the
orientation of scatterers relative to electric field is considered.
The third portion of this work develops the use of angle-resolved interferometry
for imaging through highly scattering media by exploiting the tendency of scatterers to
forward scatter light. A new interferometers is developed that can image through very
large numbers of scattering events with acceptable resolution. A computational model
capable of reproducing experimental measurements is developed and used to
understand the performance of the technique.

Finally, theoretical arguments are

presented suggesting the feasibility of adapting the technique to Fourier domain
acquisition.
The final portion of the work develops a method for processing 2D angle
resolved measurements using optical autocorrelation. In this method, measurements
v

over a range of angles are fused into a single depth scan that incorporates the
component of scattered light only from certain spatial scales. The utility of the technique
is demonstrated using a gene knockout model of retinal degeneration in mice. Optical
autocorrelation is shown to be a potentially useful biomarker of tissue disease.
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1. Introduction
1.1 Light and Matter
When light encounters biological tissue, a number of interactions are possible,
including scattering, absorption, florescent emission of light at a new wavelength as well
as others that depend on the precise chemical composition of the media. However,
elastic scattering is the dominant interaction and a wealth of information is obtained
from scattering patterns generated by biological media. The resulting pattern contains
contributions from an enormous number of individual scatterers, and so appears
completely random with respect to angle, wavelength and polarization. However, the
contribution from individual scatterers follows certain trends depending on the size and
general shape of those scatterers. For many years, the examination of the scattering
patterns from biological matter was limited to individual cells, as in flow cytometry. For
the simplified problem of a single cell, a few measurements can be made that roughly
establish the size and composition of the cell. For example, the amount of forward or
backscattered light can be used to estimate the approximate size of a cell, while the
amount of side scattered light can be used to estimate the “granularity” of cells with
great accuracy allowing efficient sorting of populations of cells [1].
Beginning in the 1990s, a number of optical techniques emerged that could relate
the organization of many cells in tissue to the angular or spectral distribution of
scattered light without being restricted to single cell measurements in cytometers. These
techniques were made possible by combining a number of new technologies, including
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powerful computers to run electromagnetic light scattering models, high sensitivity
charge coupled devices (CCD) and complementary metal oxide semiconductor (CMOS)
detectors, broadband lasers and diodes, and interferometric detection.

Using these

advances, scattered fields could be rapidly characterized with extremely high resolution
and then processed to reveal detailed information about the structure or composition of
biological media.
The development of light scattering techniques proceeded in parallel with
advances in microscopy, with both approaches leveraging similar technology and
providing largely complementary functionality. For example, during the 1990s, confocal
microscopy based on fluorescent labeling became widely used in research labs, and was
soon joined by a related device, the optical coherence microscope (see section 2.1.1).
These two inventions enabled high resolution, 3D imaging with excellent contrast—
provided that samples were optically thin or that exogenous contrast agents could be
used. At the same time, similar sources and detectors were applied to light scattering
techniques like elastic scattering spectroscopy (ESS) and then light scattering
spectroscopy (LSS) (see section 2.3.1), to measure the optical properties of tissue without
using exogenous contrast.
Despite employing similar technologies, imaging and light scattering techniques
operate differently. In biological imaging, the goal is to spatially resolve light-matter
interactions (or perhaps a subset of them as in fluorescence or coherence techniques)
such that each target of interest can be spatially resolved from its background with
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sufficient contrast to identify it. In medical applications, this often means resolving a
tumor from its surrounding environment, or a cell from its neighbors. The usefulness of
imaging techniques for medical use therefore depends on how small of an object can be
resolved, and how much contrast can be generated from interaction with the target of
interest relative to its background. This latter property is critical: a tumor that is visually
identical to its surrounding tissue cannot be detected no matter the resolution, a vital
limitation in a number of applications. For example, in ultrasound imaging, much of the
body is accessible with relatively good resolution, but very little contrast is generated
except by interfaces between gases, liquids and solids.

Thus, while ultrasound in

principle has sufficient resolution to image many small precancerous tissues, typically
only larger tumors are visible. Conversely, scattering techniques usually do not attempt
to resolve the source of contrast. Instead, a defined region is illuminated, and structural
or chemical properties of its underlying ensemble of scatterers are extracted. These
properties may themselves be the quantity of interest, as in applications like guiding
surgical biopsy where one simply wants to know if a piece of tissue is normal (no need
to biopsy) or abnormal (need to biopsy). Alternatively, structural properties may be
computed from different regions in order to enhance contrast when paired with an
imaging technique.
The ability to directly extract parameters of interest makes light scattering
techniques attractive in a number of applications. These include established methods
such as flow cytometry [1] and pulse oximetry [2] but also emerging techniques for such

3

diverse uses as detecting esophageal dysplasia [3] and breast cancer screening [4].
Furthermore, light scattering techniques are often preferred in situations where the
target of interest (e.g. precancerous cells) generates negligible contrast or would require
excessive resolution or scanning and interpretation of impractically large volumes.

1.2 Motivation
In 2012, the American Cancer Society projects that 1,639,000 Americans will be
diagnosed with some form of non-skin cancer.

A further 577,000 Americans are

expected to die of cancer in 2012, an increase of 1% year over year. Despite these grim
numbers, the same statistics show significant progress in recent years: the survival rates
for most cancers have increased substantially in during the decade since 2000, including
those for breast, prostate, colon and cervical cancer. Much of this improvement is due to
early detection of cancer, which in nearly all forms of the disease leads to a significantly
improved prognosis.
The potential of screening technologies to reduce mortality can be realized by
considering the well-defined progression associated with the development of cancer.
Each tumor begins with genetic or epigenetic changes in a single cell that lead to a loss
of regulation of the cell cycle. As a result of these changes, the cell and its descendants
become less responsive to normal signals controlling the rate of cell proliferation.
Concurrently, this leads to a progressive loss of cell differentiation, function and
organization. Cells undergoing this process are said to be dysplastic or in an early precancerous state, and under microscopic examination are characterized by irregular size,
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shape, abnormal cell nuclei and higher rate of cell division. During the dysplastic state
of development, aberrant cells are highly localized, and can usually be completely
treated by simple removal or ablation.
After a period of many months, years or even decades, ordinary dysplastic tissue
progresses to high-grade dysplasia, also referred to as carcinoma in situ (‘cancer in
place’). In this state, cells have little differentiation and proliferate without regulation.
However, they remain localized and generally follow the architecture of the host tissue
without initially escaping from it.

If left untreated, carcinoma in situ will usually

progress to invasive carcinoma, which is characterized by penetration of cancer cells into
the supporting tissue and dissemination throughout the body (metastasis). Following
the transition to invasive carcinoma, the success rates of treatment drop precipitously.
For example, the American Cancer Society states that 99% of localized breast cancers are
successfully treated, versus just 23% of metastatic cases. Clearly, increasing the rate of
early detection has enormous potential to improve patient outcomes and reduce medical
costs.
Unfortunately, most clinically established imaging techniques, including
ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI) have
spatial resolutions on the order of hundreds of microns or millimeters, and thus cannot
be used to detect early molecular and cellular changes associated with oncogensis.
Furthermore, even if sufficient resolution is available, small precancerous tissues
typically generate little additional X-ray absorption, magnetic resonance or acoustic
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contrast compared to normal tissue. Conversely, positron emission tomography can
detect metabolic changes associated with certain forms of oncogensis, but requires
relatively large doses of ionizing radiation [5].

Instead, these imaging techniques

primarily detect large masses (greater than 1 mm), which are intermediate to advanced
stage cancers which have become more difficult to successfully treat. Consequently,
there is an urgent need for improved technologies capable of accurate, in-vivo detection
of early cancer or pre-cancerous conditions.

Fortunately, optical imaging and light

scattering techniques have sufficiently high spatial resolution and contrast to detect
many pre-cancerous tissues. For example, optical-based screening using colonoscopies
has been shown to reduce the incidence of colon cancer by more than 80% by identifying
precancerous polyps [6]. If this success can be replicated for other cancers using new
optical technologies, deaths from cancer could be substantially reduced.
This dissertation will present advances in light scattering technology with
potential applications to medical diagnosis and the detection of early cancerous and
precancerous conditions.

The specific focus will be angle-resolved light scattering

techniques: methods that use the angular dependence of scattered light to determine the
structure of tissue in order to infer its health status. These techniques are applied to
recovering quantitative features from biological scatterers and for enhancing imaging
contrast and penetration into tissue.
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1.3 Organization
This dissertation is organized into four distinct topics, each covering an aspect of
research into angle-resolved light scattering as applied to medicine and biology. The
first topic covers the application of a new light scattering model to angle-resolved low
coherence interferometry (a/LCI), and the resulting research directions. The second
topic discusses the development of a new interferometric technique, two dimensional,
angle-resolved low coherence interferometry. The third topic presents recent research
into using a new form of angle-resolved interferometric detection to image through
highly scattering media that are thicker than 1 mm. The fourth and final topic will
present an entirely new application of angle-resolved low coherence interferometry
based on optical autocorrelation measurements of tissue structures.
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2. Background
This chapter presents an overview of the technologies relevant to the research
presented in this document, beginning with low coherence interferometry (LCI),
progressing to modeling of light-matter interaction and finally discussing existing light
scattering techniques, including a/LCI.

2.1 Low Coherence Interferometry
Low Coherence Interferometry forms the basis of a number of techniques for
measuring scattered light, including optical coherence tomography (OCT) [7], optical
coherence microscopy [8] and a/LCI [9]. In this technique, a light field is combined with
a time delayed copy of itself (reference field) generated using a beam splitter and the
interference between the two is observed with an intensity-based detector. Detection of
the intensity of the combined fields rather than amplitude mixes the two fields, resulting
in a signal proportional to the square root of the reference field times the scattered field,
effectively amplifying the weak scattered field. The greatly increased signal level allows
for practical signal to noise ratios that are nearly shot noised limited [10]. The degree of
amplification is also dependent on the temporal overlap of the two fields relative to the
field’s coherence time, a property inversely proportional to the bandwidth of the source.
By using very broad bandwidth (hence low coherence) sources, depth sectioning is
possible with resolution determined by the source bandwidth (typically on the order of
microns). Using this effect, extremely weak (sub-picowatt) fields can be measured with
shot noise limited sensitivity and then resolved to a given depth into media.
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Initial LCI systems used time-domain interferometry (Figure 2.1a), a technique in
which the signal from each depth is sequentially scanned by moving a reference mirror.
In time domain interferometry, the detected photocurrent, ID is given by
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where ρ is the detector responsivity, P0 is the source power, z is axial distance, Sn is the
nth scatterer reflectivity,

is the source bandwidth in wavenumbers, k0 is the center

wavenumber, and the factor of 4 accounts for division of power in the beam splitter [11].
Using either the Doppler shift imparted to the reference field by a moving
reflector, or an external frequency shifting device, a heterodyne receiver is used to
separate the second (interferometric) term in equation (2.1) from the constant terms
(first) and reference-independent autocorrelation terms (third).

Furthermore, the

interferometric term is seen to be exponentially dependent on the difference in sample
and reference arms, zR -zSn. Therefore, unless the arms are matched to within a coherence
length, lc ~ 1/Δk, the interferometric term will be exponentially attenuated and the
expression in equation (2.1) will reduce to only the constant and autocorrelation terms.
This property is used to depth-resolve scattered fields in time-domain LCI (TD-LCI) by
recording the oscillations of the interferometric term as a function of reference arm
position.

Furthermore, because the interferometric term scales with the reference
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reflectivity, the resulting photocurrent is amplified by mixing with the reference field,
reducing the demands on the sensitivity of the detector when measuring weak signals.
Alternatively, in Fourier domain low coherence interferometry (FD-LCI) the
reference reflector position is fixed, and depth scans are performed by spectrally
resolving the combined scattered and reference fields and then Fourier transforming the
result relative to wavenumber. Spectrally resolving the field can be performed using a
spectrometer (Figure 2.1b) or equivalently by using a swept source laser (that is, a laser
whose wavelength is a predictable function of time). In both cases,
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where γ(z) is the Fourier transform of the power spectral density and represents the
coherence function [11]. The first term of equation (2.3) represents the familiar DC
terms. The second term is a series of scaled coherence functions shifted in depth by
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convolution with the scatterer distribution, and is the signal of interest here, as well as
its complex conjugate. The third and final term is the autocorrelation of the scatterer
distribution, and is usually negligible when the reference arm power is large compared
to the scattered field.

Unfortunately, without applying holographic techniques to

recover the complex field amplitude in equation (2.3) [12], or numerical techniques to
estimate the complex field from dispersion [13], the complex conjugate of the image will
be superimposed onto the A-scan.

Because of the difference in sign between the

complex conjugate and image terms, displacement of the reference arm relative to the
sample arm will displace the conjugate and image terms in opposite directions.
Therefore, the two can be separated in the A-scan at a cost of a reduction of a factor of
two in maximum imaging range by shifting the reference arm position such that each
half of the range is occupied exclusively by one term.
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Figure 2.1. Diagram of a time domain (a) and Fourier domain (b) LCI system.
In a) the reference reflector is mechanically translated to perform depth scans. In b)
the reference reflector position is fixed during a scan, and the spectrometer used to
read out an interferogram which is then Fourier transformed to recover the depth
scan.
FD-LCI has a number of advantages over TD-LCI, including significantly higher
sensitivity in the shot noise limit [14]. Additionally, elimination of a moving reference
mirror allows for extremely high scan rates and improved phase stability.
Unfortunately, this comes at the expense of additional restrictions on how the scan must
be performed. Unlike TD-LCI, maximum scan depth is limited by the need to separate
the complex conjugate as well as the spectral sampling rate of the detector, and cannot
be arbitrarily extended as in TD-LCI due practical limitations on how finely the
spectrum can be sampled. In practice this means that most FD-LCI systems have a
maximum scan depth of a 1-5 mm (spectrometer-based) [15] or up to 10 mm
(commercial swept-source-based) [16], with the exact range determined by the spectral
sampling interval. Scatterers exceeding this distance appear as attenuated copies of
themselves aliased to shallower depths [17].
12

Furthermore, in FD-LCI, the

interferometric signal is coherently measured, whereas in TD-LCI, only the magnitude
of the interferometric term is measured. This restricts the maximum acquisition period
to be faster than the phase drift present in the system , limiting the ability to perform
long exposures [18].

2.1.1 Optical Coherence Tomography
Optical Coherence Tomography is an imaging technique that uses LCI for 2D or
3D imaging. Depth (axial) resolution is provided by interferometrically recording time
of flight information, while transverse resolution is provided by the focusing ability of
the imaging optics. Clinical use of OCT centers on structural and Doppler flow imaging
of the eye, where the stacked layer structure of the retina is particularly well suited for
coherence based imaging [19-22]. Additionally, intracoronary [23] and gastrointestinal
applications [24-26] based on fiber-optic probes are an emerging area of research.
In recent years, Fourier-domain LCI has almost completely displaced timedomain LCI in clinical OCT owing to its higher acquisition speed, simpler
implementation, and high sensitivity[14, 27]. Clinical Fourier domain OCT (FD-OCT) is
principally implemented using one of two configurations: a broadband light source
with a 1D (non-imaging) spectrometer [14] and swept source lasers using balanced
photodiodes and high speed A/D converters [21]. While in principle both designs have
equivalent characteristics, in practice, spectrometer based designs have been preferred
for high resolution OCT systems where shorter wavelengths and very broad
bandwidths are required due to the challenges involved in creating shorter wavelength

13

swept source lasers [28]. In contrast, swept source lasers mainly operate at 1310 and
1050 nm where they achieve excellent line rate, penetration and maximum depth range
at the cost of some resolution [29].

2.2 Modeling of Light and Matter Interactions
Light scattering applications often require computational models of light-matter
interactions in order to interpret scattering measurements.

These models can be

rigorous solutions to Maxwell’s equations, as with Mie Theory or T-matrix, or
approximate models that adequately simulate a scattering process, such as the Van de
Hulst approximation [30]. While a comprehensive discussion of the models applied to
biological applications of light scattering is beyond the scope of this dissertation, two
models specifically relevant to the work in this dissertation are presented below.

2.2.1 Mie Theory
Mie theory is an exact solution to scattering from spherical objects in the Mie
scattering regime, approximately 1 to 30 wavelengths in diameter [31]. Although more
properly referred to as the Mie solution or the Lorenz–Mie solution, the widely used
term “Mie theory” will be used in this text. The Mie solution solves the boundary value
problem of a plane wave incident onto a dielectric or conducting sphere that is
comparable in size to the electromagnetic wavelength by decomposing the internal and
external fields as an infinite series of spherical vector wave functions (specifically
spherical Bessel and Hankel functions).

By imposing boundary conditions for the

electric and magnetic fields over the surface of the sphere, and using the orthogonality
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of the individual basis functions, the coefficients of the scattered field expanded onto
each basis function can be directly computed. The series of basis functions can then be
summed to compute the overall scattered field intensity [32] with arbitrarily high
accuracy.
The Mie scattering solution is characterized by oscillations in both scattering
intensity as a function of scattering angle (Figure 2.2), and total scattered light over all
angles as a function of the wavelength of light (or equivalently as the size of the particle
varies under constant wavelength). As will be discussed subsequently in this chapter,
measuring these oscillations forms the basis of many light scattering techniques,
including a/LCI.
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Figure 2.2: Mie scattering solution for a 6 µm scatter illuminated with 830 nm
light from the left side. The scattering pattern has a number of features common to
all Mie scatterers, including a strong forward scattered peak, and relatively intense
oscillations around the backscattering angle.
Because of its computational simplicity and ability to give exact solutions, Mie
theory is widely used to simulate scattering processes, even when the objects in question
are not precisely spherical. In fact, Mie theory is widely used to simulate the scattering
from such non-spherical objects as cell nuclei and military aircraft. Although precise
agreement between model and scatterer can only be obtained for exact spheres,
approximately correct solutions of sufficient accuracy for many applications can be
obtained from a wide range of scatter shapes.

Accordingly, most light scattering

techniques model cells and cell nuclei as Mie scatterers.
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2.2.2 T-matrix
The T-matrix method, also referred to as the extended boundary condition
method (EBCM), is a generalization of Mie theory to arbitrarily shaped objects that
reduces to Mie theory in the spherical case [33]. As in Mie theory, the incident and
scattered fields are expanded into spherical vector wave functions over the scatterer
geometry, which can now be arbitrarily shaped.

Unfortunately, the loss of spherical

symmetry greatly complicates both the calculation of boundary conditions and the
complexity of the scattered field, necessitating increasing numbers of terms in the
expansion to achieve a given level of accuracy. Consequently, calculation of the Tmatrix solution rapidly becomes more computationally expensive as the scatter becomes
less symmetric.

For highly asymmetric objects, the series expansion may require

impractically high numerical precision to yield an accurate solution [34, 35].

For this

reason, the T-matrix method is often restricted to moderately elongated objects with one
axis of symmetry such as spheroids (stretched or flattened spheres) and Chebyshev (rain
drop or star-shaped) particles [35].
Because most cell nuclei are approximately spheroidal rather than spherical, the
T-matrix is an attractive alternative to Mie theory.

Fortunately, very high quality

FORTRAN codes that implement recent advances in T-matrix modeling have been
released into the public domain for non-commercial use [35].

The construction of

databases of T-matrix solutions will be considered in detail in chapter 3, and the
application of these codes to light scattering measurements will be discussed
subsequently in chapter 4.
17

2.3 Light Scattering Techniques
This section presents a brief overview of biomedical light scattering techniques
relevant to understanding the advances presented in subsequent sections of this
dissertation.

2.3.1 Light Scattering Spectroscopy
Light scattering spectroscopy (LSS), is a light scattering technique developed in
the 1990s to measure the size of cell nuclei of epithelial layers in vivo using spectral
oscillations in scattered light [36]. In the LSS technique, cell nuclei are assumed to be
Mie scatterers, and so have an oscillatory scattering cross-section with wavelength as
predicted by Mie theory. Light scattered from tissue layers containing many cell nuclei
therefore will have an intensity component that oscillates with wavelength. By using a
closed form approximation to Mie theory such as the van de Hulst approximation, or
computing numerical solutions to Mie theory directly, these oscillations can be inverted
to yield the average size of cell nuclei [37, 38].
Although conceptually simple, the difficulty in successfully implementing LSS
arises from the need to separate single scattered light from cell nuclei from the
enormous diffusely scattered background returning from the underlying tissue. This is
further complicated by the need to use collimated (or at least low NA) illumination and
collection to avoid washing out spectral oscillations, a fact which precludes direct use of
confocal gating without modification of the light scattering model (see section 2.3.3).
Three general methods have been developed to reject this diffuse light in conventional
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(e.g. low NA) LSS: 1) model based methods that estimate the background and
numerically compensate for it, 2) polarization gating, which rejects some of the light that
has been depolarized by multiple scattering, and 3) coherence gating, which uses LCI to
reject light based on time of flight. Initial studies used model based fitting and/or
polarization gating [38, 39], but these ultimately proved controversial because of the
uncertain applicability of model based methods [40].
LSS has been applied to detection of cancer and precancer in a number of tissues.
Early results used polarization gating and model based fitting in colon, oral tissue,
esophagus, and urinary bladder [41] as well as ex-vivo tissue colon tissue [37], and in
vivo detection of cervical dysplasia [42] and Barrett’s Esophagus [43]. Subsequently,
new variations of LSS, including Fourier-Domain Low Coherence Interferometry (fLCI)
and CLASS (see following sections) extended the applicability of LSS to new tissues
through adaptation of the method to LCI and confocal imaging systems.

2.3.2 Fourier-Domain Low Coherence Interferometry
fLCI was developed in the early 2000s to address some of the limitations of
model and polarization based LSS while incorporating aspects of OCT imaging [44]. In
fLCI, tissue is illuminated using collimated light as in conventional LSS. However, in
contrast to LSS, a beam splitter and reference mirror are used to interferometrically
detect scattered light using LCI. By using LCI to implement coherence gating, it is
straightforward to isolate the single scattered component of light returned from
relatively superficial tissue based on the time of flight, although multiple scattering may
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become significant at greater depths. Simultaneously, using LCI allows for easy depth
sectioning so that different tissue layers can be independently analyzed.
Although seemingly a simple solution, the use of coherence gating is
complicated by the large bandwidth required to accurately measure spectral oscillations.
Traditionally, this requirement has been satisfied in LSS by using thermal light sources
such as Xenon arc lamps. Unfortunately, emission from thermal sources is inherently
multimode, which is problematic for LCI because adjacent transverse modes do not have
a stable phase relationship, and therefore do not generate interference. Single mode
light sources avoid this problem by concentrating all energy into a single mode, but tend
to have limited spectral bandwidth. Thus the development of fLCI initially required
developing an OCT system capable of operating with a large number of non-interfering
modes. In fLCI, this was accomplished by imaging the modal distribution of the source
onto the tissue and reference reflector. The scattered and reference fields were then
imaged back onto an imaging spectrometer using a 1:1 mapping such that each mode
mapped to only a single spatial pixel on the spectrometer. Because the power per mode
of practical thermal sources is extremely low (typically on the order of a few
microwatts), fLCI with a thermal source is typically performed in a line scan
configuration using Fourier domain LCI such that hundreds of modes are concurrently
imaged in parallel . This ensures that the long integration times required do not overly
limit imaging speed.
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Initial results for fLCI demonstrated the potential of the technique by
determining the size of polystyrene beads [9] and then assessing the size of cell nuclei in
culture [44]. Subsequently, in vivo measurements were demonstrated in various cancer
models [18]. Following these initial results, the development of a new time-frequency
distribution based on the dual window method was developed [45], and then applied to
the detection of early colorectal cancer in a rat model [46]. The technique was further
enhanced in the late 2000s with the application of supercontinuum based light sources,
capable of producing very wide bandwidth, single mode illumination [47].

2.3.3 Confocal
(CLASS)

Light

Absorption

and

Scattering

Spectroscopy

CLASS is an adaptation of LSS to operation in the confocal regime [48]. Like LSS,
Mie theory-based models are used to analyze spectral oscillations to determine
structure. Unlike LSS, CLASS uses high numerical aperture (NA) confocal gating to
reject out of focus light, resulting in very high resolution imaging and depth sectioning.
However, the high NA must be numerically accounted for in the models because the
scattered intensity at each wavelength is itself angle-dependent. Thus, CLASS uses a
model that integrates over a range of angular oscillations while resolving only spectral
oscillations. Consequently, as NA is increased, confocal rejection and spatial resolution
improve, but oscillation contrast is reduced.
An important advantage of CLASS is the ability to focus on individual
components of cells. Thus, CLASS can determine the size of individual cell organelles
with subwavelength accuracy and resolution without the need for exogenous contrast
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agents [49].

By confocally scanning across a cell, subwavelength features can be

extracted over an entire cell volume [50] [51].

2.3.4 Two Dimension Angular Optical Spectroscopy
In contrast to LSS and fLCI, which are spectrally resolved techniques, twodimensional angular optical spectroscopy (TAOS) was an early angle-resolved technique
that attempted to determine the size of airborne particles [52].

In TAOS, particles

suspended in air fell through a monochromatic laser beam. A Fourier transforming lens
and a 2D array detector were then used to record the scattered light intensity over a
range of solid angles. Finally, a light scattering model was used to estimate the particle
size based on the recorded intensity patterns.

Although not strictly a biomedical

technique, TAOS is notable for combining light scattering measurements with a
sophisticated numerical model [53].

2.3.5 4D Elastic Light Scattering Spectroscopy
4D Elastic Light Scattering Spectroscopy (4D-ELF) is a variation of LSS that
incorporates very high spectral, 2D angular, and polarization resolution to map out the
scattered field in four dimensions [54] Unlike TAOS, measurements are taken in a
backscattering geometry which is compatible with tissue measurements and incorporate
polarization gating in order to perform sectioning. 2D angular resolution is achieved
using an imaging spectrometer with its entrance slit scanned across the Fourier plane of
a lens.

Subsequently, a/LSS was used to detect precancerous tissue in a rat

carcinogenesis model [55]. The use of an imaging spectrometer combined with scanning
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of the angular distribution across the spectrometer slit in 4D-ELF prefaces the
development of line scan 2D a/LCI, which will be presented in section 7.1.

2.3.6 Angle-Resolved Low Coherence Interferometry
a/LCI is a measurement technique related to OCT in which depth scans are
recorded interferometrically using low coherence interferometry [9, 56]. Unlike OCT,
individual scans are angle-resolved, with the available numerical aperture of the system
divided across many separately measured scattering angles, beginning with backscatter
and moving forward approximately 25 degrees. The resulting angular distribution is
compared to a light scattering model analogously to LSS to determine the size of
scatterers (typically cell nuclei). The result is a series of measurements of average scatter
size and refractive index as a function of depth.
a/LCI has shown promise as a means of detecting dysplasia in living tissue by
measuring changes in the size of cell nuclei, a known biomarker for a number of
precancerous processes [57, 58]. Because of its ability to depth section scattered light, as
well as to isolate single scattered photons, a/LCI has been particularly successful for in
vivo applications using endoscopic probes [3, 59].
a/LCI systems have been developed based on TD-LCI using translating lenses to
resolve each scattering angle [60] and FD-LCI using parallel detection of light scattered
at multiple angles with charge-coupled device (CCD) arrays [61] as well as scanning
fiber systems [62].

In all these designs, many scatterers are illuminated with a
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collimated incident light beam, and the ensemble average of scattering originating over
a several- hundred-micrometer-diameter spot size is recorded.
The choice of light scattering model determines what information can be
recovered from the angle-resolved light scattering measurements. Prior to the work
described in this dissertation, processing of a/LCI data was exclusively accomplished
using Mie theory. Using this basis, the diameter (or more specifically the equal volume
diameter if the object is only approximately spherical) and the refractive index of a
scatterer can be inverted from scattering measurements. In chapter 3 , the generalization
of a/LCI to non-spherical scatterers using T-matrix based processing will be considered.

2.3.7 Fourier Holographic Light Scattering Angular Spectroscopy
Fourier holographic light scattering angular spectroscopy (FHLSAS) is a novel
light scattering technique that is conceptually similar to a/LCI but implemented in a very
different manner [63].

As in a/LCI, the angle-resolved scattering intensity is

interferometrically measured in the Fourier plane of a lens. However, unlike a/LCI, high
coherence light is used rather than low coherence. The system is therefore unable to
depth section because the coherence length is large relative to the sample dimension. By
holographically recording both the amplitude and phase, the angle-resolved scattering
can be Fresnel propagated towards an image plane, forming an image of the sample.
The sample can then be segmented into discrete objects, each of which can be Fresnel
propagated back towards the Fourier plane.

This allows separation of the angle-

resolved scattering patterns from each object in a distribution.

24

After an object is

segmented, it can be fit using Mie theory or another light scattering model to determine
its size with extremely good accuracy [63, 64].

2.4 Angle-Resolved Low Coherence Interferometry Processing
The a/LCI processing technique is described in detail in [60] and reviewed in [65],
but will be briefly reviewed here. Figure 2.3 illustrates processing of typical a/LCI data.
It consists of the following steps which extract the diffractive component of scattering
due to cell nuclei or microsphere phantoms and then compares it to a light scattering
model such as Mie theory.

2.4.1 Depth Extraction
A depth of interest is determined and the angle-resolved scattering from that depth
is extracted to generate an angular profile (Figure 2.3a,b). Because of the use of low
coherence interferometry, a/LCI scans can be recorded through nearly 1 mm of thick
tissue at reasonable illumination power levels, and sectioned with approximately 10-30
µm resolution. This allows isolation of individual cell layers in living tissue.

2.4.2 Correlation Filtering
The Fourier transform of the angular profile is related to the two point spatial
correlation function [56], and so spatial filtering corresponds to removing scattering
contributions from length scales larger or smaller than the range of interest [60, 66].
Mathematically,
(2.4)
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where ( ⃗ ) is the vector electric field scattered at a given polar angle , and

( ⃗) is the

autocorrelation as a function of spatial displacement. Consequently, the contribution to
scattering from small (Rayleigh) scatterers can be rejected by polynomial detrending or
alternatively high pass filtering. Intuitively, this can be understood by realizing that
small scatterers generate nearly isotropic scattering distributions, and so contribute only
a slowly varying angular term. By the same logic, the contribution from large tissue
scale features can also be rejected by low pass filtering. In both cases, a priori knowledge
of the range of reasonable nuclei sizes for a given cell type is used to determine the filter
cutoff. Physically, this process isolates scattering from single cells and their components
from coherent scattering between multiple cells, ensuring that subsequent processing
considers only the average cellular geometry and not tissue scale features [66].
Correlation filtering is an essential step in the a/LCI fitting algorithm, and will be
revisited in the context of the fractal dimension in section 4.6 and 2D optical correlation
in chapter 7.
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Figure 2.3. a) a/LCI measurement showing depth resolved angular scattering
for a MCF7 cell monolayer with angles given relative to the backscatter angle. b)
Unprocessed angular scattering profile extracted by summing over depth in a. c)
Processed scattering profile (solid line) compared to best fit model (dotted line) after
detrending and low pass filtering to isolate nuclear scattering. (Adapted from [67]
with permission.)

2.4.3 χ2 Error Calculation
In the final step, the processed data are compared to a simulated database of
scatterers that have been processed as above to remove the second order polynomial
component (Figure 2.3c, dashed line). Each simulated scattering profile is sequentially
compared to the experimental data, and the χ2 variance computed using the following
equation:
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Minimization of the χ2 error in a/LCI is then subject to the constraint that the best
fit must be at least 10% better scoring then all fits within one half wavelength or 0.03 of
aspect ratio (if non-spherical particles are modeled). This last step is necessary because
significantly different particles can give similar diffraction patterns, a phenomenon that
will be discussed subsequently in the context of 2D a/LCI (see section 5.2).

2.4.4 χ2 Database Preparation
The creation of specific Mie and T-matrix databases will be discussed in detail in
further sections. However, a brief overview of the preparation of a database is given
here. First, a range of scattering solutions is computed using the algorithm of interest.
Typically, these solutions are computed for a single wavelength, and the effect of low
coherence is simulated by averaging several closely spaced particles sizes to simulate
having a distribution of illumination wavelengths (or equivalently a range of scatterer
sizes) [68]. Finally, the database is polynomial detrended. Generally, low pass filtering
is unnecessary because individual scatterers have no spatial correlations larger than
their diameter.

2.5 Summary
Chapter 2 provided an overview of the background materials needed to provide
context for the techniques presented in subsequent chapters.
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This summary is

necessarily incomplete, and in future sections, additional background will be given
when relevant in the following chapters.
In the first section, the core technology behind the work in this dissertation, low
coherence interferometry was introduced, and the reasons (e.g. depth sectioning and
high sensitivity) that make it attractive for biomedical applications were discussed.
Additionally, some of the theory and limitations of LCI were introduced as was optical
coherence tomography, an extremely successful clinical technology based on LCI. Next,
an overview of two computational light scattering models, Mie theory and the T-matrix
method were briefly introduced. In the next chapter, these models will be developed
into practical light scattering techniques and applied to a number of biologically and
medically relevant experiments. The following section included an overview of relevant
light scattering techniques based on spectrally or angle-resolved measurement of
scattered fields. This discussion served to provide context for the original work that will
be presented in the following chapters. Finally, the section concluded with an overview
of angle-resolved low coherence interferometry, the technique which will be the focus of
the next chapter and a core technology advanced by the work in this dissertation.
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3. Development of Advanced Light Scattering Models
In this chapter, the integration of the T-matrix software into time-domain a/LCI
is described. This section begins with an overview of how Mie theory and T-matrix
databases are parameterized. Next, the coordinate systems used in simulations are
defined. Then, in section 3.3, distributed computing software used for dividing T-matrix
calculations across a large number of PCs is described in detail. Finally, in section 3.4,
the resulting database is validated using spheroidal scattering phantoms and shown to
have sub-wavelength accuracy and precision.
The database software presented here will be validated using 1D a/LCI.
However, the underlying database software is not restricted to processing any particular
subset of angles, and so can simulate and store the entire 2D solid angle-resolved field.
In the context of 1D a/LCI, angles are limited to single, linear slices through the scattered
field. In chapter 0, 2D a/LCI will be introduced, and the software presented here is used
to generate solid angle-resolved databases by simply simulating a much larger number
of scattering angles.

3.1 Background
The application of the T-matrix method to light scattering from cell nuclei was
explored by Keener et al. who showed that Mie theory could be used to estimate the
scattering from spheroids illuminated parallel to their axis of symmetry [69], and by
Mourant et. al. who explored its applications to small scatterers [70]. The T-matrix
method was also considered by Duncan et. al. who showed that it could in principle be
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used for inverting depolarization rates from spheroidal scatterers [71]. Unfortunately,
the T-matrix incurs a substantially higher computational cost versus Mie theory, which
has prevented previous efforts from extending the technique to actual inverse light
scattering analysis (ILSA) of biological applications.

However the problem of

constructing a scattering database is intrinsically parallel and allows for easy adaptation
to distributed computing across many PCs.
Due to its computational simplicity, a/LCI results previous to the work presented
here have all used Mie theory, a solution to scattering from spherical dielectric
scatterers. In order to construct a database of Mie scatterers suitable for inverse analysis
with a/LCI, one solves the Mie solution for a range of scatterers:
(

)

(3.1)

where λ is fixed at 830 nm, radius varies depending on a priori knowledge of the
scatterers of interest, nbackground is the background refractive index (typically 1.35-1.36 for
cells [72]), nscatter is the refractive index of the scatterers (cell nuclei, typically 1.41 to 1.43),
and θ is a range of angles across which measurements were taken. The ILSA then
inverts that function, recovering the input parameters by comparison of the measured
data to Mie theory simulations.
In fact, the wavelength, radius and refractive indices are related by the
electromagnetic size parameter

, and so equation (3.1) can be rewritten

⁄

as:
(

)
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(3.2)

where nratio is the ratio of the refractive index of the scatterers (cell nuclei) to the
refractive of the media (cytoplasm) and is typically between 1.035 and 1.05. In this way
the dimensionality of the Mie database can be reduced from 3 (radius, n background, and
ntarget) to only 2 (size parameter and nrelative) for a given wavelength. This significantly
reduces the total number of elements in the database by more evenly spacing the various
refractive index combinations at the cost of a slightly less intuitive formulation.
Generally for Mie theory, the first formulation is preferred because of the Mie
theory databases are relatively small and sufficiently fast to compute that optimization is
not necessary. However, when considering the T-matrix, the input database parameters
become:
(

ϵ
(3.3)

)

where the additional term ϵ is the aspect ratio, with values less than one corresponding
to prolate spheroids, ϕ is the azimuthal scattering angle, and

are the Euler angles of

rotation that account for the rotation of an aspherical particle in space. The azimuth
angle corresponds to rotation of the scattering plane about the optical axis, and is
technically present in the Mie case, but is redundant due to symmetry for spherical
scatterers. The exact range of azimuth angle considered depends on the a/LCI system
geometry. In the a/LCI system considered here, the azimuth angle is typically fixed at 0
degrees for all measurements.

For the T-matrix, the alternate formulation is often

preferred:
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(

ϵ

)

(3.4)

where this form is advantageous because the reduction from 4 independent parameters
for a given particle orientation to 3 significantly reduces computation time and memory
requirements.
The result of the T-matrix simulations is the calculation of a (truncated) infinite
series expansion of the scattered field coefficients p, q onto the vector spherical basis
functions. This expansion can be computed for an arbitrary input field expansion
[ ]

[ ]

[

][ ]

(3.5)

where T is a transition matrix that maps the input wave expansion (trivial in the case of
a plane wave) onto the output (see equation 22 of [35]).

The T-matrix solution is

therefore independent of the incident and scattered field orientations and polarizations,
and can be used to compute any combination of input or output field orientations over
by a computationally simple adjustment of the a, b matrix coefficients
without recomputing the T-matrix solution. As a result, a single scatterer geometry
(defined in terms of size, aspect ratio and refractive index) can be computed to yield a T
matrix which can then be solved for an arbitrary number of orientations or field
positions. Alternatively, the T matrix itself can be stored for later processing.
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3.2 Scattering Coordinate System

Figure 3.1. Illustration of the angle resolved scattering geometry.
The scattering geometry used for all a/LCI experiments is presented in Figure 3.1.
A scatterer in the sample plane (left side) generates an expanding spherical wave when
illuminated with collimated light. In the middle, a lens images the spherical wave onto
the Fourier-plane where it is detected. In doing so, it imposes a vector transform of the
incident electric field vectors Ep and Es, the components of the electric field parallel and
perpendicular to the x axis, respectively:

 Ess

 E ps

Esp  e ikR   cos 

E pp  kR   sin 

 sin    S11

cos   S21

I
S12   E p 
 
S22   EsI 

(3.6)

where the S matrix elements are generated by summing the expansion of the elements of
p, q in equation (3.6) for a given set input and output angles and Ess, Eps, Esp, and Epp are
the electric field coefficients. For the electric field coefficients, the first subscript refers to
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the incidence polarization, and the second the detected polarization. As an example, E sp
corresponds to the parallel detected field after illumination with perpendicularly
polarized light (cross-polarized detection).
After transforming to the detector plane, the effect of low coherence illumination
can be simulated by averaging several closely spaced particles sizes to simulate having a
distribution of illumination wavelengths (or alternatively a distribution of scatterer
sizes) [68]. This is typically done by simulating particles in size steps of less than 1/10 th
of a wavelength, and the interpolating on an angle per angle basis to generate a
distribution of intermediate sizes which are then summed to simulate having multiple
wavelengths and/or particle sizes as described in section 2.4.4. As an example, the Epp
component of the Mie solution in the image plane of Figure 3.1 was computed in Figure
3.2b from the S11 (shown in Figure 3.2a) and S21 (not shown) scattering matrices.
Finally, to simulate low coherence light, a 2.5% Gaussian distribution was applied
(Figure 3.2c). Note that by convention, the 1D a/LCI scan dimension is defined as being
along ϕ = 0.
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Figure 3.2. a) Absolute value of the S11 component of the scattered field for a
10 μm diameter sphere. b) The Epp component of the scattered field generated by
combining the S11 and S21 fields and converting to polar coordinates. c) The Epp field
after computing a Gaussian weighted wavelength distribution. Reproduced from [73]
with permission.
Of note in equation (3.6), a/LCI always uses fully polarized light aligned with the
reference frame, and thus only

or

are non-zero. Consequently, evaluation reduces

to two terms for any given a/LCI measurement, a co-polarized complex electric field and
a cross-polarized complex electric field (e.g. Epp/Eps or Ess/Esp). Furthermore, for a/LCI
evaluated along

, this further simplifies to just two non-zero scattering matrix

components corresponding to the co-and-cross-polarized fields.

3.3 Distributed Computing Software for Computation of T-matrix
Databases
Because of the extremely high computational cost, generating a reasonably
comprehensive set of scattering solutions is impractical using the T-matrix on a single
PC. However the problem of constructing a scattering database is intrinsically parallel
and can be easily adapted to distributed computing across many PCs by issuing one
simulation per processor in parallel. Using this approach it is straightforward to achieve
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a linear speed up proportional to the number of processors available. Therefore, a
custom distributed computing (DC) client was developed capable of distributing Tmatrix computation across an arbitrarily large number of PCs from a single central
database server (Figure 3.3).

Figure 3.3. Diagram of the distributed computing system for computing Tmatrix solutions.
In the center, a PC running the MySQL database software
distributes work units (WUs) to individual PCs. On the right, each PC accepts as
many WUs as it has idle processors, and in turn returns completed WUs with the
associated scattering solution. On the left, clients running a programming language
such as Matlab can query the database and download matching scattering solutions.
The system developed here has a number of features that are important for
performing DC in a university setting. First, the clients are cross-platform, and can be
run on any available Windows or Linux PC using as many processors as are available.
Second, the distribution of WUs is tolerant of PCs being rebooted by users such that if
any WU is not returned to the server, it is simply reissued to a different machine. Third,
the software is low impact, so that clients can be used for normal tasks during the day
with negligible overhead. Forth, the system is flexible enough to pass a large number of
configuration parameters to the underlying simulation software without redeploying
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software to individual clients, which may be widely dispersed.

Collectively, these

qualities make it possible to deploy the DC software on Duke University lab computers
for extended periods without interrupting other users.
The actual DC system consists of a number of individual software components
which are detailed below.

3.3.1 MySQL Server
The database server is running the open source SQL database server MySQL
provided by MySQL AB (now part of Oracle). The server itself contains a number of
individual databases, each reserved for different a/LCI experiments.

Within each

database, two tables are present. The first is the Work_Unit table, which contains a list
of all WUs associated with that database (Figure 3.4). WUs are grouped by run number,
which is a monotonically increasing number that is incremented when a new series of
WUs is dispatched.

Each WU contains a series of integer fields which give the

parameters corresponding to a single T-matrix simulation.

These include the size,

radius, wavelength, aspect ratio, background and target refractive indices, the Euler
angles corresponding to the scatterer orientation and scattering angles to be simulated,
as well as several parameters that can be used to control internal simulation parameters
for troubleshooting and benchmarking purposes. Floating point values are not used to
avoid issues with CPU precision when indexing tables. Finally, each WU contains the
name of the database to insert results into and a single status variable that can take
various values depending on the status of the WU. These include ‘P’ for “Pending”, ‘I’
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for “In Progress”, ‘C’ for “Complete” and ‘F’ for “Failure of Simulation”, with the latter
status reserved for simulations parameters that are invalid or encounter numerical
issues that preclude returning a solution.

Figure 3.4. Diagram of an example work unit table entry describing a particle
with 5 µm radius, its shape and its orientation, the angular range to simulate, and the
database to insert the results into.
The second table is the simulation table, and contains the values returned by
clients after completing a WU. Individual WUs can return one or more entries in this
table depending on the parameters specified.

Each entry contains a list of the

parameters used to compute it, including radius, aspect ratio, wavelength, etc.
Additionally, each entry contains four “binary blob” data structures S11, S12, S21 and
S22 corresponding to the respective scattering matrix elements defined in equation (3.6).
These data structures are a special data type in the SQL language that enables efficient
storage of binary data. Each ‘blob’ stores the complex scattered field amplitude for each
polarization of the solution. In the case of time-domain a/LCI, these blobs contain only a
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few entries each, but in subsequent chapters they will be scaled up to contain very large
numbers of scattering field values.

3.3.2 DC Worker Software
The DC worker software consists of a Perl script. Perl was chosen because it can
directly interface with MySQL, runs on all modern operating systems, and can easily
parse the output of Fortran software typically used for simulations. The layout of the
Perl script is conceptually simple. It continually tries to contact the MySQL server,
sleeping for a set period if the server is offline. Once connected, it launches as many
copies of itself as the machine has processors. It then loops forever while asking the SQL
server once per 10 minutes for a new WU with status ‘P’. If it finds a suitable WU, it
locks the Work_Unit table entry to ensure that no other client can take the WU, and
changes its status to ‘I’. Finally it passes the parameters from the WU to the T-matrix
program, unlocks the table, and sleeps until the T-matrix program completes. Upon
completion, it parses the program output, packs the field values into a binary blob, and
then inserts this result into the simulation table of the database listed in the WU. Finally
it changes the WU status to ‘C’ indicating that the task is completed, and attempts to
check out a new WU with status ‘P’.

3.3.3 T-matrix Software
The T-matrix program was written in FOTRAN-77 and provided by Dr. Michael
Mishchenko [35, 74].

Two variations are used, a double precision (64 bit) version

referred to by Dr. Mishchenko as “ampld.lp.f” and a quad precision (128 bit) version
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referred to as “amplq.lp.f”. These FORTRAN programs can be compiled using the
freely available Intel FOTRAN compiler for Linux. The use of other compilers is not
recommended due to the sensitivity of the software to rounding errors and the
extremely high performance of the Intel compiler. In particular, the g77 FOTRAN
compiler was observed to be unable to compile the quad precision code. The program
code provided by Dr. Mishchenko was then modified in several places to substantially
improve its performance on Intel hardware and allow it to directly interface with the
Perl script.

3.3.4 Client Software
The final portion of the DC system is the client software, which is implemented
in Matlab. All processing steps run in parallel across 8 processors using the Mathworks
Parallel and Distributed Computing toolkit. The client software retrieves a series of Tmatrix solutions, and then performs the required processing needed to generate a
dataset suitable for performing inverse analysis. Briefly, these steps are 1) download the
desired scatterer solutions in the form of the scattering matrix elements for each particle
and orientation, 2) calculate the scattered field in the sample plane for the specified
polarization from the S matrix values using equation (3.6) 3) compute size distributions
from a weighted average of closely sized particle solutions, and 4) perform second order
polynomial subtraction on each scattered field.
process can be found in reference [34].
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A more discussion of this fitting

3.4 Validation of the T-matrix Using Non-spherical Phantoms
An essential step in developing the T-matrix software was ensuring that all
components of the software interfaced and operated correctly with no spurious results.
Because of the extremely large size of the T-matrix database (billions of scattering
measurements), direct inspection of the solutions was impossible. Instead, a detailed
study was conducted in which a number of phantoms of known size and aspect ratio
where created, and then optically scanned using orthogonal incident polarizations as
well as in two perpendicular sample orientations.

3.4.1 Development of Spheroidal Phantoms
To validate the use of the T-matrix as a means of fitting scattering measurements
to recover size and aspect ratio, optical phantoms containing spheroidal scatterers with a
refractive index mismatch similar to cells were developed through an adaptation of a
preexisting technique [75]. Polystyrene microspheres (Duke Scientific) (n = 1.59) were
embedded in a polydimethylsiloxane (PDMS) matrix (n=1.44), yielding a relative
refractive index difference of n = 1:10. PDMS is a silicon elastomer created by mixing a
base and a curing agent (Dow Corning, Midland, Michigan, USA).
To create the phantoms, microspheres were mixed with PDMS. The curing agent
was then mixed into the homogeneous solution at a 10:1 base to curing agent ratio. The
solution was poured into a chamber covered glass and placed in a vacuum chamber for
at least 45 min in order to remove any air bubbles in the PDMS. The phantom was
placed in an oven for at least 6 h at 80°–90 °C in order to cure.
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Figure 3.5. Phase images of 12 µm EVD spheroidal phantom in a) transverse
magnetic (TM) orientation and b) transverse electric (TE) orientation. Reproduced
with permission from [76].
In order to create optical phantoms from polystyrene spheres, the thin film of
PDMS was removed and suspended by one end inside an oven. The phantom was
stretched by attaching a weight to the other end of the film and heating it for 45 min at
190°–200 °C. This temperature is above the glass transition temperature of the
polystyrene but well below the melting point of PDMS such that the spheres stretch
under the uniaxial tension applied to the phantom by the attached weight. After
sufficient time the sample was removed and allowed to cool at room temperature with
the uniaxial force still being applied. This procedure allows creation of phantoms with
spheroidal scatterers possessing aspect ratios ranging from 0.70 to 1.0, with the range
limited by the mechanical properties of the PDMS. Three phantoms were prepared
using this approach with different sized microspheres with NIST certified diameters of
12, 10 and 7 um.
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Individual phantoms were measured using quantitative image analysis to
determine their stretched size and shape. Each was measured with a/LCI in both the TM
and TE orientation (Figure 3.5).

Two databases were prepared for the purpose of

inverse light scattering analysis (ILSA): the first database used Mie theory as a model;
the second database used the T-matrix model. Both models used scatterer refractive
indices of 1.58 and 1.59, input background refractive indices of 1.43 and 1.44, scatterer
size distributions of 1.0% and 2.5%, and scatterer sizes from 5.0 to 16.0 µm in 0.1 µm
increments. The T-matrix model was calculated in both TM and TE orientations with an
aspect ratio from 0.68 to 0.98 in increments of 0.02.

3.4.2 Determining Spheroid Size
Twenty scattering profiles were measured for each phantom and compared to a
database of theoretical scattering profiles determined using the T-matrix method. There
was no statistically significant difference between the results for the TM and TE
orientations so these were combined (
Figure 3.6a). Phantom 1 was found to have an EVD of 11.72 ± 0.23 µm and an
aspect ratio of 0.84 ± 0.03; phantom 2 had an EVD of 9.78 ± 0.20 µm and an aspect ratio of
0.83 ± 0.02; and phantom 3 had an EVD of 6.98 ± 0.38 µm and an aspect ratio of 0.74 ±
0:02.

44

Figure 3.6. The EVD (a) and the aspect ratio (b) results from T-matrix fitting, Mie
theory fitting, and QIA. Reproduced with permission from [76].
Next, the scattering profiles of each phantom were measured in TM and TE
orientations and then compared to a database of theoretical scattering profiles as
determined by Mie theory.

Based on previous work by Keener et. al, it was

hypothesized that Mie theory based ILSA solutions would preferentially fit either the
major or minor axis [77], and it was quickly determined that the minor axis was
preferentially measured for TE-oriented spheroids and the major axis when for TMoriented spheroids. These measurements were used to estimate the EVD and aspect ratio
of the spheroids using Mie theory (
Figure 3.6a). For phantom 1, the results from the minor axis (N = 10) and major
axis (N = 10) measurements indicated that the EVD was 12.01 ± 0.16 µm and the aspect
ratio was 0.83 ± 0.03. For phantom 2, the results from the minor axis (N = 9) and major
axis (N = 7) measurements indicated that the EVD was 10.01 ± 0.08 µm and the aspect
ratio was 0.84 ± 0.02. For phantom 3, the results from the minor axis (N = 11) and major
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axis (N = 11) measurements indicated that the EVD was 6.99 ± 0.15 µm and the aspect
ratio was 0.78 ± 0.03. However, these estimations from Mie theory were not 100%
accurate and for each phantom and orientation; 1–2 measurements were omitted as
outliers by boxplot analysis (a total of 8 rejected measurements).
Using the measurements of the minor and major axis, the average EVD and
aspect ratio of the ensemble of spheroidal scatterers in the optical phantom were
determined with high accuracy. One caveat concerning the use of this method is that
there are some outlying data points (outliers as determined by boxplot analysis) that
were discarded. Although less than 10% of the measurements were outliers, and clearly
rejected by the boxplot analysis, the fact that some points did not conform to the trend
emphasizes the incompatibility between the spheroidal scattering geometry and the Mie
theory light scattering model, and points to a need for a more representative model.
In comparison, ILSA of a/LCI data using the T-matrix method accurately
determines the aspect ratio and EVD of the optical phantoms from either TE or TM
orientations, and therefore offers several advantages over Mie theory for measuring
nonspherical scatterers. First, comparison with the T-matrix model requires that only
one orientation, TE or TM, need be scanned to measure the size and shape of the
spheroidal scatterer. Comparison with the Mie theory model requires at least twice as
many measurements since both TE and TM orientations are necessary to determine the
major and minor axis of the spheroid. Second, in previous numerical studies [69, 78], it
was found that the correspondence between orientation and measured axis is not 100%
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for cell nuclei using Mie theory. These limitations will be discussed in the next chapter
(section 4.3). These results indicate that the T-matrix database is provides accurate size
determinations, and is a suitable replacement for Mie theory.

3.5 Summary
In this chapter, a method of using distributed computing to solve for the angleresolved scattered fields from aspherical particles was presented.

The software

presented here uses a simple database and a large number of worker computers to
simulate a very large number of scattering solutions in a reasonable amount of time.
Client software for accessing and uses this database to solve the inverse light scattering
problem was also presented. Finally, a T-matrix database was used to determine the
size and shape of aspherical particles with subwavelength precision and accuracy using
experimentally measured angle resolved light scattering distribution. In the following
chapters, the software presented here will be applied to further a/LCI studies.
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4. Development of Angle Resolved Low Coherence
Interferometry (a/LCI) using the T-matrix method
As discussed in section 2.4, the a/LCI technique depends on a light scattering
model to invert measurements of scattered light into biologically or medically useful
structural information. This chapter demonstrates the use of T-matrix simulations as the
basis for light scattering analysis. The chapter begins with a brief review of previous
a/LCI results based on Mie theory analysis (section 4.1) and an overview of the time
domain a/LCI system (section 4.2) used for measurements. In section 4.3, the ability to
precisely simulate aspherical scatterers with the T-matrix measurement is used to
understand the applicability of Mie theory to sizing aspherical objects. Section 4.4
extends this result to analyze the structure of cell nuclei in culture. Next, in section 4.5
several applications of T-matrix based a/LCI are explored, including light scattering
based analysis of cell deformation and dynamics. Finally, in section 4.6 the concept of
the fractal dimension of cells in culture is considered in light of the T-matrix method and
then used to detect the onset of apoptosis due to chemotherapeutic agents.

4.1 Previous Results
Prior to the work presented in this dissertation, previous studies established the
ability of a/LCI to determine the size of microsphere phantoms [9, 79] and then cell
nuclei in culture [56].

These results were quickly followed by the demonstration that

a/LCI could detect neoplastic transformation in a rat esophagus carcinogenesis model
[57]. After these successful results, subsequent work developed improved time domain
a/LCI [60, 80] and then applied it to a prospective rat carcinogenesis study [58].
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Concurrently with these studies, a/LCI was adapted to work with Fourier domain
interferometry [81], and subsequently to operate in a portable endoscopic system [82].
This research culminated in an in vivo study of 46 patients with suspected Barrett’s
esophagus, a metaplastic condition that can progress to esophageal cancer [83],
demonstrating 100% sensitivity and 84% specificity in detecting dysplasia [3].

4.2 Overview of Time-Domain a/LCI
The experimental apparatus for performing measurements in this chapter is
based on time-domain LCI and developed by Pyhtila et. al [60]. The system is depicted
schematically in Figure 4.1. Briefly, it consists of a Mach-Zehnder interferometer with a
titanium sapphire laser (λ=830, Δλ=8nm). A scanning retro-reflector is used to perform
depth scans, while a lens is scanned transverse to the beam path to perform angle scans.
Heterodyne detection is used to improve SNR by shifting the signal to 10 MHz, well
above most of the laser noise (also 1/f noise), while the 3kHz detection bandwidth of the
spectrum analyzer minimizes electronic noise. Under typical operating conditions, the
system acquires 54 sequential depth scans each at a different scattering angle at
increments of 0.5 degrees. Recording one complete angular scan takes approximately 4
minutes.
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Figure 4.1: Time-domain LCI system. A Mach-Zehnder interferometer divides
light into sample and reference beams. The sample beam has a variable time delay
applied by the motorized retro-reflector (RR) after being frequency shifted to
ω+10MHz. The sample arm at frequency ω is columnated onto the sample at a 14
degree angle using the 4f relay formed by L1 and L2. Scattered light is collected by L2
and then imaged onto L4. Translation of L4 perpendicular to the optical axis allows
angular scanning. Finally, L5 overlaps the reference field onto the scattered light,
where it is detected by a pair of balanced photodiodes (D1, D2). A spectrum analyzer
then demodulates the resulting 10MHz heterodyne signal.
Reproduced with
permission from [60].

4.3 Validating
simulations

Mie

Theory

based

fitting

Using

T-matrix

The first application of the T-matrix to a/LCI was to examine the effects of using
Mie theory to invert scattering measurements from scatterers which were not precisely
spherical.

This is an important investigation because cell nuclei are not precisely

spherical, and so understanding the accuracy of using a model of scattering from
spheres to interpret scattering by spheroidal objects is important to interpreting
scattering measurements in many tissues. Previous studies suggested that Mie theory
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solutions could be applied to spheroidal scatterers in some circumstances, but the exact
relationship was not well defined [84].

4.3.1 Analysis
Spheroidal scattering data was simulated using the T-matrix method and then
analyzed using a database of light scattering distributions predicted by Mie theory. The
scattering data were simulated over a range of parameters including EVD, aspect ratio
(), and orientation (random, transverse electric (TE), or transverse magnetic (TM))
(Figure 4.2). Orientations were implemented using Euler angles (α, β) defined in section
3.2. A particular scattering distribution with a chosen EVD,, and orientation, was
compared to a Mie theory database that included a large range of nuclear diameters.
The comparison yielded a best fit size, z, which corresponds to the diameter of the most
probable spherical scattering geometry as determined by the 2 minimization procedure
(section 2.4.3).
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Figure 4.2. Schematic of axially transverse spheroids in (a) TM orientation
(α=90, β=90) and (b) TE orientation (α=0, β=90) and the dependence of orientation on
incident light polarization. The axis of symmetry is the polar axis, while the axis
rotated about the axis of the symmetry is the equatorial axis. Reproduced with
permission from [85].

The hypothesis was that the value of z determined by comparing the scattering
distributions for the axially transverse spheroids to Mie theory corresponded to either
the polar (b = EVD∙2/3) or equatorial (a = EVD∙1/3) axis of the spheroid (Fig. 4) with an
error of ±/nb (where nb is the refractive index of the medium surrounding the particle).
The manifolds bounded by the lines a ±/nb and b ±/nb are called the equatorial and
polar manifolds, respectively.

The null hypothesis was that the best fit size, z is

unrelated to a and b, and therefore fitting a T matrix – generated data to Mie theory
would result in a random number in the search space. Moreover, it was hypothesized
that the best fit would depend on incident light polarization and orientation of the
symmetry axis of the distribution of spheroids. Therefore, the effects of two linear
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incident light polarizations (parallel (S11) and perpendicular (S22)) were studied, as well
as three different spheroidal orientations (random, TE, and TM) (see Figure 4.2).
This experiment was performed on two different types of scatterers to test the
robustness of the results: a “cell” (which was assumed to have a background index of
refraction nb = 1.36 and nt = 1.42, where nt is the refractive index of the scatterer) and a
“phantom” (for which nb = 1.43 and nt = 1.59). These combinations approximate those of
a cell nucleus in cytoplasm and polystyrene microspheres embedded in PDMS,
respectively.
Spheroidal scattering distributions were generated using the following
parameters: equal volume radii of 3.0, 3.5, and 4.0 m; and aspect ratios of 0.6 – 1.4 in
increments of 0.02. The aspect ratios and radii were chosen as a compromise between
biological relevance and computation time, which increases rapidly at extreme aspect
ratios. The scattering distributions were further parameterized (referring to Figure 4.2)
by incident light polarization (S22 and S11) and orientation (TE, TM, or randomly oriented
where the orientation is a superposition of 30 evenly spaced orientations between TE
and TM), and were generated with a Gaussian size distribution with a 5.0% standard
deviation. A single combination of incident light polarization and orientation defines a
configuration. The scattering angle was varied from  (backscatter) over sixty angles with
an increment of 0.0103 radians for a total angular range of 0.61 radians, and the incident
light wavelength was selected as 830 nm. All values were chosen by considering the
parameters of the experimental a/LCI system [86, 87].
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In order to determine the structure of a spheroidal scatterer, each T-matrix
generated scattering distribution was treated as test data and compared to a database of
Mie theory–generated scattering distributions. Two databases of Mie theory–generated
scattering distributions were created. The first database was developed for analysis of
the cell scatterers, and it was parameterized in the following mannerradii ranging
from2.5 to 6.5m incremented in steps of 0.05 m; refractive index combination (nb,nt) =
(1.36,1.42); and a size distribution with a standard deviation of 5.0%. The second
database was developed for analysis of the phantom scatterers; the only parameter
distinguishing it from the cell database was that (nb,nt) = (1.43,1.59). Databases were
prepared as described in section 2.4.4.

4.3.2 Results
Comparisons across the parameter space for this study are given in Figure 4.3
which is a z vs. graph for six different configurations (defined as a single combination
of incident light polarization and orientation) of a cell scatterer with equal volume
diameter, EVD = 6.0 m. As shown in Fig.6, z lies largely along either the polar or
equatorial manifold, but the correspondence is not consistent for all cases and
configurations.
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Figure 4.3. Cell scattering data was simulated with T matrix theory in six
different configurations ((a)-(f), configuration denoted underneath each figure)
spanning three orientations (random, TE, and TM) and two linear incident light
polarizations (S11 and S22). For a chosen aspect ratio, the scattering data was compared
to a Mie theory database to determine the most probable size. Each dot in the figure
represents the best fit size determined by Mie theory for a given aspect ratio. The
equatorial (blue) and polar (red) manifolds are drawn with a width of 2∙/ns.
Reproduced with permission from [85].
Several observations can be made. First, using S22 incident light polarization
along with TE or random orientation produces fits that correspond to the equatorial
manifold with remarkable consistency. This surprising result was found to be relatively
independent of size and true for both simulated beads and cell nuclei. Second, the
results indicate that most configurations tested here favored fits along the equatorial
manifold, but there is also the potential for measuring the polar axis using TM
orientation in S22 polarization and TE orientation in S11. The former, in particular, favors
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a fit to the polar axis with statistical significance. Third, using the Mie theory-based
approach yields a good fit to the equatorial axis of the particles for both incident light
polarizations for randomly oriented axially transverse spheroids, a geometry of interest
for some epithelial tissue architectures and particularly for in vitro cell cultures. Fourth,
using Mie theory to analyze scattering from spheroids yields more accurate structural
information when using S22 rather than S11 incident light polarization (p = 0.030).

4.3.3 Summary
Using Mie theory to discern the structure of spheroidal geometries can produce
reasonably accurate measurements of the equator in any orientation, as long as one is
careful to use the proper incident light polarization. It is not clear that one can measure
the polar axis of a spheroidal scattering geometry with consistency or certainty. This is
limiting, and ultimately points to the necessity of developing ILSA supported by an
appropriate spheroidal light scattering model, such as the T-matrix method.

4.4 Size and Shape Measurement of Cell Nuclei in Culture
The previous experiments showed that Mie theory could be used to recover the
size and estimate the aspect ratio of aligned spheroidal scatterers, and that the T-matrix
method could be used to recover the size and shape of aligned spheroidal phantoms.
However, the more general case of a randomly oriented ensemble of living cell nuclei
was not considered. Although potentially more challenging, this situation is typical of
many tissues of interest, including most epithelia.
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In this section, the generation of databases of random ensembles of unaligned
spheroidal scatterers is considered. In contrast to Mie theory, where all scatterers are
assumed to be symmetric and thus have no orientation, spheroids have radically
different scattering patterns as they are rotated in three dimensions. For the purpose of
this experiment, scatterer orientations are assumed to be restricted to rotation in the
plane defined by the TE and TM orientations in Figure 4.2; that is they can rotate only
such that their axis of symmetry is perpendicular to the optical axis. This configuration
closely matches the orientation of cell nuclei in typical stratified squamous epithelium
where cells are flattened parallel to the surface of the tissue (Figure 4.4a). This is in
contrast to typical cuboidal epithelium where cell nuclei are nearly aligned with their
axis of symmetry parallel to the optical axis (Figure 4.4b), or columnar epithelium where
a mix of all orientations is possible (Figure 4.4c).

Figure 4.4. Diagram of epithelium types. Stratified squamous (a), simple
cuboidal (b), and columnar (c) epithelium. If light is incident on the surface (bottom)
of tissue, stratified squamous epithelium represents axially transverse spheroids,
simple cuboidal represents axially symmetric spheroids, while columnar epithelium
exhibits both geometries. Figure from [77].
For this experiment, a T-matrix database was generated using the DC system
presented in the previous chapter. The database simulated scatterers from 7.5 to 12.5
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micron diameter in increments of 40 nm, spheroidal aspect ratio from 0.56 to 1 (prolate
to spherical) in increments of 0.01, background index of refraction 1.35 and 1.36,
scatterer index of refraction 1.42 and 1.43, all with a 10% standard deviation normal size
distribution. This task took approximately 30,000 CPU hours. Random ensembles were
created by taking each T-matrix solution and rotating it from the TE to TM orientation in
steps of 3 degrees. The intensities at all 31 orientations were then incoherently summed
on a per angle basis to generate a scattering distribution consisting of many randomly
positioned spheroids.

Profiles consisted of 48 points beginning with the backscatter

angle and moving forward in steps of 0.0103 radians. The parameters were chosen in
accordance with the range of values known to be typical of MCF7 cell cultures (as
determined by QIA) and for the a/LCI system used for these experiments.

4.4.1 Results
To test the T-matrix method, 7 samples of MCF7 breast cancer cells (Figure 4.5)
were prepared on glass coverslips and 43 measurements recorded with the a/LCI
system, 6 of which were subsequently rejected because the best fit solution was not
unique according to the criteria in section 2.4.3. The samples were then fixed and
stained with DAPI in preparation for quantitative image analysis (QIA). A total of 70
cells were randomly selected and their nuclear EVD and spheroidal aspect ratio were
measured by QIA. The a/LCI measurements were analyzed with the T-matrix method
and Mie theory, and then compared to the results from QIA (Figure 4.6). All methods
measured a nearly identical mean nuclear equal volume diameter, with QIA yielding an
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EVD of 9.52 m (95% standard error = 0.44 m), a/LCI with T-matrix determining an
EVD of 9.51 m ± 0.34 m, and a/LCI with Mie theory 9.47 ± 0.34 m. The results for
aspect ratio are also nearly identical, with a spheroidal aspect ratio of 0.70 ± 0.026
determined by QIA and 0.69 ± 0.032 determined by a/LCI with T-matrix. No aspect ratio
information could be obtained by Mie-theory analysis since the random orientation
precluded the requirement for multiple measurement. Therefore, the T-matrix method
provided equivalent measurement of EVD to Mie theory, while also accurately
measuring spheroidal aspect ratio.

Figure 4.5. Fluorescence microscopy image of MCF7 nuclei using DAPI.
Nuclei are approximately spheroidal and randomly aligned. Figure from [67].
From these results, it is clear that the T-matrix method offers several
improvements over Mie theory for a/LCI.

First, the improved model resolves the

ambiguity between the short and long axes observed for highly aspherical particles [88].
This advantage potentially allows analysis of new tissue types where the a/LCI probe
beam does not align with the axis of symmetry for the cell nuclei. Second, the ability to
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model aspherical scatterers improves performance in situations where Mie theory may
be a poor model, such as significantly aspherical, non-randomly oriented particles.
Finally, measuring scatterer shape through the aspect ratio provides a diagnostically and
scientifically relevant parameter about tissue health at no additional cost in data
acquisition time or instrument complexity. Thus both the quantity and quality of nuclear
information provided by a/LCI can be improved by the T-matrix method.

Figure 4.6. Measurements of equal volume diameter and spheriodial aspect
ratio by QIA using DAPI stain, and a/LCI using live cells. Error bars are standard
error at 95% confidence. Figure from [67].
The additional cell shape information provided by T-matrix modeling is a
substantial improvement to the a/LCI technique. The value of nuclear shape as a
diagnostic indicator of the cell status, particularly with regards to dysplastic
development, has been recognized for over a century. This parameter is widely used in
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histological analysis as a marker for the genetic and epigenetic changes leading to cancer
[89]. The ability to measure changes of nuclear shape in thick tissues with a/LCI has
great potential to enhance clinical sensitivity and specificity of the approach.
Furthermore, changes in nuclear shape will be used to explore nuclear mechanics in
response to external stimuli in section 4.5 as well as in [90].
In summary, these experiments have shown that the T-matrix method provides
an effective model for ILSA based on a/LCI measurements. This approach recovers both
the average scatterer size and average scatterer spheroidal aspect ratio of cell nuclei
within living MCF7 cell cultures with accuracy comparable to histological analysis.

4.5 Investigation of Cell Deformation by Nanotopological Cues
In this section, the preceding demonstration that a/LCI combined with the Tmatrix can measure the size and shape of cells that are both aligned and randomly
oriented, is applied to the study of cell deformation in response to environmental
stimuli. It is well known that cells sense cues in their surrounding microenvironment.
These cues are converted into intracellular signals and transduced to the nucleus in
order for the cell to respond and adapt its function. Within the nucleus, structural
changes occur that ultimately lead to changes in the gene expression. In this experiment,
the effect of topographical cues on human mesenchymal stem cells is explored using
nanotopgraphy and T-matrix-based a/LCI.
Although many studies have explored the changes of cell shape in response to
environmental stimuli, few have explored the structural changes of the cell nucleus.
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Two factors render such study difficult. First, the refractive index of the nucleus differs
from that of the cytoplasm by less than 4% [91], so there is not a high level of contrast
available for light microscopy. Second, although fluorescence microscopy can be used to
image the stained nucleus, the technique is somewhat invasive and not easily amenable
to population analysis. The labor-intensive procedure of fixing, imaging, and manually
analyzing a large number of cells also prohibits detailed kinetic analysis.

However,

a/LCI can rapidly evaluate the size and shape of thousands of cell nuclei without the
need for exogenous contrast, making it an excellent tool for studying structural changes
in cell nuclei.

4.5.1 Methods
Nanopatterned substrates were prepared using a method developed previously
by a collaborating lab [92].

Separate substrates were prepared from PDMS (a soft

polymer with a Young’s modulus of 400kPa) and more rigid polystyrene (PS) (Young’s
modulus of 3 GPa, see Figure 4.7). Human mesenchymal stem cells (hMSCs) where then
seeded onto the substrates as well as unpatterned controls.
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Figure 4.7. Fabrication of nanogratings. (a) PDMS nanogratings (ngPDMS) are
fabricated using soft lithography. PDMS mixed with its crosslinker is casted onto the
Si master. After baking the patterned PDMS is separated from the Si master. (b) PS
nanogratings (ngPS) are fabricated using nanoimprinting. A PDMS mold is used to
emboss nanogratings into the viscous PS. Reproduced from [93].
Kinetics studies were performed on hMSC nuclei over two different time
courses, 12 h and 48 h. For the 48h kinetics study, at least 4 samples for each condition
(cultured on ngPS or ngPDMS) were prepared, for the 12h study 8 ngPS samples were
prepared. Each measurement time point was acquired at room temperature in less than
15 min. Following the a/LCI experiments, the samples were fixed and stained with
DAPI and subjected to confocal microscopy and subsequent image analysis. In the 48hour kinetics study, each measurement time point represents between N = 10 and N = 12
a/LCI measurements, while in the 12-hour kinetics study, each time point represents
between N = 23 and N = 25 measurements. Each a/LCI measurement included scattering
information from ~50 cell nuclei, and the duration of each measurement was
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approximately 3 minutes. Therefore, up to 1000 cells were interrogated every hour
using the a/LCI technique.

4.5.2 Results

Figure 4.8. Fluorescence micrographs of DAPI-stained human mesenchymal
stem cell nuclei. The two leftmost panels indicate the nuclei on planar polystyrene
and planar PDMS substrates. The two middle panels show the nuclei on the
nanograted substrates (ngPS and ngPDMS) after 1 h. The two right most panels show
the nuclei on ngPS and ngPDMS after 48 h. Note that the nuclei orient and extend
along the axis of the grating at 48h. The grating axis is indicated by the arrow. Scale
bar 15 µm. Reproduced from [93].
For QIA, the long and short axis of the hMSC nuclei and their alignment along
the grating axis were measured using QIA and their aspect ratio calculated (Figure
4.8) There was no discernible trend in the changes of EVD, calculated as the minor axis
multiplied by the aspect ratio raised to the exponent of -1/3 (data not shown). On both
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the PDMS and the PS surfaces, nuclear elongation over time paralleled the cell
alignment to the gratings.

Figure 4.9. (a) a/LCI results of the average shape change of the hMSC nucleus
over 48 h. Red and blue asterisks indicate statistical significance of the difference in
shape for ngPS and ngPDMS, respectively, between the time point and the nucleus
shape measurement on planar control at t = 0 h (* indicates p < 0.05 and ** indicates p <
0.01 as calculated from a ranksum test). (b) QIA results following same color
convention as (a). (c) a/LCI and QIA results of the average shape change of the hMSC
nucleus over 12 h. Blue and red asterisks indicate statistical significance of the
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difference in shape using a/LCI and QIA, respectively, between the time point and
the nucleus shape measurement on ngPS at t = 0 h. Reproduced from [93].
For all controls (planar PDMS and planar PS at t = 0 h and t = 48 h) and initial
measurements of ngPDMS and ngPS, the aspect ratio measured by both QIA and a/LCI
was between 0.69 and 0.71 with a SD between 0.08 and 0.12. According to QIA, the
nuclear elongation on both ngPDMS and ngPS became statistically significant (p < 0.05)
at t = 6 h and remained so for all later time points. The a/LCI measurements of both
ngPDMS and ngPS agreed, within error, with the QIA measurements at all time points
(see Figure 4.9). At all times, the EVD remained relatively consistent, ranging between
12.5 and 15.0 m and with a SD between 10 and 20% for both QIA and a/LCI.
Dramatic changes in the aspect ratio,  were observed using the a/LCI technique,
with 15% changes in aspect ratio observed within 12 hours, and over 20% by the second
day of observation. These changes in  corresponded to an elongation of the nucleus
along the direction of the nanograting. At t = 3 h on ngPS, the nuclei began to orient,
and elongated to  = 0.65 ± 0.09 (mean ± SD), and by t = 6 h and t = 12h, the nuclei had
reached  = 0.62 ± 0.09 and  = 0.60 ± 0.07, respectively. At t = 24 h on ngPS, the nucleus
was elongated to  = 0.55 ± 0.03. No further elongation on ngPS was observed using the
a/LCI technique beyond t = 24 h. It should be noted that  0.5 is not accessible by Tmatrix calculation and therefore the ILSA algorithm was not parameterized below 
0.5. Given a ~10% SD, the floor imposed by limits of the T-matrix calculation is likely to
skew the results of the aspect ratio upwards as the nuclei achieve aspect ratios at or
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below 0.5. All a/LCI results for ngPS demonstrated a statistically significant (p <
0.05) difference from all controls at t = 6 h and beyond.
In the 48h a/LCI kinetics study of hMSCs on ngPDMS, nuclear elongation along
the direction of the grating was also observed, but not to the extent of the elongation
observed on ngPS. The nuclei became elongated on ngPDMS through t = 3 h ( = 0.69 ±
0.10), t = 6 h ( = 0.67 ± 0.10), and t = 12 h ( = 0.64 ± 0.09). The difference between the
aspect ratios at t = 24 h ( = 0.60 ± 0.09) and all controls became statistically significant (p
< 0.05), and remained so at t = 36 h ( = 0.58 ± 0.04) and t = 48 h ( = 0.56 ± 0.05).
The 12 hour a/LCI kinetics study was performed to look at a larger sample size
on ngPS during early time points. In this study, the results indicated a significant
elongation between t = 0 and t = 12 h (Figure 4.9c). The results at t = 3 h, t = 6 h, and t =
12 h were very similar to the results in the 48 hour a/LCI kinetics study. Significant
differences (p < 0.05) from the aspect ratio at t = 0 h were observed at t = 8 h ( = 0.63 ±
0.09), and highly significant differences (p < 0.01) from the aspect ratio at t = 0 h were
observed at t = 10 h ( = 0.61 ± 0.09) and t = 12 h ( = 0.59 ± 0.07). An interesting
observation resulting from these measurements, and the measurements of QIA, was that
very little change occurred in nuclear elongation between t = 2 h ( = 0.66 ± 0.09) and t = 5
h ( = 0.65 ± 0.11). All results from the 48 hour and 12 hour kinetics studies, for both QIA
and a/LCI, are presented in Figure 4.9
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4.5.3 Discussion
These results demonstrate how cell nuclei respond to nanogratings, which alter
gene expression and hence cellular function. Using quantitative image analysis and
light scattering techniques (a/LCI), insight is gained into the kinetics of nuclear
deformation in response to nanotopography. The elongation of human mesenchymal
stem cell nuclei as a specific response to nanotopography is reported. This response is
dramatic over a period of 12 h, and between 12 and 24 h, the nuclei gradually elongate
along the direction of the grating, appearing to converge on an extension of
approximately 2 : 1. This behavior is observed in both a/LCI and QIA.
An important result is the differing response of the hMSC nucleus to PDMS and
PS nanogratings. Previously it was observed that hMSCs can deform due to softer
(Young’s modulus 400 kPa) PDMS gratings (Fig. 5), hence intracellular forces may not be
as prominent as they are on the stiff (Young’s modulus of 3 GPa) PS surface. Intuitively,
the mechanical activity of a cell is more efficient on a stiffer substrate, which is
commensurate with the formation of focal adhesions and stress fibers.

Increased

formation of stress fibers in the actin cytoskeleton would result in additional strain
within the intermediate filament network, thereby increasing the mechanical forces on
the nucleus.
a/LCI represents a promising and novel way of observing the kinetics of the
nucleus in response to extracellular cues. It is noteworthy that the ILSA algorithm
employed by the a/LCI technique assumes spheroidal shaped nuclei; however, the
hMSC nuclei possess an ellipsoidal shape. Nonetheless, the results of the a/LCI
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technique are in excellent agreement with the results of QIA, demonstrating that the Tmatrix model is robust enough for small deviations from spheroidal shapes.

4.6 Investigation of Chemotherapy Induced Apoptosis Using the
Fractal Dimension of Scatterers
In the last section of this chapter, a new form of a/LCI analysis is presented. This
approach is based on analysis of the residual signal remaining after a best fit T-matrix
solution is subtracted from measured angular data. Using a cancer cell model, the
method is shown to be exquisitely sensitive to the organizational changes that occur
during the onset of programmed cell death (apoptosis). These results are important, as
the initial stages of apoptosis are not associated with a change in the size or shape of cell
nuclei, or in fact any changes in cell morphology that are visible without exogenous
labeling. The residual analysis instead accesses subwavelength structural features that
would otherwise be inaccessible.

4.6.1 Apoptosis
Dysregulation of programmed cell death, apoptosis, has important implications
in normal development and disease. A key step in cancer initiation and progression is
escape from normal apoptotic controls that lead to the elimination of cancer cells [94]. In
addition, defective apoptotic signaling results in cancer cells that may be resistant to, or
become resistant to, chemotherapeutic treatments. Extensive research has been done to
understand apoptotic signaling pathways and how these pathways are perturbed in
cancer and other diseases [95].

Additional efforts are being put forth to develop

technologies to detect apoptosis in vivo [96]. Non-invasive in vivo detection of apoptosis
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has great potential to enhance the ability to monitor patients undergoing cancer therapy
and could provide rapid feedback on whether a patient is responding to current
conventional therapies or newly developed drugs.

4.6.2 Residual Analysis of a/LCI signals
In the a/LCI technique, computational models used for analysis of light scattered
by cell nuclei are necessarily approximations of real scatterer geometries because an
ensemble of cells is composed of a large number of similar, but not identical, individual
scatterers. Each of these will have slight variations in size, shape, orientation, and
refractive index. Thus, while T-matrix based light scattering solutions can provide
scattering simulations with sufficiently low average error for effective determination of
the average size, shape and refractive index, they do not provide exact matches to
scatterer structure, except in the case of homogenous phantoms such as polystyrene
beads. While this complicates the process of determining the best fitting simulation by
introducing uncertainty into the inversion process, it also provides additional
information about the scattering ensemble in the form of a residual signal. For purposes
of the following experiments, the residual signal is composed of all the scattered light
not present in the best fit (lowest χ2 error) solution for a spheroidal scatterer, and so
represents the sum of all the fine scale features present in the ensemble that cause it to
deviate from an ideal spheroid. To make an analogy, if a cell nucleus was an orange, the
residual signal would be the texture of its skin and the distribution of its seeds and pulp.
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To interpret these residual signals, the two-point density correlation function (see
section 2.4.2) is again employed by Fourier transforming the residual signal. Subtraction
of the component of scattering from the cell nuclei (the largest individual scatterer in
most cells) removes most large scale spatial correlations, leaving a residual signal. The
residual signal can be ascribed to small organelles (<2 µm) as well as deviations from the
average nuclear size and shape.

The autocorrelation of these residuals therefore

represents the degree of self-similarity of the sample at different size scales [56]. It is
well known that density correlations that obey a power law indicate self-similarity in a
distribution [97]; in the cellular materials investigated in this study, the power law form
held over 1-2 orders of magnitude of size scale [98]. The exponent of the power law can
therefore be physically interpreted as representing a mass fractal in three dimensions,
and can be used to deduce the mass fractal dimension (mass FD).

4.6.3 Calculating the Fractal Dimension
Referring to Figure 4.10, a contour plot of the a/LCI signal, which depicts light
scattered from a monolayer of MCF-7 cells, can be integrated over the region of interest
for a plot of the intensity of the scattered light over angle, S(). S() comprises a number
of contributions. As is the case for all scatterers on the order of a wavelength or larger,
there is a contribution from reflection/refraction, R(), and a contribution from
diffraction D(), which arises due to the interference of light waves in the shadow of the
scatterer. In the angular range observed in the present study, R(is a slowly varying
component, non-oscillatory contribution to the scattering, which can be removed by
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polynomial detrending as discussed in section 2.4.2. D() contains contributions to the
scattering from: the cell nucleus, Dnuc() higher-order correlations from nuclear
scattering, subnuclear scattering, Dsn(), which includes scattering from organelles such
as mitochondria, lysosomes, etc. as well as cytoskeletal proteins, and finally highfrequency noise.
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Figure 4.10. Diagram of the a/LCI residual processing steps. Steps 1-5 depict
classical a/LCI fitting, while subsequent steps use the result of the a/LCI fit to
compute the mass FD. 1) Integrate over desired depth to retrieve raw angular data. 2)
Calculate Fourier transform to yield the two-point correlation function of density. 3)
Low-pass filter to remove long range correlations, yielding F(θ). 4) Remove
contributions from subnuclear scatterers Dsn(θ) by subtracting best-fit 2nd-order
polynomial from F(θ). 5) Input Dnuc(θ) into T-matrix - based fitting algorithm to
discern the theoretical nuclear scattering Dnuc,th(θ), the best-fit 2nd order polynomial
similarly removed, yielding the diameter (EVD) and aspect ratio (ϵ). 6) G(θ), which
comprises theoretical diffraction and reflection/refraction component from the Tmatrix, is retrieved from database. 7) G(θ) is subtracted from F(θ) yielding the
residual scattering distribution of subnuclear scatterers, Dsn(θ). 8) Dsn(θ) is Fourier
transformed for two-point density correlation function, which fits to a power law,
indicating self-similarity, ΓS(r) = r-a is fit on a log-log plot to a line to calculate the
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fractal dimension. 9) As a result of steps 5 and 8, the diameter, aspect ratio and fractal
dimension are generated. Adapted from [99].
Performing the Fourier transform on S() yields the two-point correlation
function of the optical field S(), which is associated with the two-point density
correlation function of the sampled scatterers s(r). Each spatial frequency corresponds
to a different characteristic length scale within the sample given by the ratio of the
wavelength and the subtended angle. Inspection of s (r) guides a low pass filter to
remove high frequency noise and the higher-order correlations, leaving R(), Dnuc),
and Dsn(). Most subnuclear scatterers are smaller than 2 m in extent. For that size this
contribution will present as a slowly varying, non-oscillatory background in addition to
R() for the angular range observed in the present study. Therefore, by the removal of
the best-fit 2nd order polynomial, Dnuc) is isolated. In conventional a/LCI, it is this
signal that is compared to the Mie theory or T-matrix database to determine the scatterer
geometry.
Inverse analysis of Dnuc) was performed using the procedure and database
described in the previous section for randomly oriented MCF7 cell nuclei. All scattering
distributions representing predicted nucleus scattering in the database consist of a
diffraction component Dnuc,th() and a reflection component Rth(), therefore a best-fit 2nd
order polynomial is subtracted from all elements of the database to isolate Dnuc,th() to
compare only the contribution from nucleus diffraction.
The output of the inverse fitting algorithm is Dnuc,th(); the corresponding
scattering distribution G(), which includes Rth(), is retrieved from the database. G() is
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the predicted nuclear scattering from the ensemble of cellular scatterers. When G() is
subtracted from F(), the resulting distribution is Dsn(), the scattering distribution of
subnuclear scatterers. The two-point density correlation function, Dsn(r), fits to a power
law, indicative of self-similarity in the sample (over approximately 1.5 orders of
magnitude). The exponent of the best-fit power law function, , is associated with the
fractal dimension, FD, as described in references. The structure and organization of
subnuclear scatterers is encoded in the fractal dimension, therefore, FD is a powerful
indicator of changes in subcellular organization.

4.6.4 Cell culture Methods
MCF-7 breast cancer cells were obtained from the Duke University Cell Culture
facility. For a/LCI measurements, MCF-7 cells were plated at 2.5 x 105 cells/well in 2well chamber slides and incubated over night at 37°C, 5% CO2. For all treated samples 5
nM paclitaxel (sigma), or 5 μM doxorubicin (EMD biosciences) was added to growth
medium and then the cellular medium was replaced. The medium for the control
(untreated) cells was changed at the beginning of the experiment as well. Cells were
briefly removed from incubation for several minutes at a time for a/LCI measurement,
and then returned immediately thereafter.

4.6.5 Results
No significant changes in nucleus EVD or aspect ratio were observed for treated
or control cells throughout the observation window, using either the a/LCI technique or
QIA. No discernible pattern was observed for the mass FD of the paclitaxel-treated
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MCF-7 cells when using Mie theory-based inverse analysis. Therefore, the T-matrixbased ILSA algorithm described above (Section 4.4) was instead used to determine the
mass FD of control MCF-7 cells and cells treated with 5 nM paclitaxel. These results
demonstrate an increase in mass FD from D = 1.63 ± 0.44 (in the form of mean ± SD) to D
= 2.13 ± 0.13 from t = 0 to 3 h, but then regressed slightly at t = 6 h to 1.95 ± 0.17. The
mass FD increased again to 2.00 ± 0.24 and 2.02 ± 0.14 at 12 and 24 hours, respectively.
The mass FD of control cells ranges from 1.50 to 1.70 with SD ranging from 0.20 to 0.40.
The mass FD of treated cells at t = 3, 12, and 24 h

shows statistically significant

differences from both control cells and treated cells at t = 0 h. The difference between the
mass FD of treated cells at t = 6 h and control cells at the same time point are also
statistically significant but at this timepoint, there is no statistical significance between
treated cells at t=0. All results from treated and control groups are shown in Figure
4.11a, which also indicates where results are statistically significant.
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Figure 4.11. Summary of mass FD results for MCF-7 cells treated with (a) 5 nM
Paclitaxel and (b) 5 µM Doxorubicin at t = 3, 6, 12 and 24 h post treatment. (c)
Comparison of cells treated with 5 nM Paclitaxel and controls at t = 1.5 h. * indicates
statistical significance (p < 0.05) and ** indicates high statistical significance (p <
0.001). Adapted from [99].
To determine if the paclitaxel-induced changes in FD are specific to taxane-based
chemotherapy treatments, MCF-7 cells were treated with doxorubicin, an anthracyline
which inhibits topoisomerase II and inhibits DNA and RNA synthesis. MCF-7 cells
were either left untreated (control) or treated with doxorubicin for 3, 6, 12 and 24 hours.
In doxorubicin-treated MCF-7 cells, the mass FD increased from D = 1.76 ± 0.17 at t = 0 h
to D = 1.98 ± 0.21 at t = 3 h and then regressed slightly to D = 1.92 ± 0.21 at t = 6 h. The
mass FD increased to 2.00 ± 0.16 at t = 12 h and to 2.06 ± 0.09 at 24 h. The mass FD of
control cells range from 1.50 to 1.75 with SDs ranging from 0.15 to 0.40. The mass FD of
treated cells at t = 3, 12, and 24 h represents statistically significant differences from
control cells and treated cells at t = 0 h (Figure 4.11b) with again no statistically
significant differences seen between the t = 0h and the t = 6 h timepoint
To investigate if changes could be detected at earlier time points, MCF-7 cells
were treated with 5 nM paclitaxel and compared to control cells at t = 1.5 h post
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treatment. The T-matrix-based ILSA algorithm determined the mass FD to be D = 2.05 ±
0.20 at this time point, compared with D = 1.59 ± 0.26 for the control cells, a statistically
significant difference (p<0.05).

The mass FD of treated cells at t = 1.5 h represents a

highly statistically significant difference from control cells and treated cells at t = 0 h
(Figure 4.11c).

Figure 4.12. Representative images from DAPI (a,b) and MitoTracker (c,d)
stained control (a,c) and paclitaxel-treated (b,d) MCF-7 cells Scale bars = 10 m.
Reproduced from [99].
To verify the a/LCI based fractal dimension measurements, the box fractal
dimension was computed using confocal images of both stained nuclei and
mitochondria. The box FD was computed by QIA of images (Figure 4.12a,b) taken from
DAPI-stained MCF-7 cells either left untreated or treated with 5 nM paclitaxel. The FD
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of treated cells increased from 1.62 ± 0.08 at t = 3 h to 1.64 ± 0.05 at t = 6 h to 1.71 ± 0.08 at
t = 12 h and t = 24 h. The box FD of control cells was between 1.60 and 1.62 with a SD of
0.05 at all time points. The differences between FD of treated and control cells was
statistically significant at t = 12 and 24 h. See Figure 4.13a for a summary of results.

79

Figure 4.13. (a) nuclei and (b) mitochondria after treatment with 5 nM
Paclitaxel for 3, 6, 12, and 24 hours or 3, 6, and 12 hours, respectively. For nuclei, box
FD is assessed by QIA of DAPI-stained images using fluorescence microscopy. For
mitochondria, box FD is assessed by QIA of MitoTracker FM Green-stained images
using confocal fluorescence microscopy. Reproduced with permission from [99].
The box FD was computed by QIA of images (Figure 4.12c and d) taken from
MitoTracker FM Green-stained MCF-7 cells treated with 5 nM paclitaxel and control
samples. The box FD of treated cells at t = 3 h was 1.65 ± 0.07 while the FD of control
cells at t = 3 h was 1.60 ± 0.06. The box FD of treated cells at t = 6 h was 1.60 ± 0.08 while
the box FD of control cells at t = 6 h was 1.56 ± 0.08. Finally, the box FD of treated cells at
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t = 12 h was 1.63 ± 0.06 while the box FD of control cells at t = 12 h was 1.59 ± 0.07. At
each time point, the difference in box FD between treated and control cells is statistically
significant (p < 0.05), and the difference at t = 3 h and t = 12 h is highly significant (p <
0.001). See Figure 5b for summary of results.

4.6.6 Discussion
Fractal dimension is a measure of the texture of an object: as a mass distribution
transitions from a fine, smooth structure to a coarser, grainer structure, the fractal
dimension increases. These experiments show that the mass FD of MCF-7 cells, as
assessed through the angular light scattering, provides an early and sensitive indication
of apoptosis. More specifically, in both doxorubicin- and paclitaxel-treated cells the
mass FD increases dramatically, with an increase of up to 30% soon after treatment, and
remains at an elevated level as the cells undergo apoptosis. Differences for both types of
treatment are statistically significant shortly after treatment (1.5-3 hours post-treatment)
as well as at later time points, when the cells present more traditional markers of
apoptosis induction (12 and 24 hours post-treatment).

The fact that statistically

significant changes in FD are seen for both treatments indicates that the changes are not
drug-specific.
It was hypothesized that the mass FD would change as the cells underwent
apoptosis due to nuclear fragmentation and/or condensation. Analysis of DAPI-stained
images indicated that the box FD did increase to elevated levels at 12 and 24 hours,
which could explain the elevated mass FD assessed by a/LCI at those time points. More
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surprising, and more significant, was the finding of early changes in mass FD, as early as
1.5 hours in 5 nM paclitaxel-treated cells. It is probable that this change occurs due to
structural changes in another organelle. Due to the sensitivity of light scattering to
mitochondrial morphology [100, 101], the hypothesis was that these organelles were
largely responsible for the early, and possibly, later observed changes in mass FD. The
analysis of MitoTracker FM Green-stained cells supports this hypothesis. Significant
changes are present in box FD after 3 hours of treatment with 5 nM of paclitaxel in the
mitochondria images (see Figure 4.13). It is important to note that there is an important
distinction between computing box FD using fluorescence images and mass FD using
a/LCI. Namely, although microscopic imaging is subject to the diffraction limit (~400
nm), a/LCI is sensitive to changes in structure well below the diffraction limit. With this
in mind, it is important to acknowledge that there are a number of other organelles that
could experience structural changes due to apoptosis-related events soon after
treatment. Mass FD would be sensitive to any changes in sub-cellular organization,
even those not necessarily detectable by image analysis, provided that the affected
organelles undergo topological changes that result in changes in scattered light.
However, the data supports the hypothesis that the nucleus and mitochondria are both,
at least partly, responsible for the changes in FD.
Previous light scattering studies have explored using fractal dimension for
detecting apoptosis and dysplasia, but the present study demonstrates stark and
statistically significant differences early in treatment, and across multiple treatments.
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The primary advance that yielded the high degree of sensitivity demonstrated in this
study is the use of a T matrix-based ILSA model that accounts for nuclear asphericity.
This is in contrast to previous techniques that relied on light scattering model which
assumed spherical cell nuclei and organelles. By removing the uncertainty that arises
from incompatibility between the shape of the nucleus and the light scattering models
previously used in ILSA, the results show that the determination of subcellular
structures is more accurate and sensitive. Future applications of light scattering can
exploit this increase in sensitivity by employing a T matrix-based ILSA algorithm (or
another light scattering model appropriate for nuclear shapes) for assessing mass FD.
As a general quantitative assessment of changes in cell structure and organization, mass
FD presents a potential new avenue for assessing changes in cell function including
differentiation, proliferation, apoptosis, and others.

4.7 Summary
The T-matrix method has been introduced as a means of recovering size and
shape information by processing measurements taken with an existing technology,
a/LCI.

A powerful distributed computing system was developed as a means of

overcoming the high computational cost of the T-matrix method, allowing the
computation of very large light scattering databases. These databases were then used to
understand the use of Mie theory in analyzing spheroidal scatterers, an important result
for processing a/LCI measurements of real cell nuclei.

Experimental work with

phantoms, aligned cells and randomly oriented cell cultures were used to demonstrate
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the effectiveness of the T-matrix for inverse analysis. This analysis was then applied to
studies of deformation of cell nuclei in response to topographical cues, further
demonstrating its utility for analyzing spheroidal scatterers. Finally, a form of residual
analysis, based on T-matrix fitting and the fractal dimension, was shown to detect the
pre-apoptosis in cells treated with chemotherapy agents at early time points. In the
following section of this dissertation, the T-matrix software and results presented here
are applied to a new light scattering system, 2D a/LCI.
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5. Development of 2D Angle Resolved Low Coherence
Interferometry (2D a/LCI)
In the previous chapter, the use of the T-matrix solution to perform inverse
analysis was introduced in the context of time domain a/LCI. The T-matrix method was
used to validate the use of Mie theory as an approximate solution to scattering from
moderately aspherical objects, to determine the size and shape of aligned cells and
phantoms, and then to measure the size, shape and fractal dimension of randomly
oriented cells in culture.

However, the ability of the T-matrix method to perform

accurate inversions of scattering data to reveal scatterer size, shape, and refractive index
depended on a priori knowledge about the range of reasonable scatterer geometries.
Fully blind estimation of all parameters however is generally difficult because of the
uncertainty that a given scattering pattern measured by 1D a/LCI could fit well to
multiple different T-matrix solutions. In response to this, a set of criteria was developed
where inverse solutions were rejected if the best scatterer geometry did not score
substantially better than other possible solutions. Consequently, it was important to
pick a reasonable range of parameters when performing analysis to avoid considering
implausible solutions that may give good fitting scores yet produce physically
unrealistic solutions. For many of the tissue types of interest in the a/LCI technique, this
is not a serious limitation: squamous epithelial tissues have a well-defined and fairly
narrow range of healthy cell nuclei. Any deviation is thus a potential indication of
disease. However, for more complex tissues that include multiple possible cell types or
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orientations, a priori knowledge of the expected size and shapes of cell nuclei can be
difficult to apply.
An obvious solution to the problem of degenerate fits is to acquire more
information so that spurious fits can be better recognized and excluded. A number of
additional parameters can be acquired from the scattered field, including spectral
information, polarization state, or additional scattering angles. In this chapter, the latter
two options will be pursued using a new technique, 2D a/LCI. In this technology,
scattering from a much larger number of angles is detected by considering both the
polar and azimuthal scattering angles, rather than simply the polar angle as is done in
classical 1D a/LCI.
The decision to measure a much larger number of scattering angles also
necessitates much faster acquisition speeds to maintain throughput.

This will be

accomplished by transitioning a/LCI from time domain to Fourier domain
interferometry.

The use of Fourier domain interferometry eliminates the need for

scanning the pathlength of a reference arm, and therefore allows much more rapid
scanning since data from all depths is effectively acquired at once The need to scan over
two angular dimensions is addressed by using one of two geometries: point or line
scanning. Although not formally introduced until chapter 7.1, line scan 2D a/LCI will be
shown to produce nearly identical data to that obtained with point scan a/LCI. For this
reason although the processing will specifically refer to the FITS system, the data
processing results presented here apply equally to both systems. In chapter 7 of this
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dissertation, the problem of 2D angle resolved measurements will be revisited and the
need for new scanning geometries will be discussed.
The huge volume of data in each 2D a/LCI scan will also require much larger Tmatrix databases for analysis. Whereas a single simulation in the 1D case would have
less than 100 scattering angles, the full 2D scattered field over the same range has over
10,000 scattering angles, each of which requires storage of the entire 8 element complex
polarization state of the scattered field. This results in almost a 1000 fold increase in
database size over the 1D case. Consequently, the parallel and distributed techniques
developed in the previous chapter must be leveraged to the fullest extent possible.
In this chapter, the realization of a novel interferometer for performing 2D angle
resolved measurements will be presented (section 5.1). Section 5.2 will combine this
new system with the T-matrix inverse analysis.

Phantom studies will be used to

demonstrate the possibility of unambiguously recovering size and shape from
spheroidal particles. Finally in section 5.3, solving for the orientation of particles using
the T-matrix will be demonstrated.

5.1 Fiber-optic
(FITS) System

interferometric

Two

Dimensional

Scattering

Figure 5.1a shows a schematic of a point scanning 2D a/LCI, referred to as the
FITS (Fiber Optic Interferometric Two Dimensional Scattering) system. Light from a
Ti:Sapphire laser with wavelength 825nm and bandwidth Δλ=17nm was coupled into a
single-mode fiber coupler (coupling ratio α=0.01%). The two sensing arms were cleaved
and their output facets were placed in the focal plane of a graded index (GRIN) lens
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(Newport Corp.: 0.23 pitch, 1.8mm diameter; 4.4mm length) for illumination and
collection. The face of the GRIN lens was polished to an angle of 8° on the sample side to
avoid specular reflection. The majority of source power was coupled into Arm 2, which
serves as the illumination fiber. Its output was collimated via the GRIN lens,
illuminating the area of interest on the sample at an approximate delivery angle of 10
degrees relative to the optical axis. Arm 1 is the low power arm, and serves as the
collection fiber that receives the light scattered at angle θ. To maximize the detectable
angular range, Arm 2 was positioned toward the edge of the GRIN lens, whereas Arm 1
raster-scans in a 2D pattern using a pair of motorized actuators. The polarization of the
illumination and collection fields can be tuned independently using polarization
controllers (PC1 and PC2) to produce linear polarization along any direction with
extinction ratio greater than 20dB, making it possible to measure scattering under any
combination of illumination and collection polarizations. Returned signals of the mixed
sample and reference fields were detected by a miniature spectrometer (Ocean Optics,
Inc.: HR4000).
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Figure 5.1. a) FITS system used for experimental measurements. 830 nm low
coherence light from a Ti:Sapphire laser (Δλ = 17 nm) was fiber coupled and then
divided between two arms of an interferometer via a highly unbalanced fiber coupler
with splitting ratio 99.99% to 0.01%. Arm 1 was mechanically scanned across the back
focal plane of the lens in two dimensions, resulting in a variable angle pair θ, φ
between delivery and collection rays. Polarization controllers PC1 and PC2 provide
control over the collection and illumination polarizations respectively. Reflection
signal R1 was path length matched to the light scattered from the sample, while the
large path length mismatch between R2 and the sample generates a high frequency
interferometric signal that is not measured due to the finite resolution of the
spectrometer.
(b) Optical path length of the six signals generated by this
interferometer. Reproduced with permission from [102] and [73].
The FITS system resembles a Michelson or Sagnac interferometer, but its
operation relies on coherently mixing both the Michelson and Sagnac components
within the fiber, hence it is more properly referred to as a hybrid mode Michelson89

Sagnac interferometer (MSI). Three pairs of signals are generated: 1) Michelson signals
R1 and R2, (see figure 1.3) which are the fiber-end reflections and can serve as reference
signals; 2) Sagnac signals S12 and S21, which are the angular scattering signals and are the
signals of interest here; 3) backscattering signals S11 and S22, which can also be
considered Michelson signals, but are irrelevant because they only represent scattering
at one fixed angle (180°). For interferometric operation, the MSI matches the optical
pathlength (OPL) of R1 and S21. This is achieved by setting the OPL of the collection arm
L1 to be longer than that of the illumination arm L2 by an amount equal to twice the
length of the free space portion of the interferometer (denoted d in Figure 5.1a). This
ensures that other scattering signals will not be detected due to pathlength mismatch
(see Figure 5.1b) and/or attenuated intensity caused by the unbalanced power splitting.
The capabilities of the MSI-based FITS system were demonstrated by collecting
2D angular scattering distributions from a double-layer polydi-methylsiloxane (PDMS)
phantom developed using the procedure in section 3.4.1. NIST traceable microsphere
size standards (Thermo Fisher Scientific, Inc.) with mean diameters of 5.990 ± 0.045 μm
and 10.00 ± 0.05 μm, and standard deviations of 1.2% and 0.9%, respectively, were used
for each layer.
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Figure 5.2. Scattering from the double-layer microsphere phantom under ppolarized illumination. (a,b) Depth-resolved 2D angular scattering distribution for pand s-polarized scattering. (c,d) p- and (e,f) s-polarized 2D distributions for layers
containing 6μm and 10μm scatterers, respectively. (g,h) and (i,j) corresponding Mie
theory simulations. Reproduced with permission from [102].
Figure 5.2a,b show the depth-resolved 2D angular scattering of the phantom,
where the double-layer structure is clearly identified.

Figure 5.2c-f shows that the

measured distribution for each layer and each polarization which are seen to be in good
agreement with the predictions of Mie theory, as shown in Figure 5.2g-j. Figure 5.2e,f
demonstrate the extremely high polarization sensitivity of the system by recording the
cross polarized scattered light (p-polarized illumination with s-polarized collection).
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The FITS system was then validated by measuring single and ensemble
scattering from phantoms containing polystyrene microspheres of various sizes
embedded in the same PDMS medium.

Figure 5.3 shows the summed intensity

projections of depth resolved scans for p-polarized illumination, and p-polarized
scattered field (denoted simply PP as per section 3.2) for a) 15 μm single scatterers, b) 10
μm ensembles and c) 6 μm ensembles. It should be emphasized here that these are
summed projections over a small range of depths in a 3D volume; individual scans may
contain many axially resolved scatterers. Notably, the two distributions for samples
with ensemble scatterers contain a high frequency modulation of the Mie scattering
pattern, a form of coherent interference that contains information about the distance
between scatterers that will be explored in chapter 7. In contrast to speckle phenomena,
the modulation term here presents well defined frequencies which do not overlap with
the frequency seen for the individual scatterer patterns, provided that the mean scatterer
separation is greater than the scatterer diameter [103] (see section 7.2). In all three scans,
excellent qualitative agreement is obtained between the scans.
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Figure 5.3. FITS measurements of scattering from spherical microspheres with
diameter of a) 15 μm, b) 10 μm and c) 6 μm in PP polarization. d-f) Matching T-matrix
simulations. In contrast to the 15 μm sphere example, the distribution from the 10
and 6 μm samples illuminated multiple scatterers concurrently, and so were low pass
filtered to reduce high frequency interference fringes arising from coherent scattering
between particles.
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Figure 5.4. Qualitative comparison of FITS (odd rows) and T-matrix
simulation (even rows) for a 15 μm EVD a) sphere, b) prolate spheroid with aspect
ratio 0.92, and c) prolate spheroid with aspect ratio 0.82 as determined by quantitative
image analysis (QIA). The two cross polarized cases are identical and thus presented
as a single combined plot. The T-matrix simulations have been masked off at the
GRIN lens boundaries to limit their angular extent to match the experimental range.
Reproduced from [73] with permission.

94

To demonstrate the utility of FITS for assessing structure of spheroids, PDMS
microsphere phantoms were stretched using the procedure described in section 3.4.1.
Figure 5.4 presents co-polarization components SS, PP, and cross-polarization
components (PS and SP as defined in section 3.2, only one of which is shown since they
are identical in theory and experiments) of the FITS scans from the 15 μm EVD
phantom. For comparison, T-matrix simulations are presented for a) a spherical Mie
scatterer, b) a slightly spheroidal scatter of aspect ratio 0.92, and c) a moderately
spheroidal scatterer of aspect ratio 0.82. Several trends are apparent in comparing these
data. First, the PP and SS polarized results generally look similar for all aspect ratios,
although the location of the peaks and valleys is typically shifted by about one half cycle
between the two. In contrast, the cross polarized SP/PS case is strikingly different,
particularly for higher aspect ratios where very little light is directly backscattered.
These effects are observable with FITS only because of its high polarization extinction
ratio (>20dB). Second, for all polarizations, the patterns appear with a high degree of
azimuthal symmetry in the spherical case. In the case of a spherical scatterer, the 2D
scan is azimuthally redundant, as predicted by Mie theory, and so FITS offers no
significant advantage over conventional a/LCI scanning. However, as the scatterers are
deformed from spheres to spheroids, symmetry is quickly lost in the light scattering
pattern and the inadequacy of Mie theory quickly becomes apparent.

For the

moderately deformed 0.82 aspect ratio phantom, the radial scans separated by even a
few degrees of azimuth angle are nearly uncorrelated. Finally, as expected due to
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symmetry, the SP and PS fields were experimentally determined to be identical. These
results demonstrate that the FITS system can record 2D angle, depth and polarization
resolved measurements of scattering phantoms with extraordinarily high sensitivity and
polarization sensitivity, although at a relatively slow rate.

5.2 Size and Shape determination using 2D Scattering
5.2.1 T-matrix Database
The T-matrix code discussed previously (section 3.3) was used to construct a 2D
angle and polarization resolved database storing the complete complex scattering matrix
values. Scattering from individual scatterers was calculated assuming illumination
perpendicular to the spheroidal axis of symmetry with 830 nm monochromatic light.
The scattered field was computed from 0 to 359 degrees over the azimuth angle φ, and
from 0 to 30 degrees in 0.33 degree increments over the polar angle θ for a total of 32,400
angular points. At each angle the 4 complex field quantities designated S11, S12, S21 and
S22 corresponding to the in-plane and cross-polarized scattered fields for each
illumination polarization equation (3.6) were stored in a relational database. In the
notation of Mishchenko these field quantities are the solutions to equations (24-28) in Ref
[104] for α=0, β=90, θ=[0,30], and φ=[0,359] for each scatterer. To build the database,
10,250 different scatterers were simulated, with equal volume diameters ranging from 8
μm to 18 μm in 80 nm increments, and aspect ratios between 0.7 (prolate spheroidal)
and 1.1 (oblate spheroidal) in steps of 0.005 (typical calculation results are shown in
Figure 5.5). Refractive index was fixed at 1.58 for polystyrene scatterers, while 1.41 was
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used for the PDMS media. Finally, a 2.5% wavelength distribution was generated over
the range of 8.6 μm to 16.3 μm EVD in 50nm increments by summing the per angle
scattered intensity from 20 Gaussian distributed particle sizes with a 2.5% standard
deviation. This procedure uses the equivalence between particle size and illumination
wavelength [68] and was described previously [34].

Figure 5.5. T-matrix simulations of a) 10 μm EVD with an aspect ratio of 0.9
and 15 μm EVD with an aspect ratio of 0.8 respectively, both PP polarized.
Reproduced from [73] with permission.

5.2.2 Image Registration
Each FITS scan consists of 21,600 depth scans each recorded at a unique
scattering angle. Because the backscattering angle is not collected, accurate registration
of experimental and simulated data is a difficult problem that must account for both
slight variation in starting angle and field distortion in the GRIN lens. This problem was
addressed by careful comparison of reference phantoms of precisely known size and
shape. A comparison of the minima and maxima in the simulated and measured scans
was then used to compute a mapping from the measurement sampling interval to the
simulated sampling interval. Because this calibration is not stable due to factors such as
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thermal drift in the optical fibers, new calibration scans were performed prior to each set
of measurements.

5.2.3 Database Fitting
The inverse analysis procedure compares experimental data with the simulated
T-matrix data by computing the 2D χ2 error between the measured field and each
simulated field in the database using equation (2.5).

Prior to this step, each

measurement was registered to the simulated scattering space using the above
procedure, and then 2D low pass filtered and polynomial detrended.

Polynomial

detrending was performed analogously to the 1D case by substituting a curve fitting
routine with a least squares parabolic surface fitting routine. Aside from performing
these steps over two dimensions, they were performed identically as in 1D a/LCI.

5.2.4 Fitting Results
Inverse analysis was performed on scattering data from several phantoms
containing scatterers of various geometries.

Because the cross-polarization case

returned less energy into the backscattering angles, the initial focus was on the in-plane
(PP) polarization for simplicity of the analysis. Analysis of three representative samples
are presented here, a 15 μm sphere (Figure 5.6), a 15 μm EVD slightly stretched (aspect
ratio = 0.93) spheroid (Figure 5.7), and a 15 μm EVD moderately stretched (aspect ratio =
0.82) spheroid (Figure 5.8). All spheroids began with a manufacturer specified diameter
of 15.02 μm +/- 80 nm prior to stretching. The analysis of three samples shows extremely
good agreement in assessment of both EVD and aspect ratio (Table 1).
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Table 1: QIA verses FITS measurements
Spherical

Slightly Stretched

Moderately
Stretched

FITS EVD (μm)

15.00 ± 0.24

14. 95 ± 0.33

15.00 ± 0.24

QIA Aspect Ratio

1.0

0.93

0.82

FITS Aspect Ratio

0.995 ± 0.04

0.925 ± 0.01

0.825 ± 0.005
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Figure 5.6. a) Relative 2D χ2 error between light scattered by a 15 μm sphere
(phase image bottom left corner) and the database of T-matrix simulated fields.
Minimum error is indicated in dark red and occurs at an EVD of 15.00 and an aspect
ratio of 0.995. b) Horizontal slice of 1/χ2 error showing the full width half maximum
(FWHM) EVD resolution of 0.49 μm, where FWHM is computed relative to the
background (uncorrelated) value rather than zero. c) Vertical slice of 1/χ2 error
showing the FWHM aspect ratio resolution of 0.082. Reproduced from [73] with
permission.
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Figure 5.7. a) Relative 2D χ2 error between light scattered by a 15 μm EVD
spheroid with an aspect ratio of 0.92 as determined via QIA (phase image bottom left
corner) and the database of T-matrix simulated fields. Minimum error is indicated in
dark red and occurs at an EVD of 14.95 and an aspect ratio of 0.925. b) Horizontal slice
of 1/χ2 error showing the full width half maximum (FWHM) EVD resolution of 0.67
µm, where FWHM is computed relative to the background (uncorrelated) value rather
than zero. c) Vertical slice of 1/χ2 error showing the FWHM aspect ratio resolution of
0.017. Reproduced from [73] with permission.
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Figure 5.8. a) Relative 2D χ2 error between light scattered by a 15 μm EVD
spheroid with an aspect ratio of 0.82 as determined via QIA (phase image bottom left
corner) and the database of T-matrix simulated fields. Minimum error is indicated
in dark red and occurs at an EVD of 15.00 and an aspect ratio of 0.825. b) Horizontal
slice of 1/χ2 error showing the full width half maximum (FWHM) EVD resolution of
0.48 µm, where FWHM is computed relative to the background (uncorrelated) value
rather than zero. c) Vertical slice of 1/χ2 error showing the FWHM aspect ratio
resolution of 0.009. Reproduced from [73] with permission.
Examining the χ2 error plots across the fitted parameters, shows two apparent
trends. First, spherical particles have less complex diffraction patterns than aspherical
particles, and therefore provide less information as input to the inverse analysis
procedure. Consequently, the best fit for the spherical scatterer produces a χ2 error
which covers a much larger area in parameter space than the spheroidal cases. Second,
as scatterers elongate, an oscillatory pattern appears diagonally in which the χ2 error
fluctuates above and below the mean. This corresponds to the algorithm approximately
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tracking a line along manifolds which keep the major scatterer axis constant, a
phenomena which was observed using Mie theory with simulated 1D a/LCI in section
4.3.

In regions far away from these lines, the far field patterns are essentially

uncorrelated and the χ2 error remains nearly constant and distinct from the fitted
regions. This effect is contrasted in Figure 5.8 (b) and (c), where the 1D cross sections
present cuts along and perpendicular to such a diagonal respectively.

5.2.5 Discussion
Traditionally, the applicability of inverse scattering techniques based on
wavelength-, angle- or polarization-resolved measurements has been tempered by the
limited number of independent measurements that can be acquired for a given scatterer,
resulting in an inverse problem that may be poorly conditioned and analysis which can
produce non-unique solutions. Methods such as a/LCI and LSS have depended on a
priori knowledge to narrow the range of expected scatterer geometries in order to reduce
multiple inverse solutions to a single one, or at most a few, possible solutions. In the
absence of such knowledge, these techniques can misinterpret the analysis results by
providing numerically optimal, but physically incorrect solutions.

Given these

limitations, light scattering methods have typically been focused on distinguishing a few
possible tissue states over a limited range of geometries which are usually spherical.
In contrast, the huge number of independent measurements which are possible
over even a small range of 2D scattering solid angles, results in a significantly better
conditioned inverse problem which is found to be almost entirely free of non-unique fits
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across a fairly wide range of geometries. The inverse search range presented here covers
a significant fraction of the biologically relevant range of possible spheroidal geometries
of cell nucleus scatterers, and is limited primarily by the computer memory in the
workstation used for analysis and not by the uniqueness of the fits it provides.
Consequently, forward models more powerful than Mie theory are required to fully
utilize the available information. It should therefore be possible to explore the polarity
and density of clusters of cell nuclei with minimal modification to the procedures
presented here.

5.3 Scatterer Orientation
The extremely well-conditioned inverse results demonstrated above for size and
shape determination of spheroidal phantoms suggest that sufficient information is
available to recover information about the orientation of scatterers relative to the electric
field. For any aspherical scatterer, T-matrix simulations require that the orientation of
the scatterer relative to the electric field must be specified, generally using Euler angles.
In the previous T-matrix results, these were set to α=0, β=90, corresponding to a
spheroid with its axis of symmetry parallel to the electric field vector

.

In the following experiment, a T-matrix database composed of 15 μm
polystyrene spheroids with aspect ratio 0.80 to 1.0 was generated. This time however,
each sphere was simulated in orientations ranging from α=0 to α=180 and β=60 to β=120.
This range contains the TE and TM as well as all of the orientations that were summed
to generate randomly distributed spheroids in section 4.3.1. Measurements were taken
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of spheroids rotated through an arbitrary plane approximately corresponding to
.
A representative χ2 map is shown in Figure 5.9 for a 15 µm stretched bead
phantom with aspect ratio 0.87. These results indicate small rotations about the plane
containing the long axis of a spheroid (that is, Euler rotations containing motions about
α), lead to very large changes in the diffraction pattern and therefore precise
determination of the scatterer orientation. Conversely, the orientation in the β plane is
somewhat less accurately determined, presumably because rotation of the long axis
parallel to the optical axis leads to only relatively small changes in the apparent cross
section of the particle.
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Figure 5.9. Relative 2D χ2 error between light scattered by a 15 μm EVD
spheroid with an aspect ratio of 0.92 oriented at α=90, β=90 and the database of Tmatrix simulated fields over the Euler angles shown. Minimum error is indicated in
dark red and occurs at a α=92, β=94.
The results presented in Figure 5.9 are for a single stretched microspheres rather
than ensembles. However, they do suggest that 2D a/LCI measurements can accurately
assess the orientation of spheroids and raises the possibility of measuring the polarity of
partially aligned ensembles of cells.
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5.4 Summary
The extension of a/LCI to 2D measurements of scattering across a solid angle has
opened up a number of new applications. In this chapter, a new, all-fiber interferometer
(the FITS system) capable of making fully polarization-resolved measurements across
two dimensions of scattering was introduced. Phantom measurements were used to
validate the FITS system and to show that it could precisely replicate both Mie theory
and T-matrix simulations of individual scatterers. Finally, the FITS system was applied
to demonstrate the feasibility of two possible applications of 2D a/LCI: measurement of
the size and shape of spheroidal scatterers, and measurement of the orientation of
spheroidal scatterers. In both cases, the enormous amount of information contained in
the 2D angle-resolved scattered field was shown to give unique inverse solutions.

107

6. Development of Multiple Scattering Low Coherence
Interferometry (MS/LCI)
In this section, the application of angle-resolved interferometry to imaging with
multiply scattered light is presented. In contrast to previous sections on inverse light
scattering, the technology developed in this section is an imaging technique. Rather
than retrieving information about the structure of scattering media, angle resolved
interferometry is used to extend imaging depth significantly deeper into tissue than is
possible with OCT while still retaining good spatial resolution. As in a/LCI, both low
coherence interferometry and the coupling between the size of a scatterer and the range
of angles over which it scatterers at will be essential to the method.
The key principle underlying MS/LCI is the realization that Mie scatterers
preferentially scatter light in the forward direction.

It will be demonstrated

subsequently that a 1 µm Mie scatterer illuminated with 830 nm light will deflect the
majority of scattered photons by less than 20 degrees from the optical axis (see section
6.3.5), and a significant number by a much smaller amount. Thus, while a medium may
be highly scattering, if it is composed of a large number of Mie scatterers it may
attenuate a beam significantly more slowly than predicted by the product of the
scattering cross-section and the number of scatterers per unit distance (the scattering
coefficient µs) [105].
This chapter is organized into four distinct sections. In the first section, a brief
introduction to diffuse optics and MS/LCI imaging is presented. In section 6.2, the
experimental scheme for time domain MS/LCI is shown. In section 6.3, a Monte Carlo
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(MC) light scattering model is used to understand the potential and limitations of
coherently detected multiply scattered light. In section 6.4, the feasibility of Fourier
domain MS/LCI is briefly addressed.

6.1 Motivation
At optical frequencies, imaging within tissue is limited by strong scattering that
attenuates the incident illumination and obscures the desired signal beneath a diffusely
scattered background. Numerous optical techniques have been developed to image in
the presence of scattering, including confocal microscopy and OCT (discussed
previously in section 2.1.1). These techniques extend the range of imaging in tissues to a
millimeter or more by rejecting out of focus light and improving sensitivity.
In contrast to the 1-2 mean free scatting paths typical for confocal microscopy,
OCT can image through approximately 27 mean free scattering paths (approximately 1-2
mm in soft tissue) by using interferometric detection. Coherence gating in OCT enables
shot noise limited detection while excluding photons that have not traveled a given
optical path length (OPL) [8, 106]. Under the assumption that few photons scatter more
than once, each path length measurement is converted into a depth resolved profile
using knowledge of the medium refractive index. Unfortunately, while OCT can reject
ballistic photons by comparing their path length within the medium to that of a
reference arm, it cannot reject photons that have accumulated a longer time of flight
within a superficial depth by scattering multiple times [107]. Thus as the number of
mean free scattering lengths into a sample increases, the ballistic signal is reduced
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through attenuation while the background of multiple scattered photons increases.
Eventually, either shot noise or multiply scattered photons overwhelm the ballistic
signal and deeper imaging is no longer possible, imposing a practical depth limit on
coherence gated imaging in OCT.
As an alternative, a complementary set of techniques based on diffuse photon
path lengths exploit this multiply scattered light to achieve deeper imaging. In diffuse
optical tomography (DOT) techniques, illumination and collection are arranged with the
goal of recovering target information using primarily multiply scattered light and
tomographic inversion algorithms[4]. Because the absorption of typical tissues is low
compared to the scattering coefficient, photons can pass through many scattering events
before being absorbed, potentially allowing absorption information to be obtained for
tissue depths well beyond the ballistic limit [108]. Several strategies exist for recording
diffuse light and recovering an image. Most involve spectrally resolving the diffuse
light to examine scattering or absorption variations with wavelength [109], spatially
resolving the collection and illumination points in order to infer probable photon paths
from the system geometry [110], or temporally resolving photons in order to measure
optical path length [111]. The spatial distribution or spectral properties of scatterers or
absorbers within the medium is then estimated from temporal, spectral or spatial
information using an inversion model.
Conceptually time-resolved diffuse optical tomography (TR-DOT) is performed
similarly to OCT; photons are compared against an electronic reference signal, as
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opposed to an optical reference signal in OCT, and then binned by time interval. The
comparison can be performed in the frequency domain, in which case waves of photons
are modulated at frequencies of a few hundred MHz, and the phase delay and
attenuation due to passage through tissue is measured [4]. This method has good
throughput, but poor time resolution owing to the relatively low modulation speeds that
are possible in tissue.

Alternatively, measurements can be performed in the time

domain by directly comparing pulsed laser light to an electrical reference signal using a
streak camera [112, 113] or a time correlated single photon counter (TCSPC) [111]. Both
of these techniques suffer from high cost, require complicated electronics and have low
throughput. In TCSPC, the most common method, photons are binned one at a time at
rates of tens of MHz.
In OCT, low coherence interferometry is used to gate signal detection instead of
an electronic reference.

Incoming photons are interferometrically detected by the

overlapped reference field, which serves to enhance signal strength. The time resolved
data is separated into temporal bins, and the optical energy per temporal bin is detected.
This approach has an enormous advantage in throughput because individual photons
are not counted. For example in a typical time domain OCT system operating in the
NIR, the maximum number of photons that are detected per second is on the order of
1015. In comparison, commercial high speed TCSPCs have an acquisition rate on the
order of 106 photons per second, approximately 9 orders of magnitude less.

By

exploiting the extremely high throughput and shot noise limited sensitivity of low
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coherence interferometry, it has been possible to construct imaging systems operating at
extremely high speeds without sacrificing image contrast or axial resolution[106].
The possibility of using interferometry to measure multiply scattered light was
addressed early on during the development of OCT by Hee et al. who performed time
resolved transmission measurements of scattering media showing photons diffusely
traversing 50 mean free paths (MFPs) [107]. Later experiments by Yadlowsky et al.
demonstrated detection of multiply scattered photons in reflection mode [114]. Wax and
Thomas built on this work by using the Wigner distribution to show that forward
scattered light carries structural information within its angular distribution even after
multiple scattering, whereas diffuse light does not carry structural information nor have
a well-defined angular distribution [115] Subsequently Wang performed detailed Monte
Carlo simulations of diffuse imaging in conventional OCT system aimed at exploring the
loss of contrast in ballistic imaging; however these simulations revealed that multiply
scattered photons received from well beyond the ballistic limit still carried substantial
structural information [116]. Finally, Farisu et al. considered the resolution of multiply
scattered and ballistic imaging systems from a statistical detection standpoint, and
showed using arguments based on a maximum likelihood estimator that optimal
detection of scatterers embedded in turbid media required considering both ballistic and
multiply scattered photons [117]. These previous results suggest that using multiply
scattered low coherence interferometry (MS/LCI) may be an attractive alternative to
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traditional diffuse imaging modalities by allowing high throughput time-resolved
measurements.
To explore the feasibility of MS/LCI, time-domain low coherence interferometry
is employed operating in reflection mode using distinct illumination and collection
pathways. This system incorporates angle resolved collection as well as a variable
illumination angle in order to optimize the ability of the system to collect photons with
structural information.

This system is used to demonstrate that multiply scattered

photons can be readily detected interferometrically, even after many scattering events
allowing imaging well beyond the ballistic limit.

6.2 MS/LCI Experimental Realization
6.2.1 System Development
In the experimental system (Figure 6.1a), light from a mode-locked titanium
sapphire laser at 830 nm with a coherence length of 30 μm is separated into sample
(blue) and reference (red) arms. A pair of acousto-optic modulators, producing shifts of
110 and 120 MHz respectively, generate a net frequency shift of 10MHz between the
arms. On the sample arm, mirror M1 allows adjustment of the illumination angle by
lateral translation, while lens L1 can be translated off-axis to adjust the collection angle
using as in time domain a/LCI (section 4.2) [86]. On the reference arm, a mechanically
translated retro-reflector RR is used to vary the path length. Finally, a stepper motor is
used to laterally translate the sample to execute B-mode scans. Detection is performed
by a balanced photodiode receiver (NewFocus Model 1807). In contrast to conventional
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OCT, light scattered from the sample is not focused onto the detector, but is caused to
diverge by lens L3 such that only the angular component selected by the position of lens
L3 to be parallel to the reference arm is detected. After photodetection, the 10MHz beat
signal is demodulated by an Agilent E4411B spectrum analyzer, and the output is
squared and detected by an SRS530 lock-in amplifier to further suppress out of band
noise.
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Figure 6.1. Schematic of the time domain MS/LCI system. a) 830 nm
Ti:Sapphire light is divided into sample (blue) and reference (red) arm paths. A pair
of acousto-optic modulators (AOMs) frequency shift the sample and reference arms
such that a 10MHz frequency offset exists between them. Mirror M1 adjusts the
illumination angle onto the sample, while lens L3 (f=100 mm) adjusts the collection
angle. A retro-reflecting prism (RR) is used to perform depth scans, while B scans are
performed by translating the entire sample enclosure. L1 (f=35 mm) and L2 (f=100
mm) form a 4f relay onto the center of L4 which can be translated to adjust the
collection angle. b) Close up of the sample chamber. A 4 mm gold coated reflector is
suspended in the middle of a 2x2 cm box filled with scattering media. Reproduced
with permission from [105].
The combination of lock-in detection and time-domain acquisition allows for
very narrow detection bandwidths and long scan depths.

These capabilities are

challenging for frequency domain detection which requires very high spectral resolution
to measure long path lengths but would then demand longer integration times [106].
The use of time-domain acquisition is advantageous for studying scattered light because

115

photons are summed incoherently when the power spectrum is detected compared to
the coherent detection in frequency domain detection, and thus time-domain avoids the
need to remain phase stable over long integration times [18]. The SNR of the system
was experimentally demonstrated to be 151dB and the maximum scan distance was 50
mm (equivalent to 450 ps in sample media). This exceeds the SNR of conventional
Fourier domain OCT (FD-OCT) systems, and allows extremely long depth scans, but
requires long scan times of approximately 1 minute per 1 mm of A-scan depth.
Imaging experiments were performed using a 2 cm by 2 cm by 1 cm chamber
with a target consisting of a gold coated coverslip 3.3 mm wide suspended 1 cm from
the front and side surfaces (Figure 6.1b). The dimensions were chosen to be large
enough that interaction of scattered light with the walls of the chamber would not
significantly influence the scattered field over the range of time of flights recorded. The
chamber was filled with solutions of either 1 μm or 11 μm polystyrene microspheres
(n=1.59) suspended in a mixture of water and 20% polyethylene glycol (PEG) for
increased viscosity (n=1.34). The illumination angle was set to 6 degrees and was chosen
to ensure that light which was multiply scattered at depths superficial to the target
would have a decreased probability of reaching the collection optics. Each imaging scan
was performed over a 10 mm axial and 7 mm lateral range using 9 mW of illumination
power. Individual A-scans were processed to remove the diffuse background by fitting
an exponential to the decay of the ballistic signal and then subtracting this trend. This
step is equivalent to logarithmic amplification and is essential for separating weak
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diffuse signals from overlaying background scattered light. The optical properties of the
scattering media were calculated using Mie theory from the manufacturer’s
specifications and the measured media refractive index. For 1 μm beads, the scattering
coefficient was calculated to be 230 1/mm with an anisotropy coefficient (g) of 0.95 using
Mie theory. For 11 μm bead solution the scattering coefficient was calculated to be 26.7
1/mm and the anisotropy coefficient 0.985. For anisotropic media, the reduced scattering
coefficient μs’= μs(1-g) which takes into account that forward scattered light retains its
directionality is often used.

Reduced scattering coefficients of 9.2 and 0.261 1/mm

respectively were computed for (which?) the stock solutions.

The solutions were then

diluted to produce the desired total ballistic scattering rates for the imaging
experiments. It should be noted that deliberately large anisotropy values are used to
simplify experimental measurements, but are actually comparable to or even less than
those reported values for several human tissues, including myocardium, fat, and brain
tissue [118, 119].

6.2.2 Imaging through 1 µm Bead Media
Samples of 1 μm bead solution were prepared with increasing concentration and
tomographically imaged with illumination and collection optics fixed at 6 degrees above
and below the normal incidence respectively. Concentrations were chosen to begin with
20 mfp for the 1 cm path length to the target, close to the ballistic limit, and then
increased until imaging was no longer possible (Figure 6.2). Beginning with 20 mfp,
both the ballistic and diffuse signals are apparent with nearly equal peak amplitude but
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separated by 600 μm of OPL or a time of flight of 2.7 ps. With increasing scatterer
concentration, several trends are apparent in imaging the target.

First, multiple

scattering rapidly broadens the tight ballistic peak in pathlength until by 35 mfp it spans
the entire 4 mm of imaged OPL. Additionally, in contrast to the temporal profile, the
lateral profile spreads out more slowly due to the anisotropic propagation in the media.

Figure 6.2. Tomographic images of a 3.3 mm wide test reflector located 10 mm
beneath the surface of 1 μm microsphere scattering media for increasing
concentrations, corresponding to 20, 25, 30, 35, and 40 mfp. Contrast gradually
decreases until at 40 mfp the object is obscured. The 20 and 30 mfp scans have axial
and lateral profiles shown through the center of the reflector, highlighting the axial
and lateral extent of the diffusely scattered signal. Note that the 20 mfp image shows
both ballistic and diffuse peaks. Reproduced with permission from [105].
Figure 3 shows enlarged axial and transverse scans for ballistic light and diffuse
light after 20 and 30 mfp. As in conventional OCT, the ballistic peak has an axial
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resolution comparable to the coherence length, which is experimentally measured to be
34 μm compared to a 30 μm theoretical prediction for the 10 to 90 % rising width, with
the difference most likely due to dispersion induced by the media.

In contrast, the

rising edge of the diffuse peak extends 380 μm at 25 mfp and 770 μm at 30 mfp. The
lateral resolution is similarly degraded, increasing from a nearly diffraction limited 35
μm (10 to 90 % width) for the ballistic peak, up to 2 mm and 2.8 mm for 25 and 30 mfp
diffuse imaging respectively.
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Figure 6.3. Axial (top) and lateral (bottom) resolution comparison for the 20
mfp ballistic (black), 20 mfp diffuse (blue) and 30 mfp diffuse (red) imaging
experiments. Reproduced with permission from [105].

6.2.3 Imaging through 11 µm Beads Media
Scans were repeated using 11 μm bead solutions to explore forward scattering in
highly anisotropic media (Figure 6.4).

Initial scans were performed at 50 mfp and

revealed a clearly defined diffuse peak with no ballistic contribution. The scatterer
concentration was increased to 94 mfp where the diffuse signal was seen to drop to
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nearly the level of the diffuse background. As with the 1 μm bead solutions, lateral and
axial resolution steady degraded with increasing number of scattering events.

Figure 6.4. Tomographic images of a 3.3 mm wide test reflector located 10 mm
beneath the surface of 11 μm microsphere scattering media for increasing
concentrations, corresponding to 50 mfp, 62 mfp, 83 mfp and 94 mfp. With increasing
scattering the reflector signal broadens out in both time and lateral position, resulting
in progressively decreased resolution. However, even at 94 mfp photons that have
interacted with the reflector remain distinct from the diffuse background signal.
Reproduced with permission from [105].

6.2.4 Attenuation of Multiply Scattered Light
Transport theory predicts that diffusely scattered photons are exponentially
attenuated with increasing number of mean free paths traversed, but at a reduced rate
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compared to ballistic photons because the transport mean free path is longer than the
ballistic mean free path. This effect was confirmed in the observed attenuation rates
(Figure 6.5) obtained by plotting the peak reflector intensity versus turbidity for each of
the scattering solutions. The effective attenuation coefficient in the diffuse regime was
found to be intermediate between the ballistic and transport scattering coefficients. For
example, using an anisotropy value of 0.96 for 1 μm beads, the transport attenuation
coefficient is calculated to be 25 times less than the ballistic coefficient. However, the
transport regime attenuation seen in Figure 6.5 is only 4.1 times less than the predicted
exponential attenuation for ballistic light.
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Figure 6.5. Detected power relative to illumination power for both bead sizes
as a function of mean free paths into the scattering media. Least squares fits to the
attenuation verses mean free scattering events yield attenuation coefficients for
multiply scattered photons of -1.05 and -0.8 dB/mfp for 1 and 11 μm microspheres
respectively, significantly less than the 4.34 dB/mfp for ballistic attenuation.
Reproduced with permission from [105].

6.2.5 MS/LCI Resolution
Figure 6.6 shows the achieved imaging resolution in both the axial and lateral
dimensions, taken as the 10 to 90% rise of the reflector signal from each B-scan image.
For the shortest number of mean free paths, lateral resolution is highest, but quickly
saturates at a maximum value. Beyond 30 mfp, the lateral resolution no longer exhibits
a statistically significant increase.

This likely reflects the transition from ballistic

imaging below 30 mfp where most photons are minimally scattered to propagation via
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multiple small angle scattering. In this regime, additional broadening in the lateral
direction is counterbalanced by increased optical path length, resulting in rejection by
coherence gating.

In contrast, axial resolution is steadily degraded with increasing

number of mean free paths as additional scattering events randomly contribute to the
optical path length of each photon.

Figure 6.6. Lateral and axial resolution plots for imaging through samples of 1
and 11 μm beads of various concentrations, given by mean free path (mfp).
Resolution was defined as the 10 to 90% rise in each dimension. Error bars are
computed from the standard deviation of the background signal immediately
adjacent to the reflector surface. Lateral resolution is relatively insensitive to number
of scattering events, while axial resolution degrades continuously with increasing
scattering. Reproduced with permission from [105].

6.2.6 Discussion
The combination of multiply scattered light, angle resolved collection, and
separate illumination and collection pathways allow extended imaging depth in highly
scattering media by MS/LCI compared to conventional optical imaging approaches such
as confocal microscopy or OCT. In the latter two methods, imaging deeper into a
scattering sample produces an exponential decay of the signal as photons are lost due to
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scattering events. This restricts these approaches from operating beyond the ballistic
limit [8], but this imaging simplifies interpretation of signals because each photon can be
assumed to have scattered only a single time. In contrast, MS/LCI employs multiple
forward scattering to increase imaging depth. Thus, photons are only lost when they
scatters outside of the forward scattering cone, either through a single large angle
scattering, or after multiple forward scattering events that cumulatively alter its
direction. This results in a much lower effective scattering coefficient because only a
fraction of scattering events actually attenuate the beam [105].
The attenuation coefficients measured in the multiply scattered regime (Fig. 5)
indicate that 76% and 82% of scattering events for 1 μm and 11 μm respectively preserve
photons within the forward scattering cone. These results agree with the Mie scattering
pattern for 1 μm and 11 μm beads, which are highly peaked in the forward direction,
such that the majority of scattering events deviate from the forward direction by less
than 20 degrees. The difference between the attenuation measured using MS/LCI and
the mean free transport length predicted using transport theory can also be reconciled
using these arguments. The mean free transport length is the product of the anisotropy
coefficient, defined as the average of the cosine of the scattering angle, and the scattering
mean free path. The mean free transport length assumes that photons scattering at
larger angles will also contribute to the light transport. However, photons scattering at
larger angles do not contribute here since they travel longer distances, and thus they are
effectively lost because they do not arrive in time to contribute to the same coherence
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gated temporal bin as photons in the forward scattered cone. Because the mean free
transport length does not account for time resolved detection, it does not provide a good
model here as it significantly underestimates the actual attenuation.
The distinct illumination and collection pathways combined with angle resolved
collection are essential to the MS/LCI technique because they effectively allow
triangulated detection of multiply scattered photons which leads to further rejection of
diffusely scattered light in favor of forward scattered photons. The advantage of this
geometry is apparent when considering the possible paths of each path length matched
photon; either propagating to the focal plane of the lens, scattering several times, and
then eventually passing into the collection optics or else scattering multiple times
superficial to the focal plane and eventually returning to the collection beam path with
the correct path length and angle. Because the range of collected angles is restricted to
be relatively narrow, few photons will scatter into the collection beam path without
passing through the focal plane. The effects of coherence gating and the triangulation
scheme are therefore complementary; the former rejecting superficially scattered
photons while providing time of flight information, the latter rejecting diffuse light
originating away from the sample plane.
The combination of imaging using forward scattered light and triangulation
results in distinct collection regions relative to focal plane of the lens. Superficial to the
focal plane of the lens, few photons are collected because the illumination and collection
beams do not intersect. At the focal plane of the lens, the two beams intersect and
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sensitivity is maximized.

Below the focal plane, the beams no longer overlap, so

sensitivity is decreased. However, a large number of photons originating in the focal
plane undergo multiple scattering events, and therefore accumulate longer path lengths
that would indicate that the detected signal arises from below the focal plane of the lens.
This effect is apparent in Figure 6.3 at 30 mfp, where nearly all backscattering takes
place at the target located in the focal plane, but the majority of the photons appear to
originate from deeper in the sample. MS/LCI images are therefore the superposition of
two different effects: time resolved interferometry that detects photons based on their
time of flight, and a time insensitive triangulation that rejects photons based on physical
depth into the media. Although not widely used in OCT or confocal microscopy, such
triangulation schemes have been used in diffuse tomography to reject background
diffuse light or enhance contrast [4, 110].
The MS/LCI technique presented here, based on using low coherence
interferometry to image with multiply scattered light, offers both advantages and
disadvantages over conventional OCT. The primary disadvantage is that the resolution
of multiply scattered imaging does not approach either the coherence gated axial
resolution or the confocal lateral resolution of conventional OCT. Even at an equal
number of scattering path lengths into the media, the ballistic signal is shown to be at
least an order of magnitude greater resolution both laterally and axially compared to
state of the art OCT.

The primary advantage however, is that as imaging depth

increases, the contrast of the MS/LCI tomographic images decreases much more slowly

127

than in OCT due to the lower effective scattering coefficient achieved in this geometry.
In highly anisotropic media, these results demonstrate more than 3 times the maximum
penetration possible with ballistic imaging techniques such as OCT.
MS/LCI has a number of advantages compared to conventional time-resolved
DOT, techniques.

Principally, interferometry allows an extremely large detection

throughput combined with high dynamic range at reasonable cost, which is generally
not possible with TCSPC or streak cameras based on direct detection.

Additionally,

temporal resolution is limited only by the temporal coherence of the source and not the
detection electronics; for superluminescent diodes (SLDs) this is tens of microns OPL,
significantly better than existing methods used in DOT. To understand the advantages
of MS/LCI, it is helpful to consider the capabilities of current time resolved photon
detection methods. Time domain systems provide good time resolution and sensitivity
(typically on the order of 100 picoseconds and shot noise limited [109, 120]) but sacrifice
throughput and dynamic range while requiring expensive detectors. Frequency domain
DOT systems have high throughput and low cost but relatively poor temporal
resolution and reduced sensitivity at short time scales [120, 121]. In contrast, LCI can
simultaneously provide approximately 3 orders of magnitude superior time resolution
to time domain methods, and superior throughput and dynamic range to frequency
domain methods at a reasonable cost. Taken together, these advantages provide the
potential for increased imaging speed and improved contrast compared with existing
techniques.
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6.3 Theoretical analysis and Computational Results
In the previous section, the MS/LCI technique was experimentally demonstrated,
and its characteristics were determined for two different scattering media. Furthermore,
an empirical relationship was proposed between the depth of penetration using
multiply scattered light and the anisotropy of the scatterers. However, from the limited
experimental results, it is difficult to analyze the true limitations of imaging with
interferometrically detected multiply scattered light. Consequently, the results from this
initial demonstration of MS/LCI raised a number of questions about the underlying
mechanisms of propagation of multiply scattered light in time resolved systems. The
exact rate of loss of signal photons, the weak dependence of lateral resolution on
number of scattering events or anisotropy, and the applicability of the technique to
tissue imaging and spectroscopic applications remained open questions.
To investigate these questions, a computational model based on Monte Carlo
simulations was developed [122]. The use of a light scattering model has a number of
advantages over experimental results. First, model-based experiments can be repeated
quickly and easily to test an arbitrarily large number of parameters such as composition
of scattering media, scatterer concentrations, and various sample geometries. Second,
computational models can avoid some of the confounding errors such as imperfect
scattering media, external noise, and experimental error.

These advantages are

particularly attractive in the case of the MS/LCI experiments, which typically take many
hours per measurement and require extremely precise dilutions of scattering media.
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While attractive, the use of MC models for low coherence interferometry
applications has historically been extremely challenging because of the very large
number of photons that need to be simulated. For example, a typical Fourier domain
OCT system operates with approximately 1011 photons per A-scan.

Although

optimization is possible in the case of an absorbing media, for a purely scattering media,
accurately simulating such a scan would require tracking the same number of photons.
Historically this was impractical, but in recent years the development of graphics
processing unit (GPU) accelerated MC algorithms has increased the number of photons
simulated per second by several orders of magnitudes without the cost associated with
very large parallel clusters [123].
GPUs are highly specialized parallel processing arrays present on most modern
computers, televisions, and cell phones. These devices are conceptually similar to more
familiar central processing units (CPUs) in that they can execute almost arbitrary
computer algorithms by sequentially performing rudimentary numerical operations (i.e.
addition and multiplication) on numbers stored in computer memory. However, while
CPUs are optimized for very low latency, that is they are meant to very quickly
complete a single operation, GPUs are designed for very high throughput by sacrificing
latency. Thus a GPU operation may take many times longer than an equivalent CPU
operation, but a truly enormous number of them can be performed in parallel.
The parallel nature of GPUs is essential to their function. In serial, low-latency
design such as that used for a CPU, information must be rapidly retrieved, moved
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significant physical distances, and then combined to perform a result.

Since the

algorithms that run on a CPU presume that operations are run sequentially, the
performance of CPUs is fundamentally limited by the rate at which information can
propagate across relevant areas of a processor. During the time that a processor waits
for information to move from one unit to another, no useful work is accomplished.
Transistors are therefore arranged to minimize the propagation distance and to
concurrently perform as many portions of each algorithmic step as possible (or even
predictively by analyzing previous iterations of an algorithm). In a parallel design such
as a GPU, such concerns are almost irrelevant because throughput, unlike latency, can
be scaled almost infinitely by simply introducing more parallel processing units.
This parallel nature is well suited to typical graphics processing operations,
which may include regularly performing a few simple and independent operations on
each of several million (independent) pixels on a display. It is also very well suited to
Monte Carlo modeling, a problem which consists of billions of independent iterations of
the same relatively simple operations.

6.3.1 GPU Based Monte Carlo Model
In order to model signals in the time domain MS/LCI system, custom MC
software based on a heavily modified version of CUDAMC was developed [123]. The
customized software package allows efficient simulation of large numbers of incident
photons in the MS/LCI geometry. The location and time of scattering events can be
tracked, allowing recovery of the precise location of photons at each point in time. The
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program was implemented in Nvidia’s CUDA programming language, a proprietary set
of extensions to the C programming language which allow the execution of general
purpose code on Nvidia graphics processing units [124]. A further, crucial improvement
over most previous MC models was the use of fast, internal shared memory on the GPU
to load a pre-computed table of Mie scattering solutions. These solutions contain the
probability that a given scattering event will result in a given change of momentum
(direction). By performing a read operation of a random element of the table, the
momentum change of each scattering event can be rapidly and exactly computed
without the need for approximations about the media scattering properties, such as the
commonly used Henyey-Greenstein scattering function [125].

In section 6.3.5, the

importance of this advance will be demonstrated.
For simulation purposes, the MS/LCI sample was modeled as a semi-infinite
medium of refractive index 1.34 with a variable scattering coefficient and anisotropy
coefficient g computed using either the Henyey-Greenstein scattering function or Mie
theory to simulate the scattering function of specific scattering media. The target in all
numerical experiments was modeled as a 3.3 mm diameter circular reflector 1 cm deep
within the medium, as used in the MS/LCI experiments (Figure 6.7) [105].

The

illumination was modeled as a collimated beam incident to the sample at a selected
angle relative to the optical axis, and collected via a 1 mm circular detector, with a
limited, 1 degree angular collection aperture.
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Figure 6.7. Simulated sample geometry. For simplicity, the illumination beam
is modeled as a collimated beam incident on a medium of refractive index 1.34 at an
angle θ. The sample is a perfect reflector 1 cm long at 1 cm depth in the medium.
Photons are collected from a 1 mm wide aperture with variable NA. Reproduced from
[122] with permission.
At the start of execution, a list of simulation parameters were read into GPU
memory, including the number of photons to simulate, the media scattering coefficient,
the target position and dimensions, the illumination angle, and the acceptance angle of
the detector. These were then duplicated across several tens of thousands of worker
threads, which concurrently simulated photons passing through the media using the
parallel execution hardware of the GPU. The use of many parallel worker threads is
essential to obtaining substantial improvements in computation time using CUDA.
Each thread then executes the algorithm in Figure 6.8 until the preset number of photons
has been launched. Using this algorithm, an Nvidia Geforce 460 GTX (an inexpensive,
mid-range GPU model at the time of this writing) could process approximately 2 billion
photon scattering events per second, or approximately 20 to 50 million complete photon
133

paths per second, depending on the media simulated. These numbers are likely not the
theoretical maximum for the hardware, but were deemed sufficiently optimized for
purposes of this investigation.

Figure 6.8. Flow diagram of the CUDA-based MC algorithm. Photons are
repeatedly launched, scattered after a random distance determined by the media
scattering coefficient, and then checked for intersection with the detector or target
reflector. Photons that leave the media without being detected are discarded. Because
the scattering direction and distance between scatterers are randomly chosen, each
photon path is overwhelmingly likely to be unique.

6.3.2 MC Model Validation
The Monte Carlo model of the MS/LCI system was initially validated by
reproducing a tomographic profile of a target acquired experimentally with the MS/LCI
system. The model was configured using the Mie theory solution of a 1µm polystyrene
bead as the angular scattering function, and attenuation of 20 mean free scattering paths
round trip, similar to the conditions used experimentally.

The illumination and

collection angles were fixed at 6 degrees. Figure 6.9 compares the results of a Monte
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Carlo simulation (blue line) to assess lateral resolution with that obtained in MS/LCI
using both ballistic (black line) and multiply scattered light (red line), producing very
good agreement between simulation and experiment. These results confirm that the MC
software accurately models the MS/LCI system geometry and media.

Figure 6.9. Comparison of MC simulated and experimental MS/LCI imaging
profiles of scattering target under identical scattering coefficients and target
geometry. The MC model uses Mie theory to solve for the scattering function of the 1
m spheres used in the MS/LCI scattering experiments. The Mie theory based Monte
Carlo model produces highly similar results to the MS/LCI experiments. Adapted
from [105] and [122] with permission.
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6.3.3 MC Model Resolution
One of the previous findings was that MS/LCI resolution degrades along the
axial dimension with increased scatterer concentration, but changes only slowly along
the lateral dimension. In order to investigate this trend, the media used in the MS/LCI
experiments was simulated by calculating the angular scattering distribution using Mie
theory solutions for 1 µm beads. The imaging characteristics as a function of scatterer
concentration was evaluated by performing simulations with increasing scatterer
concentration in increments of 2 mean free scattering paths round-trip (mfp’s) per
simulation. For each simulation, a lateral profile of the reflector signal was extracted by
summing a range of depths surrounding the target. The results are plotted against the
experimental MS/LCI results in Figure 6.10, demonstrating good agreement. For smaller
numbers of scattering events, the multiply scattered forward propagating beam of
photons is small in amplitude and ballistic photons dominate the signal, resulting in a
resolution limited by the incident beam size.

As the number of mean free paths

increases, the ballistic contribution diminishes exponentially, until it becomes smaller
than the multiply scattered contribution. At this point the resolution degrades to the
millimeter range, as observed with the MS/LCI experiments. However, as the number of
scattering events increases further into the multiply scattered regime, the resolution
degrades only slowly. The impact of this trend is discussed below.
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Figure 6.10. Lateral 10-90% resolution versus number of mean free scattering
paths for scattering medium containing 1µm Mie scatterers imaged directly with
MS/LCI (red) and simulated using MC (blue). The MC results indicate that resolution
degrades rapidly at low numbers of mfps as ballistic photons are replaced by diffuse
photons, but quickly reaches a nearly constant level where increasing scattering only
weakly affects resolution. Both experimental and simulated results are in good
agreement. Adapted from [122] with permission.
These simulations were also evaluated to produce axial resolution measurements
(Figure 6.11).

Although the trend between theory and experiment is generally

preserved, the axial resolution is consistently underestimated by the Monte Carlo model.
In this data, the axial resolution of the multiply scattered beam is observed to degrade
with the number of scattering events, with a transition between ballistic and multiple
scattering dominated resolution, marked by a change in slope.
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Figure 6.11. Axial 10-90% resolution versus number of mean free scattering
paths for 1µm Mie scatterers imaged directly with MS/LCI (red) or simulated using
MC (blue). The MC results indicate two distinct regions, where initially the
resolution is dominated by ballistic photons, and then a transition to multiply
scattered propagation is seen. Although the general shape of both simulated and
experimental data matches, the simulations predict moderately worse axial resolution
than achieved experimentally. Adapted from [105] and [122] with permission.

6.3.4 Simulated Attenuation
For ballistic imaging, in the absence of multiple scattering, each mean free
scattering path length is expected to attenuate the signal by 4.34 dB (precisely
expressed in decibels), as determined by the scattering cross section of each scatterer and
the density of scatterers. In media with strong forward scattering, the rate of attenuation
is lower because some fraction of photons scatter in the forward direction without
changing direction. The use of coherence gated imaging can exclude photons that
scatter at large angles relative to the optical axis, but cannot entirely reject photons that
138

scatter at small angles. This is particularly true for the relatively long, 30 µm coherence
length used in MS/LCI, although a small deviation from ballistic attenuation is seen with
shorter coherence lengths [107, 126].

Figure 6.12. Plot of peak intensity versus number of mean free scattering paths
traversed for propagation through media with 1µm Mie scatterers for all photons
(red) and only single scattered photons (green) compared to experimental results
obtained previously using MS/LCI. Linear fits are provided for the ballistic region (α
= -3.83 dB per mfp), the multiply scattered dominated region (α = 0.60 dB per mfp), the
single scattered photons (α = -4.34 dB per mfp) and the experimental MS/LCI data (α =
-1.05 dB per mfp). Single scattered photons agree exactly with the predicted value. In
contrast, the ballistic dominated region has a slightly lower rate of attenuation, while
the multiple scattering dominated region has a greatly lower attenuation than in the
ballistic region due to the forward scattered photons dominating the signal. The
measured attenuation is moderately higher than the simulation value.
For
comparison purposes, attenuation is defined relative to the signal level obtained for 0
mfp of scattering, estimated from the efficiency of collection in MS/LCI. Adapted
from [105] and [122] with permission.

139

For MS/LCI imaging, forward scattered light provides the illumination, with
nearly all ballistic photons scattered after a number of mean free paths. The rate at
which photons are lost from the forward scattered cone determines the maximum
imaging depth. For MS/LCI imaging through suspensions of 1µm beads, it was shown
experimentally that approximately 24% of scattering events ejected a photon from the
forward propagating cone [105]. In order to understand the origin of the rate at which
photons are rejected from the forward propagating cone, MC simulations of axial scans
centered on the reflective target were employed. The media was simulated using Mie
solutions for 1 µm scatterers at steadily increasing concentrations, from 2 mfp up to 40
mfp. Each simulation was performed twice, once with only single scattered photons
registered, and again with no restrictions on the number of scattering events. For each
scan, the peak amplitude of the signal was extracted and plotted versus the number of
scattering paths (Figure 6.12).

As predicted, the single scattered photons were

attenuated at a rate of 4.34 dB/mfp, in precise agreement with theory. However, when
multiple forward scattering was allowed, the attenuation decreased to 3.83 dB/mfp for
low numbers of scattering paths where ballistic photons dominate. This discrepancy
indicates that about 12% of photons forward scatter at a sufficiently small angle that
they do not accumulate more than one coherence length of additional optical path
length before detection. As the number of mean free paths increases, the group of
forward scattered photons accumulates a time of propagation that causes them to lab
behind the ballistic group of photons. Eventually the ballistic signal is extinguished,
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leaving only the forward scattered group. This results in an abrupt transition to lower
rates of attenuation as are traditionally observed in transmission experiments [107, 115].
Because only large scattering angles will increase the optical path length sufficiently to
delay a photon beyond the forward scattered group of photons or eject it from the
angular acceptance cone of the MS/LCI system, photons in the forward scattered region
are attenuated at a reduced rate.
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Figure 6.13. Simulation of a 200 femtosecond duration pulse of photons
propagating through the MS/LCI sample chamber at 6 degrees incidence with media
parameters set to use the Henyey-Greenstein scattering function with g=0.96 and 20
mfp. a) Pulse after propagation of approximately 5 mean free scattering paths. b)
Pulse after approximately 11 mean free scattering paths showing the return from the
target. c) Pulse after 16 mean free paths showing the effects of forward scattering on
light reflected by target. Reproduced from [122] with permission.
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The process of building up a delayed group of forward scattered photons is
illustrated graphically in Figure 6.13. In the first frame (Figure 6.13a), taking place after
approximately 5 mean free scattering paths, the majority of photons are still in the
ballistic group with a much weaker forward scattered signal following close behind. In
Figure 6.13b, the forward scattered group forms a cone which now contains more total
photons then the ballistic group, although the tightly bunched ballistic group still has a
greater peak intensity than the dispersed forward scattered group. Finally in Figure
6.13c, the ballistic group is attenuated below the level of the forward scattered group of
photons, and the combined beam continues to propagate with greatly reduced
attenuation.

6.3.5 Anisotropy and Scattering Functions
The MS/LCI technique benefits by relying on turbid media with highly forward
peaked scattering in order to generate a forward propagating beam of multiply scattered
light.

As the degree of forward scattering increases, the resolution and maximum

penetration into the media also increase.

It was observed using MS/LCI imaging

through solutions of 11µm beads (anisotropy coefficient g = 0.98) that depths could be
reached of approximately 3x more mean free scattering lengths than with ballistic
imaging, while maintaining better axial resolution than 1µm beads (g=0.96). However,
the measured attenuation still fell short of that predicted by MC models. To investigate
the role of anisotropy, the Henyey-Greenstein scattering function was used to repeat the
attenuation MC simulations using several anisotropy coefficients.
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Although the

Henyey-Greenstein function is an approximation and less accurate than Mie theory, it is
a useful means of approximating various degrees of forward scattering media by
inputting a range of positive anisotropy coefficients. The results of propagation through
media with anisotropy coefficients of g=0.88, 0.92 and 0.96 are compared to propagation
through media with 1µm Mie scatterers (g= 0.96) in Figure 6.14.

Figure 6.14.
Attenuation of MS/LCI signal versus number of mean free
scattering paths simulated using the Henyey-Greenstein scattering function and the
Mie theory solution for 1 µm beads (reproduced from Figure 6.12). Note that the 1
µm Mie solution also has an anisotropy coefficient g = 0.96, but a markedly different
angular scattering distribution than the Henyey-Greenstein scattering function.
Reproduced from [122] with permission.
Not surprisingly, the Mie scattering results are markedly different than those for
the Henyey-Greenstein function with equivalent anisotropy. At an anisotropy of g=0.96,
the Henyey-Greenstein function predicts a gradual transition to the multiply scattered
regime beginning after just a few mean free scattering paths. In contrast, at equivalent
values of g, Mie theory predicts a much later transition to multiply scattered
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propagation. Eventually, both models approach a similar rate of attenuation in the
multiply scattered regime but with different amplitudes.

Figure 6.15. Scattering functions computed using the Mie theory solution for 1
µm beads, and the Henyey-Greenstein function at three different g values, plotted on
a log scale. In contrast to Henyey-Greenstein, the Mie solution has a broad forward
peak followed by a rapid decrease in scattering. Reproduced from [122] with
permission.
These results can be reconciled by considering the shape of the respective
scattering functions. While the anisotropy coefficient is simply the average cosine of the
scattering angle, it is the number of photons scattering at small angles relative to the
optical axis that determines the attenuation of the beam in the MS/LCI geometry.
Figure 6.15 compares the scattered intensity versus angle for Mie theory and the
Henyey-Greenstein function. The former has a broad peak extending more than 20
degrees from the axis where it reaches a more slowly changing level of scattered
intensity. In contrast, the latter has a rapid decrease after just a few degrees before
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reaching a similarly slowly changing level. By integrating the chosen scattering function
f(θ) over solid angle:

 sin   f   d d

(6.1)

and plotting the cumulative power over solid angle (Figure 6.16) the effect of using these
distributions becomes clear. Mie theory scatters less light at near forward angles then
Henyey-Greenstein for g values of 0.92 and 0.96, but scatters much more total light in
the forward direction, with 85% contained within 30 degrees of the forward direction.

Figure 6.16. Plot of the cumulative intensity enclosed in the solid angle of the
cone extending to a given scattering angle. In contrast to Mie theory, the HenyeyGreenstein function retains more than one third of its energy at angles greater than 30
degrees at both anisotropies shown here. Reproduced from [122] with permission.

6.3.6 Discussion
The GPU based Monte Carlo simulations presented here give good agreement
with experimental MS/LCI results presented previously.

The use of experimental

parameters such as target size, angle resolved collection, and the Mie theory solution to
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exactly reproduce the experimental scattering function, provides a robust model for
expanding upon experimental results. Specifically, the modeled results reproduce the
20 mfp lateral scan performed on beads with very good agreement, reproduce the trends
in lateral resolution and largely agree with the trends in attenuation and axial resolution
with only minor differences between the model and experiment.
In diffuse optical imaging, the transport mean free path is often used to describe
the combined effects of scattering and anisotropy as the product of the reciprocal of the
mfp and 1-g. In the previous section, it was noted that attenuation in MS/LCI was
intermediate between that predicted by the transport mean free path and ballistic
attenuation. It was theorized that the rate of attenuation of the incident beam did not
depend on simply the anisotropy coefficient of the media, but rather on the average rate
at which photons were scattered out of the forward propagating cone of angles. Using
the Monte Carlo model results, this has been confirmed to be true. The exact rate of
attenuation is shown to depend on how many scattered events have occurred and the
percentage of photons that were forward scattered at relatively small angles (<15
degrees in Figure 6.16) to the optical axis. The comparison of the Henyey-Greenstein
and Mie scattering simulations at equal anisotropy shows that different distributions of
photons even within a narrow range of forward scattering angles, yields a significantly
different total attenuation, both in the weakly scattering and multiply scattered regions.
To understand the relationship between the number of scattering events, the
angular distribution of scattered photons, and attenuation, it is helpful to divide the
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attenuation versus mfp plots into two regions. In the first region, typically thought of as
“ballistic”, but what will be referred to here as “ballistic dominated”, most received
photons are single scattered. However, even for lowest anisotropy coefficient evaluated
here, a non-negligible portion of photons are forward scattered, resulting in a reduced
rate of attenuation relative to a true ballistic beam. The exact reduction of attenuation
rate versus the pure ballistic limit depends on the coherence length, which determines
which range of forward scattering angles will produce a delay of less than one coherence
length relative to unscattered photons. If the coherence length is very short, as in typical
OCT systems, then the measured attenuation will be very close to the ballistic value as
nearly any deviation due to scattering will produce a delay greater than the coherence
length.
The second region, referred to here as “multiple scattering dominated” begins
after most photons have forward scattered enough times to have been delayed by at
least one coherence length compared to the ballistic signal. If a large number of forward
scattering events occur at close to zero degrees, then the transition between these two
regions will be gradual and the beam will experience the lowest total attenuation and
yield the highest resolution. Otherwise there will be an abrupt “knee” as the ballistic
peak drops below the time delayed and dispersed signal due to forward scattered
photons.
In either case, the multiple scattering dominated region is characterized by a
group of multiply scattered photons dispersed both laterally and in time that gradually
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expands with further propagation. The slow expansion of this group is responsible for
the steady decrease in axial resolution and the more gradual decrease in lateral
resolution with increasing number of scattering events observed in the data and
simulations. As the lateral and temporal extent of the group increases, the proportion of
scattering events that eject a photon from the group gradually decreases, resulting in a
decreased rate of attenuation and increased sensitivity to the shape of scattering function
at larger angles. This effect can be seen in the theoretical models by comparing the
Henyey-Greenstein function at g = 0.92 to Mie theory for 1 m beads. Initially, the Mie
theory distribution produces fewer photons scattered at small angles, and so attenuates
initially at a more rapid rate (Figure 6.16). However, as the forward scattered cone
enlarges, it extends to angles beyond 10 degrees relative to the propagation direction
where Mie theory predicts higher scattering amplitudes. Accordingly, at 15 to 20 mean
free paths, the attenuation described by Mie theory shows a sharply lower attenuation
rate then that based on the Henyey-Greenstein model and ultimately results in less total
attenuation beyond 20 mean free paths.
The differing degree of forward peaked scattering can also help explain the
distinctive knee seen in Figure 6.14, which occurs when there is a transition from
ballistic to multiple scattering dominated propagation. For Mie scattering, the knee
results from the relatively steep increase in total scattering around 5 to 10 degrees of
angle. Photons scattered in this range accumulate too large of an optical path length to
contribute to the peak in the ballistic dominated region, but still scatter at small enough
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angles to contribute to the multiple scattering dominated signal.

Conversely, the

Henyey-Greenstein function has significantly higher scattering at smaller angles, and
transitions gradually into multiply scattering dominated propagation as multiple small
angle scattering events gradually eject photons from the ballistic cone.
The model of forward scattering developed here suggests that the actual
anisotropy coefficient of the scattering media does not have to be extremely large to
have a substantial increase in imaging depth using MS/LCI, provided that relatively few
photons scatter at large angles. In media with low degrees of truly isotropic scatterers,
anisotropy coefficients below 0.90 may still give a substantial improvement in maximum
imaging depth over ballistic imaging techniques. These results suggest that MS/LCI
may be applicable to a variety of tissue types.
In contrast to the low rate of attenuation predicted by the Mie scattering based
Monte Carlo model, the experimental results from the MS/LCI system indicated a
moderately higher rate of scattering outside of the forward propagating cone, resulting
in a slightly greater rate of attenuation (Figure 6.14). This small difference between
experiment and theory may reflect differences between the simulated and experimental
media scattering characteristics. One limitation of the previous experimental MS/LCI
results was that the anisotropy of the media was calculated from Mie theory, based on
the media manufacturer’s specifications. Because the scattering media was deliberately
highly forward peaked, small amounts of contamination from isotropic scatterers such
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as dissolved air bubbles or other particulates could have introduced additional
scattering at large angles, resulting in higher attenuation than the ideal media simulated.
The imaging resolution in MS/LCI is determined by the angular broadening of
the forward propagating group of multiply scattered photons, as shown in Figure 6.13.
Because each individual scattering events introduces an additional delay in optical path
lengh, and the scattering occurs at a constant rate, the axial extent of the group is
observed to grow at a constant rate (Figure 6.11). However, the lateral extent of the
group depends on the average scattering angle, which broadens the cone, and the total
angular extent of the group. This property determines how likely it is for a photon to
scatter outside of the cone. As the group broadens laterally, increasingly large scattering
angles are needed to further broaden the group significantly.

6.4 Development of Fourier-Domain MS/LCI
Section 2.1 discussed a number of strengths and weaknesses of both Fourierdomain and time-domain low coherence interferometry. For the initial experiments in
the MS/LCI technique, TD-LCI was chosen because it is conceptually simple to
implement, can operate with arbitrarily long integration times, and can time resolve
very long optical paths without the need for complicated experimental hardware.
However, this simplicity and flexibility came at a very large cost: the TD-LCI system
was extremely slow. These limitations did not prevent experimental study of phantoms
composed of relatively static bead samples, but would preclude the examination of real
tissue which is composed of scatterers moving on a time scale of seconds to minutes.
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Therefore, for in vivo applications, the use of FD-LCI for MS/LCI, would likely be
required.
Another attractive aspect of FD-LCI is that it provides straightforward and
concurrent access to both spectroscopic information and the axial distribution of
scatterers.

Several recent results have demonstrated the use of time-frequency

distributions to recover spectroscopic information with minimal loss of spatial
resolution using FD-LCI systems [45, 47, 127]. In principle, these advances should be
applicable to multiply scattered light using MS/LCI.

Furthermore, as the MS/LCI

technique already trades axial resolution for depth of penetration, it tends to be axially
oversampled.

If this excess axial resolution could be traded for spectroscopic

information about the scattering media, the utility of the technique could be
substantially improved.
The challenge in building an FD-LCI based MS/LCI system is obtaining sufficient
dynamic range and optical scan depth using a Fourier domain instrument to perform
MS/LCI measurements. In this section, the design of a FD-LCI based MS/LCI system
will be considered. Although the construction and characterization of such a system is
beyond the scope of this dissertation, some initial experiments demonstrating the
feasibility of the concept are presented.

6.4.1 Dynamic Range
Aside from the speed increase associated with the elimination of a mechanically
scanned reference, the main advantage of Fourier domain OCT is usually considered to

152

be its sensitivity. In 2003 it was demonstrated by several groups that for a given
illumination energy, a Fourier domain system achieves superior dynamic range by a
factor approximately proportional to the number of resolvable points in each A-scan [14,
27].

This advantage can be understood intuitively by realizing that time domain

systems illuminate all depths, but record an interferometric signal from only the depth
that is path length matched to the reference field; while a Fourier domain system records
all depths in parallel.

Therefore, time domain systems effectively waste the signal

returning from all other depths while still recording the associated shot noise.

For a

given number of resolved depths N in a scan, an ideal FD-LCI system with a rectangular
spectrum has been shown to exhibit approximately ⁄ times higher signal to noise ratio
for a given illumination power as compared to an ideal time domain system [14].
Because the number of resolved axial points per scan in an MS/LCI system is
typically large (>~300), FD-LCI would seem to have a very large sensitivity advantage
over TD-LCI. However in TD-LCI, optical heterodyning is used to detect the envelop of
the interferometric term, whereas in FD-LCI both the envelop and phase of the spectral
interferogram must be detected. Therefore, a FD-LCI scan can only integrate for as long
as the two arms remains phase stable [18], while a TD-LCI system is insensitive to phase
drift and so can have extremely long integration times as was demonstrated in section
6.2.1.
As an alternative, a longer integration time in FD-LCI can be simulated by
reading out many shorter integration periods and then incoherently averaging the
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absolute value of their Fourier transform to avoid phase washout. To demonstrate this
experimentally, a simple Michelson Fourier domain interferometer was constructed
using an Ocean Optics HR4000 spectrometer, 2 mirrors and a cuvette of scattering
solution providing attenuation.

The solution concentration was adjusted to be

approximately equal to the dynamic range of the OCT system (78dB). Finally, the
optical path length was increased to ~ 7 mm so that fall off would push the sensitivity
well below the attenuation of the medium. Sequential scans were acquired, and the
results averaged incoherently to reveal the reflector (Figure 6.17).
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Figure 6.17. Comparison of a single A-scan (top) verses 1000 averaged (bottom)
of a reflector behind 78dB attenuation measured using a spectrometer with an SNR of
71 dB. By averaging many scans, each of which contributes relatively few photons,
the mirror is resolved in the bottom scan.
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Figure 6.18. SNR improvement verses the number of A-scans averaged, where
relative SNR is defined as the improvement in the standard deviation of the noise.
For comparison, a square root fit is presented, indicating the averaging obeys
conventional shot noise statistics.
Under the assumption of shot noised limited scaling, the SNR of the signal
amplitude should scale proportionally to the square root of the number of photons. To
confirm that averaging Fourier domain scans resulted in normal shot noise scaling,
various numbers of scans were averaged and the standard deviation of the noise floor
calculated. The results are presented in Figure 6.18, and confirm that the averaged SNR
obeys shot noise statistics. Using this result, it should be possible to scale the dynamic
range of an FD-LCI system equivalently to TD-LCI.

6.4.2 Maximum Scan Range
The second problematic limitation of FD-LCI is the maximum scan range. While
a TD-LCI system can perform depth scans of essentially unlimited range by translating a
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moving reference mirror, in FD-LCI the reference mirror is fixed over a scan and depth
is encoded in the frequency of the spectral fringes on the detector (section 2.1). The
ability to resolve these fringes ultimately limits the maximum displacement between the
reference mirror and a scatterer that can be unambiguously resolved.
In practice, two factors limit the displacement between the reference mirror and
sample scatterer, falloff and the Nyquist limit imposed by a finite spectral sampling
interval. Falloff occurs because each measurement is integrated over a finite bandwidth,
and so averages out to some extent higher frequency oscillations. In spectrometer based
designs, the amount of bandwidth per sampling interval is determined by the dispersion
in the spectrometer and the spatial resolution of the optics imaging the wavelength
distribution onto the detector. In swept source systems, falloff originates from the finite
linewidth of the swept source laser. In practice, because swept source lasers can have
extraordinarily narrow linewidths, they tend to have significantly better falloff (often by
an order of magnitude) then spectrometer systems.

In either case, for a Gaussian

wavelength distribution, the half sensitivity falloff for FD-LCI system can be estimated
as
( )

(6.2)

where λ0 is the center wavelength and δλFWHM is the spectral sampling interval. Thus for
a given FD-LCI system, displacements beyond this depth will be significantly attenuated
due to fall off.
Additionally, depth is limited by the Nyquist rate:
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(6.3)
where δλs is the full width half max spectral resolution.
Scatterers displaced by more than zmax appear as aliased copies of themselves at
lower displacements, potentially corrupting the entire A-scan. Therefore, for an FD-LCI
system to produce uncorrupted images, the spectral resolution must be sufficient to
ensure that the range of the A-scan exceeds the distance between the most superficial
and deepest scatterers to be imaged. Satisfying this requirement is challenging for
MS/LCI, where very long diffuse photon paths are readily detected.

6.4.3 Design Considerations In Fourier Domain MS/LCI
For FD-LCI spectrometers, the Littrow configuration, in which the incident and
diffraction angles are equal for the center wavelengths is generally used because of its
very high diffraction efficiency.

In this case, the grating equation determines the

diffraction angle:
(6.4)
where fgrating is the period of the grating (in line pairs per mm), and θ is the
incidence/diffraction angles. Setting the incidence and deflection angles equal yields:
(6.5)
Differentiating equation (6.5) with respect to wavelength gives the angular dispersion:

(6.6)
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For a lens imaging the grating dispersion onto a detector, the displacement relative to
the optical axis is
( )

(

( )

(

))

( )

where f is the effective focal length of the imaging system,

(

)

(6.7)

( ) is deflection angle of

the wavelength λ, and λcenter is the center wavelength. Combining with the above,

(6.8)
Thus, the dispersion in the detector plane scales proportionally to the effective focal
length and the frequency of the grating.

For an 1800 lp/mm grating at 630 nm,

(6.5) yields a diffraction angle of 34.54 degrees. Assuming a very reasonable 233 mm
focal length, (6.8) combined with (6.6) yields an image plane dispersion of 0.509 nm/mm.
The actual spectral resolution then will depend on spot size achieved by the imaging
optics.
Assuming a 19.5 mm beam diameter incident on the grating, the central
wavelength Airy diameter will be 9.2 µm. This can be converted to a FWHM spectral
resolution by noting that the half amplitude of the sinc function occurs at 42.13% of the
first minimum. Doubling to account for the full width results in the FWHM value of the
Airy disk being equal to 84.26% of the Airy radius. Consequently for a diffractionlimited system, the FWHM spectral resolution, δλFWHM, is 7.7280 µm divided by 0.509
nm/mm, or 0.0152 nm.

Substituting into (6.2), the 6dB falloff depth is 5.76 mm.

Assuming a 7 µm pixel pitch in (6.3), Nyquist limited depth is therefore 7.2 mm. This
performance depends on obtaining nearly diffraction limited imaging onto the array, a
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task which is nontrivial, but not impractical given the relatively narrow spectral range
and modest F/#.
In light of equation (6.8), further extension of the 6 dB range would require a
higher frequency grating, operating at a steeper θi, or using a longer focal length
imaging system.

Unfortunately, higher frequency gratings are not available at the

desired wavelength, and operating at a steeper incidence angle would decrease
diffraction efficiency.

Therefore, improving system performance is most readily

accomplished by increasing the focal length of the imaging system. This would disperse
the spectrum over a larger area of the sensor, and would improve performance provided
the beam diameter was increased to maintain a constant diffraction limited spot size.
Unfortunately, a larger beam diameter would significantly increase the effect of
aberrations, requiring careful optical design and most likely more glass surfaces.

6.5 Summary
The MS/LCI technique presented here uses a novel combination of low coherence
interferometry and angle resolved detection to significantly extend the depth of imaging
in anisotropic scattering media compared with ballistic imaging. The experimental and
numerical results show that in anisotropic scattering media, imaging depth can be
extended by a factor of 2-3 at the cost of a reduction in axial and lateral resolution.
Computational models further suggest that the scattering properties of some tissue may
be suitable for MS/LCI imaging. Finally, the feasibility of Fourier domain low coherence
interferometry for MS/LCI is considered.
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7. Optical Autocorrelation Using 2D Angle-Resolved Low
Coherence Interferometry
In previous chapters, the direct relationship between the angle-resolved
scattering data and the autocorrelation of the scattering distribution was used
extensively, beginning with section 2.4.2 where it was used to exclude long range
correlations from angular data when performing Mie or T-matrix based inverse analysis.
Subsequently, the two point correlation was used to extract the fractal dimension from
residual light scattering data using 1D a/LCI in section 4.6. Finally, correlation filtering
was generalized to 2D a/LCI in section 5.2.

In this chapter, the two point spatial

correlation function is used to directly extract contrast from a/LCI scans by examining
the degree of long range correlation in tissue.
This section begins with the demonstration of a new 2D a/LCI system based on
line scan interferometry that is specifically optimized for tissue experiments. This new
system allows for extremely rapid (~1 second) 2D a/LCI scans with very high angular
resolution, sensitivity and polarization selectivity as well as significantly better axial
resolution then previous a/LCI systems. The new system is therefore suitable for rapidly
imaging through highly scattering tissue samples to resolve individual layers in tissue
samples, a task which was difficult given the nearly 10 minute scan time and limited
sensitivity of the FITS system.

The high angular resolution will be shown to be

important in performing autocorrelation analysis.
Following the demonstration of line scan 2D a/LCI, section 7.2 considers the two
dimensional two point correlation function of a highly ordered phantom composed of a
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nearly perfect hexagonal bead lattice.

The phantom is shown to generate an

autocorrelation containing substantial information about its structure. This result is then
generalized to disordered phantoms. Based on these results, a series of processing steps
is proposed that can extract a measure of correlation from each depth in a phantom
using 2D a/LCI.
Finally, in section 7.3, optical autocorrelation analysis is applied to an animal
model of retinal dystrophy. Different layers of tissue, as well as healthy and diseased
examples of the same tissue layer are shown to generate significantly different
autocorrelation signals.

These results clearly demonstrate the ability of the

autocorrelation technique to reveal differences in tissue arising from pathology, and
suggest that a/LCI may be able to extract additional biomarkers beyond nuclear
geometry.

7.1 Line Scan Fourier Domain Angle-Resolved Low Coherence
Interferometry
The phantom measurements presented in the previous chapter were performed
using the FITS system by raster scanning a single mode fiber across the Fourier plane of
a scattering sample. While sufficient for phantom measurements, this approach has a
number of limitations, including relatively slow scan speed and SNR. Because of these
limitations, attempts to use the FITS system on biological samples lead to mixed results.
Consequently, an improved 2D a/LCI system based on line scanning rather than point
scanning was developed.
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The use of line scan acquisition is advantageous because in angle-resolved
measurements, light is scattered over all angles simultaneously. Thus, at each instant in
time, any angle that is not recorded results in lost signal power. For example, in a 2D
system that measures 250x250 angular points, a point scanning system would record just
⁄

of the total scattered light, while a line scan system records ⁄

of the total,

an improvement of 24 dB. Logically, the ideal geometry would be full field, that is, a
system that records all angles in parallel. Unfortunately, full field FD-LCI systems are
technically challenging to construct because they require temporally encoding spectral
information on a fast 2D array. This requires both a very high speed CCD area scan
sensor as well as a suitable swept source laser, which are at present time prohibitively
expensive.

The SNR advantage of line scan and full field system is in contrast to

conventional OCT measurements, where the entire collection NA is captured in all
scans. Thus a point scanning OCT system incurs no penalty compared to alternative
geometries.
Another advantage of line scan 2D a/LCI is that relatively inexpensive imaging
spectrometers can be constructed that are suitable for very high speed acquisition. For
the line scan system presented in this section, a customized Princeton Instruments SP2150 imaging spectrometer was used with a 600 lp/mm grating and a high speed AVT
Pike F-032 camera attached via C-mount. Because the Pike camera does not require an
electronic shutter, the SP-250’s shutter was disabled in the open position. The Pike
camera

was

then

electronically

synchronized
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to

a

Cambridge

Technologies

galvanometer scanning mirror using a 2 channel DAC and the camera’s hardware
trigger. Operating at 1 millisecond integration time, with a 3 millisecond read out time,
the Pike camera could sustain 250 640x430 pixel frames per second over a Firewire 800
interface.

Unfortunately, the Pike camera was designed for visible wavelength

detection, and had a substantial drop in quantum efficiency (QE) in the NIR. The line
scan system was therefore operated at 800 nm where the Pike’s QE was approximately
20%.

Figure 7.1. Diagram of the line scan 2D a/LCI system. 800 nm ± 17nm light is
divided into sample and reference arms at BS1. L1 (f=150 mm) and L2 (f=35 mm)
collimate a beam onto the sample. Scattered light (shown in green) originating over
the 270 µm FWHM beam diameter is imaged onto the angle scanning mirror by lens
L3 (f=150mm). L4, L5 and L6 (f=75, 150, 50 mm respectively) further demagnify the
angular extent of the beam to fit on the imaging spectrometer slit. On the reference
arm L7 and L8 (f=11, 60 mm respectively) form a beam expander while cylindrical lens
C1 (f=200 mm) focuses perpendicular to the slit axis in order to match the angular
extent of the scattered field.
The line scan 2D a/LCI system is presented in Figure 7.1.

800 nm ± 17nm

bandwidth light from a Ti:Sapphire laser is split between sample and reference arms.
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The reference light is expanded to provide a nearly flat beam intensity across the
approximately 5 mm spectrometer slit height, and then focused onto the slit along the
spectral dimension using a cylindrical lens with focal length 200 mm. The sample arm is
demagnified onto the sample resulting in a 270 µm collimated beam diameter in the
sample plane. The narrow beam diameter balances the need to have acceptable spatial
resolution with the need to illuminate a wide area when generating an autocorrelation.
Scatterers over this range generate a scattered field which is imaged through BS2 and
then optically scanned by a galvanometer (Cambridge Technologies). A beam stop then
blocks the directly reflected specular signal from the sample (Figure 7.2). The sample
and reference fields are then overlapped at BS3 and detected by the imaging
spectrometer.
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Figure 7.2. Line scan 2D a/LCI sample illumination. Illumination light (solid
red) is offset 9 degrees from the optical axis, generating a reflection at the
complementary angle (dashed red). A 22 gauge metal rod serves as a beam block for
the specular reflection generated by the sample surface. Scattered light (green) passes
the beam block and then is imaged through the beam splitter (BS2).
The illumination angle of the 2D line scan system determines the angular range
of the scan along the polar (1D a/LCI) scattering axis. Steeper angles allow collecting a
wider range of angles by moving the beam block further out of the scattered field.
However, as the angle increases, the lateral extent of the collimated beam may overlap
with multiple tissue layers, potentially degrading axial resolution. Experimentally, a 9
degree angle of incidence was found to be a good compromise, with a measured axial
resolution in air of 12 µm.

7.2 Optical Autocorrelation Analysis
Previously, Pyhtila et al. demonstrated that the 1D a/LCI could separate the
components of scattering arising from cell components from long-range intercellular
correlations [66]. In this elegant experiment, cells were seeded onto several regularly
spaced arrays with known spacing and then scanned with a high angular resolution 1D
166

a/LCI system. The resulting two point correlation functions contained two distinct
peaks, one centered about the average nuclear size, and another centered at the array
spacing. By low pass filtering, they could extract the conventional nuclear scattering
signal and perform ILSA using Mie theory to determine the nuclear size and refractive
index. Alternatively, they could high pass filter out the individual cell contributions and
recover the spacing of the cell array. This study demonstrated the concept of using
a/LCI to extract multi-scale information using optical correlation.
A significant limitation of the optical correlation technique as implemented with
1D a/LCI was that it depended on knowing the orientation of the array relative to the
scan axis. If the axis was misaligned, the measuring cell spacing would be different then
array period. Using 2D a/LCI however, this limitation can be removed because the
autocorrelation is computed in 2D over all orientations.

7.2.1 Hexagonal Packed Bead Phantoms
To demonstrate measurement of 2D autocorrelation, a monolayer of hexagonally
packed microspheres was prepared on a coverslip (Figure 7.3a). This phantom has near
perfect correlation between adjacent scatters extending for more than 300 μm in each
direction. The 2D a/LCI measurement of the phantom (Figure 7.3b) reveals the classic
Mie scattering pattern. However, modulated on top of the Mie scattering pattern is a
high frequency, speckle-like pattern. Fourier transforming this pattern (Figure 7.3c)
generates the autocorrelation of phantom, revealing that the high frequency modulation
is actually a series correlation maxima corresponding to repetitions of the underlying
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lattice spacing. Thus, by examining the autocorrelation in two dimensions, the structure
and spacing of the lattice can be determined. Furthermore, the hexagonal bead phantom
results demonstrate that the 2D a/LCI technique can measure the autocorrelation of
samples over a 300 μm displacement, a distance that is limited primarily by the diameter
of the 2D a/LCI probe beam (approximately 270 μm FWHM).

Figure 7.3. a) Bright field image of hexagonally packed, 15 μm beads forming
a monolayer. b) 2D a/LCI scan of a). c) Fourier transform of b) revealing the long
range correlations in the sample repeating at 15 μm or 21 μm.

7.2.2 Disordered Bead Phantoms
In the case of less perfectly correlated samples, the optical autocorrelation still
contains substantial information about the underlying structure. To demonstrate this, a
phantom containing two PDMS layers was prepared (Figure 7.4). The first contained 1
μm titanium dioxide particles, which serve as uncorrelated point scatterers. The second
contained randomly dispersed 20 μm beads to simulate a random media containing
similar scatterers, mimicking the structure of many tissue types. Because of the low
scattering intensity of the 20 μm beads, intensity based imaging of the phantom reveals
a nearly transparent layer sitting on top of a nearly opaque scattering layer.
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Figure 7.4. Diagram of the dual layer autocorrelation phantom. Both layers
consist of PDMS thoroughly mixed with (top) 1 μm titanium dioxide particles and
(bottom) sparse 20 μm beads. The titanium dioxide layer was chosen because it
contains no long range correlation, while the 20 μm beads are randomly positioned
and so have no inter-particle correlation, but are highly self-correlated at a 20 μm
displacement.
A straightforward algorithm for automatically extracting correlation information
from the dual layer phantom is presented in Figure 7.5 for the phantom in Figure 7.4. In
the first step, a depth of interest is extracted to yield the intensity per scattering angle at
that depth. Next, a rectangular window is selected that rejects the parts of the scan that
overlap with the specular beam block’s shadow.

The resulting window is then

polynomial detrended to suppress the large peak near zero correlation from small
scatterers (see section 2.4.2), and then 2D Fourier transformed to yield the
autocorrelation verses radial distance ρ and azimuthal angle φ. The 2D correlation plot
is then integrated over φ to yield correlation per radial distance. This step reduces the
information to 1D, but does so by summing all angles rather than arbitrarily selecting a
single angle as in 1D a/LCI. Finally, the range of correlation lengths of interest is
selected and ρ is integrated to yield a single correlation intensity which is expressed as a
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fraction of the total field intensity. This process is then repeated for each depth to build
up a correlation scan.
In order to eliminate the effect of varying total intensity on the optical
autocorrelation measurements, each correlation was normalized by the summed
intensity of the entire 2D field at that each depth.

Therefore, all correlation

measurements, when summed, yield a total correlation energy of 1.0. However, because
this normalization potentially amplifies noise in weakly scattering areas, total noise
energy per micron was subtracted off, where noise was defined as the average
correlation per micron above 400 µm correlation – wider than the width of the a/LCI
probe beam.

Therefore, noise from weakly scattering regions was greatly reduced

without directly weighting the correlation signal by the image intensity.
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Figure 7.5. Diagram of the correlation processing steps. a) A depth of interest
is extracted from a 2D a/LCI scan. b) The absolute value of the en face data is Fourier
transformed to generate the 2D autocorrelation. c) A given radial autocorrelation
distance is selected and the ϕ dimension summed to yield a 1D correlation verses
radial distance plot. d) A given range of radial distances are integrated. e) This
process is repeated for all depths to build up a correlation scan. The resulting
correlation scan (red) is plotted in comparison to a conventional intensity based Ascan computed from the same data.
The correlation scan generated from the dual layer phantom presented in Figure
7.5e reveals several important characteristics of the optical autocorrelation technique in
comparison to intensity based scans. First, the optical autocorrelation signal at 20 μm
displacement generates a strong signal centered over the depth of each bead in the
sample even though individual beads generate little signal in the intensity scan.
Furthermore, individual beads generate relatively similar correlation signals, while the
intensity scans show significantly different levels of signal due to varying overlap with
the probe beam. Conversely, the titanium dioxide layer, which contains randomly
arranged scatterers, generates a weaker signal then individual beads, despite scattering
with much greater intensity. Finally, regions with no scatterers generate negligible
171

correlation signal. Together, these results show that the autocorrelation signal is a
unique form of contrast that is completely independent of the total intensity of the
scattered field.
The titanium dioxide media is composed of small, randomly positioned particles.
Intuitively this suggests that it has no long range correlation, however the
autocorrelation scans reveal that this is not the case. Instead of having no long range
correlation, a completely random media actually has uniform autocorrelation at all
distances. Therefore the 2D Fourier transform of the angle-resolved data evenly divides
the uniformly correlated scattered intensity across each correlation distance in the
transform.

This suggests a relationship between the density and range of angular

sampling and the ability to separate autocorrelation signals. Either by sampling angle
more finely, or alternatively sampling a wider range of angles in Figure 7.5b,
proportionally greater rejection of the titanium dioxide signal could be achieved.

7.3 Ex Vivo Optical Autocorrelation
The results of the phantom studies combined with the previous 1D a/LCI cell
study strongly suggest that previous a/LCI tissue studies have made incomplete use of
the available information in the angle-resolved field.

Figure 7.6 shows the radial

autocorrelation for a representative piece of epithelial tissue. The first peak, depicted in
red, is composed of cellular organelles less than approximately 15 μm, and principally
contains the scattering component from cell nuclei. In previous a/LCI experiments, it is
this component of scattering that is isolated by correlation length filtering. Adjacent to
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this band, labeled in green, is the component of scattering from whole cells, and is
composed of objects a few tens of microns in length. Finally, larger scale features are
composed of multiple cells and represent the broader architectural features of tissue
such as layers, glands, etc.

Figure 7.6. Diagram of the radial autocorrelation for epithelial tissue.
Different autocorrelation length signals are labeled into the approximate scale of the
features generating them.
To demonstrate the effectiveness of optical autocorrelation in tissue, a mouse
retinal disease model based on knockout of the transducin γ-subunit was selected. In
this model, knockout of a key subunit of the protein transducin clauses blindness via
rapid degeneration of the photoreceptor layer in the retina of mice [128]. The loss of the
photoreceptor structure leads to progressive degeneration of the retina structure
characterized by progressive thinning of the retina layers. This mouse line was chosen
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because of its progressive condition, and because of its medical relevance as a model for
several degenerative vision diseases, including retinitis pigmentosa. As control, healthy
wild-type B6/C57 mice were selected.

7.3.1 Protocol
2 wild type (WT) and 2 γ-knockout mice (γ -/-) aged 100 days where sacrificed,
and their retinas extracted.

One retina from each animal was flattened onto a

chambered coverslip for imaging with the sclera still attached. The second was fixed in
formalin for subsequent fluorescent imaging. After extraction, each flattened retina was
scanned using 2D a/LCI at 16 locations with the probe beam incident upward vitreous
side (Figure 7.8). Each scan was performed over a rectangular field extending along the
polar axis from backscattering to 12.5 degrees (Figure 7.7).

Measurements were

performed with a resolution of 0.0568 degrees per sample along both axes, and an
integration time of 1 millisecond. After each scan was completed, the sample was
randomly shifted to a new point offset from, but near, the center of the retina.
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Figure 7.7. Representative angle-resolved light scattering measurement of the
outer segments of a WT mouse demonstrating the scattering geometry. Polar angle
extends from 0 degree backscattering to approximately 12.5 degrees, while the
perpendicular dimension extends +/- 12.5 degrees on either side of the φ=0 axis
(dashed line). Note that the backscattering angle appears to have no interferometric
signal because of saturation due to reflected light from the illumination optics.
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Figure 7.8. Retinal preparation on a coverslip in relation to the probe beam
(solid red). The specular reflection (dash line) is blocked by a beam stop. Scattered
light (solid black lines) is collected. Adapted from [129].
Each scan was manually segmented to select the nerve fiber layer (NFL), inner
plexiform layer (IPL), outer plexiform layer (OPL), outer segments (OS), and retinal
pigment epithelium (RPE) based on the intensity of each image. For the γ-knockout
mice, degeneration resulted in loss of the OPL, OS, and RPE as distinct layers. For
purposes of comparison, the next bright peak following the IPL was assumed to be the
RPE, although fluorescence imaging indicated that this layer consisted of a combination
of RPE and a small number of surviving ONL cells.
Individual scans were then processed using the procedure developed in section
7.2.2 for the dual layer bead phantom. Correlation lengths were summed from 30 to 80
μm in order to emphasize long range, architectural features rather than intercellular
correlations. The results were observed to be relatively insensitive to small changes in
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the range of integrated correlation lengths, although some layers were marginally more
emphasized by shorter or longer correlation lengths.

7.3.2 Results
Fluorescent labeling of the fixed eyes confirmed the expected degeneration of the
γ -/- mice relative to the WT. Because of the relatively late age of the γ -/- mice,
photoreceptor degeneration was nearly complete leading to substantial thinning of the
retina (Figure 7.9).

Figure 7.9. Representative image from fluorescence imaging of the retina
structure of WT and γ -/- mice labeled with DAPI (blue, nuclear stain) and peripherin
stain (green). The WT mice show normal retinal structure, while knockout mice show
pronounced thinning and near total loss of ONL and and OS layers. Note that the
RPE layer has been removed to facilitate labeling.
Optical correlation analysis revealed significant differences in the correlation
energy per distance in each layer of tissue within each animal.

These differences

persisted even relative to the absolute intensity scattered from each layer when using the
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normalization described in section 7.2.1.

A representative example of the differences

per layer is presented in Figure 7.10. In this comparison, both layers generate similar
levels of normalized correlation at very long ranges, but the IPL is significantly more
correlated at distances between approximately 10 µm to 100 µm. At distances below 5-6
µm, polynomial detrending suppresses short range inter-cellular correlations, leading to
a similar decrease in correlation at very short ranges. These differences can examined
using the integrated radial correlation (Figure 6.11). From this plot it is clear that the IPL
generates a stronger correlation signal over the entire 30 µm to 80 µm range selected for
these experiments. Because the scans are normalized so that total correlation energy
sums to 1.0, the OPL must have higher correlation at subwavelength scales that were
removed by polynomial detrending.

Figure 7.10. Representative example 2D optical autocorrelation plots extracted
from the IPL (left) and OPL (right) of a wild type mouse. The IPL shows markedly
increased correlation at intermediate correlation lengths.
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Figure 7.11. Radial optical autocorrelation for the IPL (red) and OPL (blue)
extracted from Figure 7.10. Correlation is expressed in units of normalized correlation
per micron, such that integrating the correlation from 0 to
and adding back the
second order polynomial yields a total intensity of 1.0. The IPL has a larger total
correlation signal from 6 µm and larger. Consequently, the OPL must have a larger
signal in the range below 6 µm, which is principally composed of the component
removed by the second order polynomial.
A representative pair of scans for the WT and γ -/- mice is presented in Figure
7.12. The WT autocorrelation scan shows dramatic enhancement of the signal from the
IPL, OPL and OS layers, combined with suppression of the RPE and underlying sclera
signal. The γ -/- scan shows nearly identical NFL and IPL structure, but no OPL signal,
and the combined RPE, degenerated OS and sclera structure shows enhanced
significantly enhanced autocorrelation relative to the healthy OS and RPE in the WT
mice.
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Figure 7.12. 30-80 μm autocorrelation scans (red) compared to the normalized
intensity (blue) for a) WT and b) γ -/- mice.
Average and standard deviation measurements across all measurements in each
animal are presented in Figure 7.13. The NFL and IPL show similar results in all 4
animals. In contrast, the RPE layer in WT mice, which likely contains both the actual
pigment epithelium as well as part of the unresolved underlying tissue, and the
combined RPE, degenerated ONL and sclera in γ -/- mice show dramatically different
autocorrelation values. These results are highly statistically significant, with p < 10-15..
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Figure 7.13. Average of 16 locations normalized 30-80 μm autocorrelation in
the 2 WT (green shades) and 2 γ -/- (red shades) mice. Error bars indicate standard
deviation across the 16 measurements. OPL and OS layers are omitted for the γ -/mice because these layers were not detected. Pooled across both WT and both γ -/-,
the p value indicates that the difference between the two groups is extremely
significant with p < 10-15.

7.3.3 Discussion
The optical autocorrelation analysis of retinal degeneration in mice indicates that
dystrophic tissue exhibits dramatically different autocorrelation despite similar total
reflectivity to normal tissue. These results are highly statistically significant across
different locations and reproducible in two different individuals with similar conditions.
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These results suggest that optical autocorrelation could be used in two specific ways. In
the first, optical autocorrelation could be used as a means of enhancing the contrast of
individual tissue layers in imaging applications. In this mode of operation, optical
autocorrelation could be performed with relatively coarse angular resolution in order to
identify the fairly large differences in correlation between levels. Alternatively, the
reproducibility of normalized autocorrelation across different points in the same tissue
layer suggests that quantitative extraction of correlation may itself be attractive. In this
mode of operation, the correlation itself could be used as a biomarker in addition to
structural features such as the thickness of layers.
In addition to extraction of intracellular features through correlation
measurements, 2D a/LCI measurements also contain information on intercellular
features such as the size, shape and orientation of cell nuclei. This information can be
extracted through model-based fitting using Mie theory or the T-matrix from the same
measurements used to perform autocorrelation analysis.

Therefore, an attractive

proposition is to combine both inter- and intra-cellular features to gain a more complete
picture of overall tissue health.
Despite these results, a significant limitation of the current study is that the γ -/mice exhibited an advanced stage of degeneration characterized by substantial thinning
of the retina and corresponding loss of photoreceptor cells. This advanced stage of
disease generates a strong correlation signal due to the substantial architectural changes
present in the underlying tissue. However, in the clinically interesting case of early
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disease characterized by incomplete loss of photoreceptors, much more subtle features
will be present. Future work will be required to definitively establish the minimum
degree of tissue dystrophy that can be detected based on autocorrelation.

7.4 Summary
This chapter presented the development of optical autocorrelation analysis using
2D a/LCI. This was accomplished through the use of a new form of 2D a/LCI based on a
line scan geometry that demonstrated excellent axial and angular resolution as well as
very rapid scan times and high sensitivity. Correlation analysis was then demonstrated
using the new line scan system and several new optical phantoms. Finally, the new
technique was applied to the study of a retina dystrophy model in mice. A dramatic
change in optical autocorrelation signal was detected between healthy and diseased
tissue in the mouse model. These results suggest that optical autocorrelation may be an
attractive biomarker for degenerative retinal disease.
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8. Conclusion and Future Directions
The work presented in this dissertation describes the advancement of angleresolved low coherence interferometry through the development of new instruments,
new light scattering models, and new applications. The advances presented here can
broadly be categorized into 4 distinct aims: the application of new light scattering
models for angle-resolved measurements, the development of 2D angle-resolved light
scattering methods, the application of angle-resolved interferometry to imaging with
multiply scattered light, and the development of 2D optical autocorrelation-based
imaging. While the scope of this research was broad, the underlying application of
angle-resolved interferometry serves to unify the work.
In the first aim, the application of a new light scattering model capable of
determining both the size and shape of cell nuclei based on their angle resolved light
scattering was presented. This was accomplished by developing a new parallel and
distributed computing system (section 3.3) that could distribute the very large number
of computations required across hundreds of processors. This was accompanied with
extensive validation using tissue mimicking phantoms containing aspherical scatterers
(section 3.4). In section 4.3, the new light scattering model was used to validate previous
use of Mie theory to model scatterers which were not precisely spherical. Then, in
section 4.4, the new light scattering model was used to demonstrate measurement of the
size and shape of cell nuclei in culture. Subsequently, the modeling results were applied
to a series of novel studies of cell mechanics (section 4.5) and then finally the in vitro
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detection of apoptosis (4.6). As a result of this aim, the range of cellular processes that
could be probed using a/LCI was greatly expanded.
Equipped with the parallel and distributed computing software, the second aim
expanded the capability of the a/LCI technique by recoding scattered fields in two
dimensions. This required the development of novel interferometer capable of rapidly
scanning over a 2D scattered field with high polarization sensitivity (section 5.1). Next
in section 5.2 the combination of the distributed computing software and 2D a/LCI was
shown to be able to produce significantly more accurate measurements of the size and
shape of scatterers without the multiple solutions associated with classic 1D a/LCI.
Then, in section 5.3, 2D a/LCI was shown to be able to measure the orientation of
scatterers relative to the optical axis.
In chapter 6 the development of the MS/LSI technique was presented. MS/LCI is
a form of angle-resolved interferometry which is closely related to the design of timedomain a/LCI systems but that is used for imaging rather than light scattering
measurements. In MS/LSI, the maximum imaging depth is increased by using multiple
scattering to reach deeper into scattering media and angle-resolved interferometry to
detect only photons that have not scattered too far off the optical axis (section 6.2). In
section 6.2.3, imaging through nearly 100 mean free scattering paths was demonstrated
in highly forward scattering media. In following sections, the attenuation (section 6.2.4)
and resolution (section 6.2.5) of MS/LCI were compared for two different media. To
better understand the limitations of using multiply scattered light with interferometry, a
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Monte Carlo light scattering model running on a GPU was developed in section 6.3.1 to
simulate realistic numbers of photon paths through the MS/LCI system. The resolution
(section 6.3.3), attenuation (section 6.3.4) and influence of media scattering anisotropy
section 6.3.5) predicted by simulations where discussed in the context of experimental
results. As a result of the simulations, it was revealed that the imaging depth and
resolution in MS/LCI were highly dependent on the precise shape of the media’s
scattering function.
In the final aim, the 2D a/LCI technique was generalized to measurements of the
2D optical autocorrelation of tissue. In this method, long range correlations between
cells are used to rapidly assess the health and architecture of whole tissue and to extract
contrast for imaging.

Section 7.1 introduced a new form of 2D a/LCI based on a line

scan geometry that was optimized for very high speed, high angular resolution
measurements in tissue. Using the new system, section 7.2 motivated the new 2D
optical autocorrelation technique using phantoms designed to have varying levels of
spatial correlation. These measurements where then used to guide the development of
an automated algorithm for extracting long range correlation signal from 2D a/LCI
measurements. Finally, in section 7.3, the utility of the optical autocorrelation technique
was demonstrated by using 2D a/LCI to detect degeneration of photoreceptors in a
mouse retinal degeneration model with high statistical significance. These results raise
the possibility of entirely new applications of 2D a/LCI as a sensitive tool for detecting

186

early stage retinal pathology. Furthermore, the optical autocorrelation technique may be
applicable to additional tissues as a means of enhancing contrast for diagnostic imaging.
The technologies and tools developed in this dissertation will enable research in
a number of new areas. With regards to 2D a/LCI, the applicability of the size and shape
determination to in vivo measurement remains an open question. In future work, the 2D
a/LCI technique should be adapted to endoscopic measurements, and the current line
scan system applied to ex vivo epithelial models.

Concurrently with this research,

optical autocorrelation may produce diagnostically useful results in several tissue types,
including retina, but also possibly gastrointestinal tissue. Because of the compatibility of
model based fitting and 2D autocorrelation analysis, a combined study of both tissue
autocorrelation and nuclear geometry may reveal more than either technique alone.
As regards MS/LCI, the work presented here has placed the technique on a firm
theoretical basis, but the actual applicability of multiply scattered interferometry to
tissue has not been established. The design considerations of a Fourier domain MS/LSI
system presented in this work should be elaborated on to produce a practical, high
speed instrument suitable for tissue analysis.

Combined with time-frequency

distributions for recovery spectroscopic resolution, FS-MS/LCI may be an attractive
imaging system in certain tissue types.
In conclusion, the research presented here has expanded the range of
applicability of existing angle-resolved light scattering techniques while introducing
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promising new light scattering techniques that may enhance early detection of cancer or
other disease.
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